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A

ABSTRACT
A

~“he densities and kinematic viscositlies of eight-
binary liguid non-electrolyte mixtures containing toluene,
ethvlbenzene and n-alkanes have been ‘m;asured over the
sentire composition range at 20.00, ° 25.00, 35.00 and
10.00 ~¢.

The experimental data obtained in this gstudy have
been used in the calculation of absblute viscosities; excess
molar volumes of mixing, excess activation energy of w~iscous
flow, partial qylal volumes and exetss viscosities over the
entire « concentration range and at the aforeméntioned
temperatures.

Several viscosity predictive mcdels, e.g.,
McAllister, Heric's and Auslander’'s noaers‘ have been tested
waing the data collected during this investigation. The
dependence of McAllister’s model parameters on temperature,
for systems investigated here, has been determined.

The activation energies of viscous flow for pure

components as well as for mixtures have been determined.

iii
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CHAPTER 1

INTRODUCTION

1.1 General ;

The viscosity of liquid mixtures has attracted a
great deal of attention both from a practicai standpoint,
where there is need for predicting the viscoaity of a
mixture from thé properties of the pure components,'and from

.a theorétical viewpoint where one can iAin a clearer insight
into the behavior of liquid wmixtures  [Frenkel, 1946,
Partington, 19512 and Reid and Sherwood, 18977].
Viscosities of liquid mixtdreslbrovide information
for the elucidation of the fundamental behavior of liquid,
. mixtures. They also aid in teating the wvalidity of
correlations of mixture viscosities with those of the pure
components. A survey of the literature on the Bubject of
viscosities and densities of binary liquid mixtures reveals:
that viscosity of liquid mixtures are studied by various

/Miﬁvestizatora. Reed and Taylor [1959] pointed out that a
familiar approach is the hypothesis that there is a direct
correlation kbetween the viscosity and the thermodynamic
behavior of a solution. Theyi{ however, could not obtain a
simple relationship of that type as a result of their work.

- | | \
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Until now a general and zloba} predictive equation
for viscosity of liquids and liquid mixtures has not been
obtained. In the kinetic theory of gases, the momentum
transport which is observed in measuring the viscosity of a
gas is considered to be due td the momentum which =a
maoleclule carries with 1itself when moving through empt{
space between collisions. Every molecule is supposed to
contribute the product of its momentum and its velocity 4f%
the case of viscous flow. Viscosity of gases at low density
can thus be derived in terms of molecular properties
assuming that the gasa is composed of hard apheres. To
predict temperature dependence of viscosity accurately one
has to replace the rigid-sphere model by 8 more realistic
molecular force field, e.g., Chgpman—Enskox Theory [Bi;d et
al. 1960]. Wilke [1950] extended tﬁe Chabman—Enakox Theory
for multi-component systeﬁs which is in fairly zooa
agreement with experimental results.

For liquida, however, present theoretical
knowledge has not yet reached a stage of development where
one c¢an predict viscosity of liquids and liquid mnixtures
from molecular properties of the pure liquids. The biggest
hindrance for this is the complexities in 1liquid state
iteself. Molecular volumes and other physical pEopcrtiéa

change with temperature. These changes are interpreted as



changes in melecular packing in liquid due to the onset of
apecific molecular motions. Three distinct molecular
arrangements are considered for liquid state; viz., {i) at
low temperatures molecular motion being largely
translational, molecular spacing 1is of’c;}Btalline form;
{ii) at intermediate temperatures rocking or libration is an
added factor; and (11i) at hizher temperatures; free
rotation of the molecﬁles on their long axes is considered
to take place.

Eyring's absolute reaction rate*theﬁry isa the most
popular viscosity model among researchers. This theory is
based on partly developed kinetic theory where the motion of
liquid molecules is agﬁumed to be confined to vibration of
each molecule within a cage formed by its nearest neighbors.
This *cage is pictured as the energy barrier, and for a
moleéule to eacape from its cage into an adjoining site or
"hole” the molecule has to overcéme the . potential-energy
barrier related to the activation energy of viscous flow.
Eyring's model is remarkably successful with simple
molequles.'

A reliable and generally valid theory for the
quantitative prediction of viscosities of liquid mixtures

from the properties of the pure components has not been

established.



Arrhenius provided the simplest equation for
calculating mixture viacosities for ideal binary mixtures,
For non-ideal binary mixtures McAllister's cubic equation
[1960] is regarded as the best correlating technique
available [ﬁeid and Sherwoed, 1977}. ™McAllister’s approach-
is based on Eyring's theory of absolute reaction rates thui
gatisfactory correlation of viscosity data is achieved
whenever the viscosity of the pure components or the
interaction viscosities agree with Eyring's viscosity model.
Hericfs model for c?lculatinz smixture viscostitieas is
strictly empirical and can be applied to reg;lar solutione.
Auslandér’s approach of prediction of viscosit; of binary
mixtureﬁ is based on relatively elementa;y methods involving
differéntial . equationas with bpartial derivativesn. By
integration he obtained a unitary aysteﬁ of equations which
represents, with reasonable 'precision, the change with
compoéifion of the intenaivé properties of the mixtures
(i.e., temperature,: pressure, density, viscosity, surface

‘tension... ete.).

1.2 Objectives
The objective of thia work 1s to determine the
densities and viscosities of some n-alkanes, toluene and

ethylbenzene binary mixtures ae accurately as ponslble.

Such data are used in determining some of the thermodynamic
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properties of these systems, e.g., eXcess moigzhiflume and

partial molar volume over the ccmplete composition range and
at various temperature levels.

The viscosity-composition data are also used in
critically .testinz some of the literature modela which

describe the dependence of viscosity on concentration.

The s8ystems investigated 1in thie study are:
toluene (A) -n-octane (B); toluene {A}-n-decane (B); toluene
(A)-n-dodecane (B): toluene (A)-n-tetradecane (B):; toluene
(A)-n-hexadecane(B); ethylbenzene (A)-n-octane (B); ethyl-
benzene (A)}-n-tetradecane (B) and ethylbenzene (A)-n-
hexadecane (B). Each of these? aystems has been investigated

at the following temperatures: 20.00°C, 25.00°C, 35.00°C,

and 40.00 °C, respectively.



CHAPTER 2

LITERATURE SURVEY

2.1 General

The viscous properties of the liquid state, as
contrasted with the zaéeous state, and with the so0lid state
in certain of its aspects, offers peculiar difficulties.
The wide separation of molecules in space in gases leads to
relativély little influence on each other. Consequently,
the effect of the ‘intermolecular forces can be considered
negligible. Therefore, only encounters involving two, not
more, » molecules need be considered; since the relative
orientation of ‘two molecules involved in collision is
random, the shape of the molecules is of little influence;
when meéhanical properties are in question it isa generalfy

possible to neglect the vibrations and rotations of the

molecules. All these simplifying factors are absent when we

come consider liquida. With solids - that is crystalline
solid - matters are simplified by the high degree of order
in sapace of the atoms and mwmolecules. The mechsanical

behavior .8 &an example of a class of properties known as
structure sensitive, for which local lattice irregularities
have a supreme significance, involving the complication that

the properties depend markedly upon the previocus history of
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the specimen. Here liquids have an advantage, for with
homogeneous liquids the constants concerned 1in flow are
uniquely determined by the state-pressure and temperature -
of the substance. A study of the viscosity of the liquids,
then seems a possible source of significant information
concerning the nature of the liquid atate which doeg reveal
certain striking general regularities. .

This section reveals the study of viscosify of
liquid and liquid mixture in a historical fashion. Starting
from Newton's work on viacosity where viscosity is
explicitly treated as a transport property that offera
resistance to flow of liquid, with due conaideratioq of the
work of Stoke's and Poiseuille it covers the temperature
dependence of wviscosity where saveral hypotheses are
presented by different researchers‘ e.g., puff [1897],

Andrade [1930] and Hildebrand [1971). The kinetic theory is

briefly touched; giving detailed description of Eyring’s

e

absolute reaction rate theory, it moves to different
literature models for predicting mixture viscosities. With
a few words for excess activation energy of viscous flow the

chapter ends.

2.2 Newton’s Law
According to Newton, there is a physical property

that characterizes the flow résistance of simple fluids



which 18 termed wviscosity. In his second boo; of the
"Principia”, he treated fluidas maintained in circular mot%g:h‘a—”
either by an infini{ely long rotating cylinder or by a
rotating sphere. His objective was to investigate the
properties of the Cartesian solar vortex of subtle fluid,
which by 1its motion carried the planets round. For the
purpose of calculation he R$d to assume a law according to /
which the motion or more specifically the momentum of one
layer of liquid is transferred to an adjacent layer. Newton
stated in his hypothesis: "the resistance arising from the
want of slipperiness in the parts of tgﬁ fluid 1is, other ¢
things being equal, proportional to the velocity with which
the parts .of the liquid are separated one from another"”.
The fluid in Newton's treatment is divided into
“innumerable" sheets of equal thickness, so that this

assumption meant that the resistance to shearing motion i=s

proportioned to the velocity, i.e.,

dv :
T = -n > (2.1)
¥X dy
dv
where Efi is the velocity gradient and T ig viscous

. ¥X
momentum flux.

Newton did not apply to real 1liquids the consideration

of liquid friction in motion of fluids.



2.3 Stoke's Rquation

Stokes [1845] created the modern theory of the

motion of wviscous liquids. He attempted to relate the
mobility tc molecular properties. He calculated the
frictional force ¥, acting on a hard sphere of radius, r,

moving in a continuous medium of viscosity ng with a

terminal velocity V ... g 1is the coefficient of sliding
t f 1
friction. Thus Stoke’s equation is given by:

B, r, + 2n '
Fa6r1r, n —2 B (2.2)
A BB. r, + 3n
f A B

.

Since ia the friction coefficient between the
surface “of the sphere and the continuum, therefore if the
continuum sticks to the sphere surface, then Bf = =, and

this condition 1is called "non-slip condition” and Stoke's

equation reducea to

- {2.3)
F 6 n rA vt nB

Sutherland [1905]}] pointed out a 1limitation of Equation
(2.3), which corresponds to B = 0. This is expected to
apply when the diffusing molecules are considerably smaller
than the aolvegt moleculgs, when the diffusing molecules can

] .
move more freely in the free spaces between the solvent

\/
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molecules. Thus Equation (2.2) reduces to:

(2.4

-‘.

In 1845 when- Stokes postulated his theory of
viscous flow; Pouiseulle published his classical work on the
flow of liquids through tubes. He was a doctor of medicine

interested in the flow of blood through capillaries, a fact
: \

which has the furtunate consequence that, 8o as to cohpare
with %he anatomical vessels, he used much finer tubes. The
diameters ranging from 0.14 to 0.03 mm. He worked with

distilled water and obtained experimentally the well known
formula for the volume V discharged in unit time
e o (2.5)
V='CAP—1— l *
where C is a constant, ap i8 the presaure difference at the
two ends of the tube, r is the radius and 1 is the }ength of

the capillary.

2.4 Variation of Viscosity with Temperature

The most striking feature of liquid viscosity is
the very marked way in which it decreases with the r;ae of
temperature, whereas the viscosity of gases increases with
temperature. A generality seems to be that, b?ouxhly

speaking, - the more complicated the liquid the greater the

~



TABLE 2.1: Fracticnal Decrease in Kinematic Viscosity for a
Temperature Rise From 20°C to $2°C.

. i
Cormpounds Molecular i Fracticnal Decrease [
Weight { in Kinematic Viscosity |
| !
Toluene 92.14 0.813 !
n-Octane 114.23 0.813
Eshylbenzene 106.17 - 0.811
&
n-Decane 142,286 0.7695
n-Dodecane . 170.34 D.733
n-Tetradecane 198.40 0.692
n-Hexadecane 226.45 0.657 '
' {
LY
’
. 4
- .
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influence of temperature. Thus with certain glasses, 1in the
temperature range vwhere they behave as normal, hut very
viscous liquids, a rise of 100 °C diminishes the viscosity
to 1000th or even much less; with a strong sucrose solution
the viscosity falis to 1/70 when the temperature rise; from
0° to 100° C; with a certain amyl alcohol to 1/18; with one
of the octanes 1/3; with bromine to 5/7, for the same
temperature interval. The liquid metals and moncmolecular
liquids 1in genefal show a comparatively small variation of
vigcosity with temperature: with liquid Gallium a’chapze of
temperature of over 1000°C, from B80° to 1100 °C reduces the
viscosity to l/@ [Andrade, 19541}.

a In this wérk also it is found that this decrease
.'h2\ vigcogsity 1is more pronounced ;ith heavy and complex

i

components. Fractional decrease of Kinematic viscosity

’
associated with temperature change from 20° to 40° & are

listed in Table 2.1.

2.4.1 Theories to account for temperature- effect

"To represent the variation of viscosity with
témperature a variety of formulae are encountered. One
class of fprmulaﬂbregards the change with temperature as
entirely due to the change of volume. Typical of this class

is Bachinski's formula [1913]:

N



=0l o= w) (2.8)
where C and w are constants. Here A is the specific volume
and - % a limiting volume at which becomes infinite. The
expression -v - w is called the free volume: values for it
can be derived from other formulae, but the results of
different methods do not agree well. The essential

objection to formulae of phis type is that, as is clear from
Bridgman's work [Bridgman, }1949]-on the viscosities of

liquid at high pressure, the viscosity is not a function of

volume alone. Nevertheless volume-dependent formulae are

atill occasionally advocated Eisenschitz [19511). Thorpe

and Rodgers [1897] used Slotte's formula [Hatschek, 1928) & .

nec/(l +bD)" (2.7)

where T- ise the temperature in °C and there are three

constanta, but did not find it very satisfactory and

obtained another three constant .formula [Andrade, 1954].

buff [1897] quoted seven formulae which had been proposed

and suggested an-eighth Egzggla_with four constantsa. After

him Brillouin [Andrade, 1954) precduced a formula with five
. .

constants, somewhat too many if a simple relationship is

sought.

~ |
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2.4.1.1 Andrade's formula

Andrade [1930] suggested the following eguation to
v
account for viscosity dependence on temperature:

o= Be}wl

{2.8)
where B and b are constants. The above equation was later

modified by the same author {1934)] to the following form:

4 c/vT
vt o= Ce T . (2.9)
where v is Lpe apecific volume, C and ¢ are conatants.

-

Equation (2.9). accounts for the change in voluge which
accompanies change in temperature.
Andrade (19341 mAde.a systematic comparison of

Y

‘Equation (2.9) with the exﬁerimental results of Thorpe and
Rodger [1897] and others. Where the range of measurement{
expressed as the ratio of the highest measured absolute
viscosity to the lowest was 2 Qr leas the agreement was in
general within 0.3 percent; for ranges up to 3, within 1
ﬁercent; and even in more extended ranges the deviation
seldom exceeded 2 percent. In the case of the normal propyl
alqohol from -60° to 96 ¢ C where the viscosity changes from
0.319 to 0.0047 poise, a ratio of 67, the largeat error was
2.2 percent. ‘In general, it 1is to be remembered that

viscosity is not a property that has been measured to a high

.degree of accuracy, for the 1liquide in question the



-

-

measurementa have practically all been made with some form

of capillary viscometers, where the fourth power of the

rad&us is involved, andra gsomewhat uncertain end-correction
depending upon the volume passing through per second, 1is
also necessary. It .is not only in absolute measurements
that these factors are concerned, for both the radius and
the end correction change with temperatu;e, especially the

latter. Viscosities gliven to five significant figures are
exﬁression oﬁ genial optimism.

The general fit of the two constant formula,
Equation (2.8}, c;n then be claimed to be good for a variety

of liquids.w including metals, alkyl and alkenyl halides,

thioethyl, primary and secondary alcohols, esters, aromatic

hydrocarbons and fatty acids. Exceptional liquids are - of

course - water and tertiary alcohols whiéh are ancmolous 1in
other respects. It lobké as if water behaves normally above
70 °C [Andrade, 1930].

Equation _(2.8) is widely used to represent the
variation of viscosity, since it is=s very simple to apply.
Equation (2.9) gives, in general, a élightly hetter fit wﬁen
the'range of viscosity is large, but the beat evidence for
its .vaiiditf is:offeréd by the viscosity of the geries  of

liquid alkali metals.



2.4.1.2 Hildebrand’s theory

- Hildebrand 1[1971] criticized the most commonly
used assumption of quasi-lattice structure in case of
liquids since it ignores clear evidence to the contrary. He
also criticized the suggestion that there is an exponential
dependence of viscosi}y on temperature. Moreover, he

cbjected to the suggestion of the existence of an energy of

‘activation, a notion that disregards the basic distinction
between liquid -and plastic flow. He valued. Bachinski's
{1913]) volume dependent expression for viscosity, Equation

—_—

{2.6), where the constant w is similar to the Van der Waal's
b. Hildebrand modified Bachinski’s formula since he failed
to evaluate C a8 \a function. of. molecular parameters.
Hildebrand started with fluidity {1/ n ) depending on the
ratio of free volume, V-Vo to intrinsic volume, Vo, the
molar volume at which fluidity is zero. He plotted 1/n
against molar volume V and obtained straight lines for all
the simple 1liquids which yiaelds valuea of Vo at the
intercept, where 1/n = 0; the sBlope of the line gives' the
value of C. He modified Equation (2.6) so as to recognize
the fact that fluidity must depend upon relative expansion.

(V - Vo)/Vo: '

1/n = B 9 {(2.10)



. % .
It is striking that the values of B for such different
liquids =as propane and n-heptane are the same within the

precision of the data. He further reports that the values

of Vo for the normal paraffins are accurately linear with
molecular weight, a fact that can serve in interpolating

missing values.

2.5 Kinetic Theory of Liguid State

The strict mathematical theory of liquid state

aims at deducirf® the properties of liquids from a molecular

mechanism, in particular from the potential ¢(r) of mutual
interaction between the molecules and from their
distribution. In transport phenomena, - viscosity is

essentially considered as the distortion of the equilibrium
distribution, and the distortion is produced by the velocity
gradient. The problem has been handled in particular by
Kirkwood [1546], Eisenschitz [1951] and by Born and Green
[Born and Green, 1949]. Kirkwood atarting from fundamental
cdhaiderations} ‘Bimplifi;d " matters by :he useful and
"ingenious assumption that the forces on a molecule at_
different instants are statistically inﬁependent, provided
that the time interval between the_ihatapt is not too small,
but he did not establish any relation bétween viscosity and

temperature. Eisenschitz (1951] modified the theory of
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Brownian motion so as tO\make 1t apply to a single molecule
and is met, of course; with the difficulty as tc what is the
friction constant (or rather vhat are the friction
constants, for he points out there are two), a matter with
which Kirkwood has also dealt [Kirkwood, 1946].

Born and Green {1949] have developed an imposing
theory based on distribution functions, which is‘not always
easy to feollow, especially in the matter of assumptions made

in dealing with viscosity.

2 .
Eisenaschitz and Born. and Green [Eisenschitz, 1951

arrived at‘ an exponential function for the wvariation of
viscosity with temperature. None of thehe, ﬁ however,
approaching the matter from fundamental‘ considerations of
the type indicated has been able to produce results that can
be checked quantitatively by experiment. In fact, Born and
Green [Born and Green, 1949] say specifically "No attempt
will be made to obtain exact numerical v;lues for .the
physical constant, viscosity, as this will reqﬁire extended

and tedious calculations.'

2.5.1 BEyring’s abaolute reaction raté_theor;

Eyring (1936] and Moore et al. [1953) adopted =a

more specialized theoretical viewpoint 1in developing

formula for viscosity. They considered viscous flow as a
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Fig. 2.4 Distance Between the Molecules in a Liquid



type of chemical reaction, such as that which.takes place in
a gaseous reaction or in a dilute solution.

The assumption of hocles in the 1iq¢id plays an
egsential part in his work. Eyriﬁz's picture of shear
between two layvers of liquid involves the successive passage
of 1individual molecules from one equilibrium position to
another as indicated in Figure 2.1. Such a passage requires
that either a hole or saite becomea available. The
production of such a site requires the expenditure of energy
to puah back other molecules. The movement of the molecule
may be regarded as the passage of the system .over a
potential energy barrier, related to a»g. In order to form
a hole the size of a molecule in a liquid requires almost
the same increase in free energy as to vaporize a molecule,
the concentration of vapour above the liquid is a measure of
such ‘molecular’ holes in the liquid. This provides an
explanation for the 1law of rectilinear diameters of
Cailletet and Mathias [Ryring, 1936]).

The perpendicular distance between two neighboring

layers of molecules asliding past each cther is taken as'Al.

The motion ia assﬁmed to take place by an individual
molecule ima plane (or layer) occasionally acquiring the
activation energy necessary to slip over the potential

barrier {arising from squeezing against ite neighbors) to



the next equilibrium position in this same plane. The
average distance between these equilibrium positions in the
direction of motion is taken as 1 whereas the distance

»

between neighboring molecules in this same direction is A

2
which may or may not equal ;. The normal to the direction
of motion is assumed to Dbe x3. By definition then
viscosity can be expressed as follows: .

‘ o n = fAI/ Y {2.11)

-where f is the force per unit area tending to displace one
layer with respect to the other and 4av is the difference in

velocity of these two layers which are at a distance Al

apart. The number of times that a molecule moves in the

forward difEctioh in a 8econd may be written as the

corresponding specific reaction rate

F o ' - £*G - AEAN )

"a kT 2
ke = H fi— N [1+ 24 szl) lexp (-

kT

E£X A, A (2.12)

where F: is the partition function for the activated

complex per unit of length calculated by using a zero of
&
energy higher by A *G than for Fn, the partition function

for the normal state and H, the transmission coefficient, is



22

the chance that a system having once crossed the potential
barrier will react and not recross in the reverse direction.
i

The rate constant x, 1is the-absolute rate for tranasition

when no force is applied. Similarly for the backward

direction:

-flzkjk
Kb-Kl exp T . (2-13)
Consequently, 4 v for each molecule in the fast layer and

therefore the layer as a whole is simply

Av = k. |exp f_xz_ki - exp fl_2i3_)‘ (2.14)
' 1 2kT ZkT
or
Av = .2 Sinh (EA_ A_ X /2kT) ' {2.15)
1 23
so that,
- i ' (2.16)
n Alf/[AKIZ Slnh.(szl3kf2kT)]
For ordinary viscous flow, fA2A3klz<< kT go that expanding

@the exponentials and keeping terms only up to the first

power yields:

n = Alle(xzuuxl) . (2.17)



when the explicit expression for this frequency «x

1’ is
substitu?;q into Equation %2.17); then,
2 * *

o= Ta A G 2.18

= Oy F/ATA A H)exp(2 G/KT) ( )

The partition function Fn contains one more degree
*
of freedom than Fa . The simplest assumption then is that

all but this one degree of freedom cancels out in the ratio

of partition functions and that T
F -
— = [1 - exp (-hvi/kT):l (2.19)
F
a

where vy is a vibration that can be estimated from the
apecific heat of liquid. In some cases V. mai be fairly
large in which case Fn/F: vl Taking the transmission co-
efficient, H, equal to 1, (which is in general a good

approximate{on), Equation (2.18} reduces to:
2 X
n= (Alhll A2l3) exp (4 G/kT) (2.20)

For non-associated liquids instead of treating the
partition function as a vibration, the liquid molecule may
be treated ams though it were-moving in a box of length d and

a3 as the free space per molecule. So that
. -
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Fig. 2.2 Types of Viscosity 'Interactions in a Binary
Mixture, Three-bgdy Moqel
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“n
i3 A <
_% = (2 - =kI)° &/h - (2.21)
Fa :
- |
L ‘1 . e * -
% S0 - kD! exp (2 G/KT) . (2.22)
2T
. 2 3 . \._at

Eyring {1936] pointed out that ;easonable valueg for d gave
agreement with experiment.
If the distance » between minima for the moving

molecule is taken equal to } one obtain from Equation .

ll
(2.20) _
»

Nh * N
A= R exp (47C/KD) o (2.23)

+

‘where N is Avogadro's number and V is the molar ‘volume.

2.6 Predictive EBquations for Viscositieg of Liquid Mixtures

- 2.6.1 McAllister's model

-

McAllister [1960] proposed a model which is “based
'oﬁ Eyring’'s theory of'absélute reaction ;atgé.- In a study
of the viscosity of a:mixture of molecules of type A and B a
number of differept encounters must be considered, _some of
which are shown in Figure 2.2. The types of//;::::;EtTﬁﬁ/f
considergd- in tﬁis case ;re bnly'three bodkfd-aéd are in

-

effect all in one plane. If the two types of moleculeé are

different iR size (rddiuﬁ%-bx more than a factor of 1.5, it

. ¢
. s . -
- . L
- N L
+
. G
. R .
LI



will probably beccme necessary to take into account other

interactions involving more than three molecules, especially

on & three dimensional basis (inatead of gimply in one
plane). The ratios of 1.5 to 1 in s8ize 1is chosen

arbitrarily. The three-body model shown in Figure 2.2 seems

to describe the situation well for the methancl-toluene

system; the ratio of molar volumes for this sytem is about

2.6 resulting 'in a ratic of the radii of approximately 1.39.°

The type of interactioh shown in Figure 2.2.a

*
would correspond to a free energy of activation LG that

is for pure component A. ~ The interaction shown in Figure

- *
2.2.h, would be characteristic of 2 Gy » or pure component B.

Interactions  of types b, ¢ and d all$ correspond to two
molecules of type AYand one of type B. One would expect the

activation energy for types c and d to be identical. They

. * * R .
will be referred to as A GAAB' The free energy of

*
activation for interaction’'b will be referred to as 2 GABA'

Similarly energies of activation for types f and g would be

. S
equal and designated by & GABB , whereas type e may Dbe
*
designated by & GBAB'

In any binary mixture of mole fraction, X, the

: ' . 3
fraction of the times }nteractions of type a would be x '

A

as long as the number of molecules of types A and B |is

statistically large. Corresponding occurrences of the
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various types of interactions are listed below.

Type of interaction A+A-A A-B-A B-A-A B-A-B B-B-A B-B-B
A-A-B A-B-B
F t3 f total 3 2 2 . 2 - 2 3
raction o ota X X Ix, x X, X Jx,x X
occurrence A “ A°B A3 A3 3
The assumption made here, of course, is that the

probability of the interactions is dependent only on the
concentration and not on the free energy of activatiocn.
Thia might well be a point to question. Perhapa the. rate of
each individuél interacpion is proportional to the‘enerzy of
activation in much the same manner Aas tﬁe reaction rate‘of a

chemical reaction. It may be assumed that fof the mixture

*
there is a free energy of activation » G and further that:

A GABA = 4 GAAB!A GAB (2.25)
* — o e *
8 (_;BAB = 0G g * 5 Upa (2.26)



~
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L7

8-
’
+
in the following expression:
.* -* . -: ‘*G -+ 3'*6
cC o= KSHGAB*BXA'\BHBA.XBHB (2.27}
It was necessafy to make assumptions (2.25) -and

(2.26) because with the cubic Equation (2.24) 1t is not

possible to determine four arbitrary constantd. Even though

*
5*6 and . G are expected to be physically different,

ABA - AAB
it is not ©posgible to differentiate between them with

viscosity composition data alone. Equation {(2.24) may be

~ -

written as follows:

o]
g = A - A 4 )
LG x, 2 GA + X, Xg (x GABA + 2 & GAAB) + X, Xg (2 CBAB +
. 3 (2.28)
in which case
* * * ”
2 = (A (2.29}
GAB ( G_ABA+2C;GAAB)/3
’
* * *
AG,, = (AG +24G,_.)/3 . (2.30)



For systezx inveolving water, the three-body medel, does not

apply and a four-body three-dimensional interaction has to

be emploved.

For each type of energy of activation considered here =a

corresponding kinematic viscosity may be assigned.

For the mixture

N *_
Vo g exp (L G/RT)
aveg
for pure component A
hN o
g Ty exP (o GA/RT)
A .
For interactions of the types b, ¢ and d shown in
2.2
: (2" _/RT)
v = exp (& -
B h
AR M, o AB' "7
- 3 : N ' .
For interactions of the types e, f, and g shown in
b -
2.2:

vyt exp (27G,,/
BA N exp (& Gg, RT)

{2.31)

(2.32)

Figure

{2.33)

Figure

(2.34)



ard for pure component B

N -
g =W exp (13 CRT) {2.35

substituting Equations-(2.3l) to (2.35) into'Equation (2.2

and rearranging vields:

b

)

3.0 12 N 2 .
ln\':=xAin 47 JXA‘XB In VAB-*-le x:\ln ‘2
3 hX 3 hN 2 " hN
. +\Bln B+Tn“ _XI“T'BXAXBI\;—
avg A AB
2 hN 3 hN
-3 %, xglag - x_ In -
ATB Mg, B
(2.36)
. Wwhen one recalls that
3 2 2 3 3
- 2 -+ = -+ 3 =
Xy + 3 X, ¥p + 3 X, Xy 3 (xA KB) 1
Equation (2.36)‘may be written as follows:
2 (x) +x +3 x5 x 10
1n Jm g g 1n Mavg xA 1n ¥A XA xB\ln A4n
2 1 + 3 1
+ . . N -
3xA g n“LBA Xg n‘“LB . (2.37)

The various expressions for mclecular weights can be written

as follows:



[(¥F)
—

Substituting these quantities into Equation (2.37) and

. condensing the equation results in:

2

1n.vBA

ot

3 .
- ) = v +
In Ve T Xy 1n Va + 3 Xy Xg In v 3 1x, x

-

- . , - .‘

3 . 2 .
-+_XB ln vy 1n [xA + xg HB/MA] + 3 X, Xp 1n [(2 + MB/MA)/B]

Lo+ B oS )

+ 3 x

, : :
A Xgln [(1.+ 2 MB/HA)/3] + Xg In (MB/MA) (2.38) -

It is noted that the entire equation involves onlf

. Other features

two undetermined constants. v and Vo

AB

of the equation include the possibility of having a maximum,

a minimum, neither or both for v, 88 8 function of xA.

-1
?

If Mpg/M, = 1, the last four terms of the equation

vanish.

2.6.2 Heric's empirical equation

Several empirical or semi-empirical relations have
been used to describe the dependence of viscosity on

concentration in binary liquid mixtures [Reid et al. 19771.



One of the most frequently used euations is that proposed by

Arrhenius:

1n »~ =% ln-~ +x In- {2.39]

where the parameters have their usuml meaning. | Tﬂis‘
represents well the data for nearly ideal binary nixtureg
but does not represent data for non-ideal sqiupiona. The
next order qf approximation Hould.éppear to bee a regular
solution model. Fér this purpose Eyring’'s moéel for the:
viscosity of a pure liquid considering interaction between

molecules is

1]

L. 2 hN o :
n = (a) - exp (€/RT) {2.40)

where f is molar free energy of activation’of flow which can

be rewritten as: . . .

N . 1Y : | .41
T " 10y (2.41)

for the mixture it is asdqmed that:

T ™ X, T b X, oo and (2.42)
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' tan x_ 2
n ‘—=! = x, ln =& + x 1n = {2.43)
L) A ., B 1
oot A B
so that:
lnr V = o+ ; (2.14)
n 2 o XA In FA \A ,xB In nB EB

However, Katti and Chaudhri [1964] p?oposed that for regular
solutions £ would not be a linéa; function of f, and f_ .
Inatead, there will be an additional term W given by the
relation.

£ £ £
2 . x, 1In A + x_ 1In B W

B L 2.45
RT- A RT B RT * *a B RT (2.45)

T

W is defined as the interaction energy for the activation Qf

flow. Equation (2.44) then takes the form

ln = +
ym XA In vA Xp In vB + X, 1n MA

+ In M_ - + 2.46
Xg n My 1n (xA MA Xg MB) + X, Xp @y, | ( )

where qiz is a constant.
Heric and Brewer {1967) worked out their empirical
formula along the above lines. They started from thee

following equation:



d'-

-fradtion) and q and q

+ C (EA - £ )7 +D(f, - £y + .. .1 {2.47)

where f is a concentration variable (weight, volume or mole
. L]

, q are, respectively, the physical
A B . -

property of mixture and pure components A and B. A power

series -~ expansion in mole fraction of the form in Equation

(2.47) results in an equation extending Equation (2.46),

replacing’ @y by a power series so that

= +
'1n Vo xA 1n UA XB In vB + X 1n MA + xB In MB

+

- 1n (xA HA + *B MB) + X, Xg [A + B (xA - xB) + .

] (2.48)°

That order .should be selected for a system Beyond which

additional terms did not significantly improve fitting of

data. Thus the order of the fitting varies among systems.

2,6.3 Auslander’'s equation
Auslander [1964] approached the problem of
predicting the viscosities of liquid mixtures by relatively -

elementary methods which are based on differential equations

with partial derivatives involving intensive properties.

)



Generally, the change of an intensive property, L,

at constant property L' is

- L’ .

. dn.)y. =0
Loy (dL/ nl)J {(2.49)
where n ég is moles of the 1 component, subscript j refers
to constant quantity  of all molecules except i. The

integral of Equation (2.49) considering Taylor series is

given by:

Log KIE(W - €MD) =0, or (2.50)

Yo, K.E(L,)
F(L) = — =2 % (2.51})

n. K.
11

where, K, 6 = dEf(Li»df(Li) = constant.
i

Ei is the energy of component i. Now for mixtures with
interaction between molecules a method of successive
approximation is proposed. For a binary mixture in the

first approximation one distinguishes between molecules A
(noted AA) to which the closest molecule is another molecule
A, and molecules A {(noted AB} to which the nearest molecule

is another molecule B. The same distinction is made of
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molecules BB and BA.

For molecules randomly distributed, if

their numbers are n . nB and the mole fractionas are xA ,
4

X ,, elementary statistical considerations show that the

number of molecules AA, AB, BB and BA is n x

a¥ar Pa¥p "g¥pe

and n xA, respectively. So that according to Equation
(2.51):
E(L) = [Kyamp 2y E(Lg0) + Kyg ny xp £Lyg) + Kpp ng xg £(Lgp)
{ {K +
* Kga np Xy flLg ] /K, ny X+ Kygny g

¥ n_. x. + K n. x. }

BB B B BA B A . (2.52)
here L L . L L are the roperties of ure
whne AA T AB' 3B’ BA prop P
components - AA, AB, BB, BA and KAA’ K AB KBB' KBA are
constants.
Substituting K =a , K A and

AA AA BB BB

KAR

’

= (a,p [E(L) = €Ly )] + ag, [£(L) = £(L )1/

e, ) - ;(LBA)} '

Kga ™ (aAB [f(LA) - f(LAB)] +oag, [f(LB) - f(LAB)])/

[f(LBA) - f(LAB)}
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into Equation (2.52), Auslander obtained the following

expression:

E{L) = [xA (aAA Xy + a,q xB) f(LA) + xg (aBA X, +

+
anp XB) f(LB)] / {XA (aAA Xa + 2,8 X3 [aBA XA .

- a x_ 1)}
BB B (2.53)

The form of the function f(L) depends on the property

considered, but the assumption may be made, Justified by its
success, that f(L3 = L; so that Equation (2.53) assumes the

form:

x, (a,, X, + a0 %) (L= L)+ xg (ag, x, + “gB xg)

(L-Lg)=0 . (2.54)
or the following alternative form:

X (xA + B12 xB) (L - LA) + A21 Xy (le N + xB)

(L - LB).- 0 (2.55)

For kinematic viscosity Equation (2.55) becomes

X, (xA + B, xB) (v - vA) + A, Xy (B, x, + xB) (v - vB) =0 (2.56)
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.

The approximation may be continued and for a multi-component

mixture and in the kth approximation one obtains:’

.OX, : D B G
£(L) = L i k i1k 11k
Loy xj LREES kijk"'

Auslander [1964] pointed out that Equation (2.56) considers

-{2.57)

only the first approximation which is generally satisfactory

for most of the regular mixtures with a few exceptions.

2.7 Excess Activation Energy of Viscous Flow

The 1liquid state s considered to be composed of

él“ .
molecules in box or cage. -The Amolecular motion 1is
considered to take place within the cage. Thi mol lar
motion may be translaticnal (at low temperature) or

rotational (at higher temperature) depéndinz en the free
volume in the *cage’. For a molecule on the boundary of .the
cage to move to a new site or h fe it has to attain an
energy to crosa the potential-energy barrier which \is
related téyactivation energy of viscous flow,

A common approach among refearchers is to
correlate the_ thermodynamic behavior with the viscositﬂ*
behavior of solutions. . ﬁéed and Taylor {1959] pointed out

. :
&hat the free energi of mixing (adtivity coefficienta) alone

is insufficient thermodyndmic information in atteapting to

correlate the thermodynamic behavior with the visccesity
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behavior of solutions. ‘The excess v%lume_of mixing and the

. bl
entropy of mixing are also related to separate visgosity

effects. . .

{ They obtained an expression for excess activation
energy qf viscous flow that incorporates both the viscosity

and molal volume of the mixture and the puré components.

They started from Eyring's absolute reaction rate theory of

|
vigcosity: »

1]
n = (%)2 %ﬂ‘exp (A*G/RT) {-2.58)

For ideal solutions in the thermodynamic sense it has been

‘suggested that the viscosity be given by
\ .

In o = ¥ 1n Ny + Xg 1n g (2.59)

since the volume of a solution varies with compésition. a
. i L]
more reasonable relationship for ideal solution might better

be: - ' .

1n i V =x. lnn V., +x_1Inn, V {2.60)

.\\—ﬁ\Q”/and

a¥et 8 *
Xy 8 Gy + x5 8 Gy (2.61)



%
For non-ideal solutions the free energy of
+* A I~
activation differs from > G- by a term ;*G“ which 1is =a
function of concentration
- x 3
S*eE - *c_ -6 '
! . {2.62)
Therefore : ! ' "
BN
LGT =2 Gm mox, GA Xg & Gy (2.63)
Introducing (2.58) in (2.63}) one obtains v .
* L "\‘l'
= GE = 1n r]m \mE -3 1 {}\/a) - [ (1 -__'i.__!.\-
RT T Lt L A S A
) nB_VB . .
- ‘ + . { —_— = - (1 K B
2 1n (\/a)A} Xg 1n . 2 1n ( /a)B,] {2.6%)
lf"'-\‘ .

afd if it is hssumed that for a mixture [Partington, 1951]:

In ()\/a)m = x

{2.65)
A ln (l/a)A +xy In (.X/a)B ‘
"then Equation (2.64) simplifies to
* F' . { .
S v - lnn V. o-x lnn v (2,66)
BT nn Vo-x,lnn V, -x lInn .

. B B
o * E .
and if A G "> 0, the viscosity is greater than that of an

. , ;
ideal mixture, {Heric and Brewer, J/1967].



4 CHAPTER 3

EXPERIMENTAL EQUIPHE&T AND PROCEDURES

A

3.1 Density and Viscosity Measurements
This section deals in detail with the eyvperimental
techniques and equipment used in the course of this work to

measure density-and viscosity.

3.1.1 Preparation of solutions

The solutions were prepared by weighing the
individual compohents. For this purpose a Mettler HK 160
electronic balance was used which has a readability of 0.1
meg . and a reproducibility of + 0.1 mg. The weighing range
of the balance is ¢ to 160 g£. The Ealance has the special
feature of taéing which means that the display of the
balance is reset to zero after a container has been placed
on the pan. Thus ghe'ueight of the container is no longer
t;kvn info account wﬁen the weighing object is weighed 1in;
the balance only indicates the weight Rf the object. This
special feature was utilized while measuring the weight of
pégk _individual component, Another important featuré of
thig electronic balance supplied by Mettler Instruments AG.
Switzerland is th;t it offers the possibility of connecting

the balance to a simple data receiver (e.g.,' priﬂfer)'to %&

CL system, a calculator or a computer. Thus the balance

41



becomes a very versatile system module, The balance takes
power from an adjustable voltage line of 110/130/220/240 V
permitting a voltage fluctuation of + 10... - 15X, at =a
frequency of 50 / 60 Hz.

in order to eliminate evaporation losses, U.O?
liter glass vials supplied by Chromatogréphid Specialitiesn
Ltd. were used with teflon covering discs and aluminue seals
also supplied by the same company. The pure components were
injecged to the vials during sample preparation using Q.Ol
liter hygodermic svringes fitted with a thi#f (size G23, 24)

needle.

-

3J.1.2 Denegity measurements using the density meter

A. Principle‘ of operation and construction of the density

meter:
The DMA 60 density meter in combination with DMA

602 remote measuring cells, provides a system for liquid or

gas density measurement to the highest accuracy. Separating
the remote cell and the electronic read-out unit permits a
better * thermostating of the -sample cell. It also

facﬂlitates greater flexibility of ﬁhe'system configuratién.
¥

The sample tube is electomagnetically excited to-vibrate at

its ¥ naturatl frequency. The electronic instrument {DMA 60

-

unit) wutilizes the principle of variation of the natural

frequehcy of- vibration of the vibrating U-shaped sample tube
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. Pictoridl Wiew of the Precision Density Meter

Figure 3.1
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when .filled with different liquids. The period of vibration

i

of the U-shaped sample tube 1is displayed in an eighth’

-

)

decimal place period meter with selectable resolution. The -

cscillator 1is a hollow bent tube (U-shaped) made of glass.
The frequency of the oscillator is influenced only by that

part of the liquid which is between two fixed points on the

oscillator. Overfilling of the oscillator is therefore, of
no consequence. Since _the volume taking part in the
oscillations ~is exactly defined, the dependence of the

oséiliation_frequency can be directly related to the density
of the liquid.

ThevU—shapéd sample tube in this model is made of
glass (Duran 50) of which the temperature co-efficient of
expansion is very small. This tube is fused into a double-
walled, thermostated glass cylinderf To ensure quick
temperature equilibration the cavity surrounding the sample
tube is filled with a gas of high thermal.conductivity.

Since the temperature in the remote measuring cell

(DMA 602) is not affected by the heat génerated in the

electronic processging unit (DMA 60) .maximum precision
measurements are - possible. The remote cells generate
frequency analdg square wave gignals in synchronization with

the zero amplituge positions of the osciliating sample tube.

These signals are transmitted into the DMA 60 processing

5
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unit through an optical 1isolator for .the . purpose of
.electrical separation (between remote cell and DMA 60) " dnd
then through a noise filter. The processing unit can work.

only 1if the frequency of vibration of the sample tube 1ig

within 100 and 850 Hz.

The built-in time base gives clock pulses ‘everylo_5
geconds. The period meter measures the time for the number
of preselected oscillator periods by counting the number of
clock pulses for the number of oscillations selected by the
"period select s#itch". For example, if the period of the
oécillator is 3f4 X 10_3 sec (DMA 602 filled with water)
which corresponds to a frequency of 294 Hz (welllwithin the
range 100 - 850 Hz) and if the selector s;itch.' "Period
Select”, is set at 2 k {i.e., 2000), the digital neadrout

will show after a measurement time of 6.8 Bec the  value

GBOOOOf‘ which is the number of clock pulaea taken for 2000

oscillation of the sample tu?e [ggg% x 3.4 x 10-3 =
680,000]. éy means of the selector aL%tch, higher precision
read out ca; berbtained. By p;eséinz the button marked
"start” a new .measurement cycle can be started (e.g., after
filling of the sample tube). In case of operating the
instrument under-optimum time considerations, particplmrly

when high values of periods is selected the two digits

marked "K" gifea percentage values for elapsae time in the
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present counting cycle. The DMA 60 unit also has provisions

for 'digital data output thus, 1t may be connected to =&

printer or a computer. The switch marked "Printer” allows
"the printing of either every value, every second, every
“fourth, every eighth or every sixteenth value. The
positions. 1l to 9 of ghe swit®h "Mode of Operation” are f;r
use in phase locked loopIQPLL). fn.this mode, remote cell 2

1

will be used as the Fime baaf, measurements are made on
remote cell 1 and variations in the temperature or 1in the
pressure will be automatically compensated. The window on
the }ront panel in DMA 602 may be used to look at the
measuring cell during the filling operation to ensure that
no air bubbles or solids are present in the s}stem and the
liquid covers the two marks. The syringe is fitied wi;h a
plastic cap during the filling operation to ensure that
there is.no contact between ayringe and megsuring cell. As
a further precaution a filling adapter with PTFE screws are
attached to the measuring cell device.

| The range of density‘that can be measured by this
model 13_0.5 to 2.0 g/cm{ Asauming a thermostat accuracy of
+ 0.01°C thé instrumeni introduces a ma}imum error of 1‘1.5
X 10‘6 E/c:nB.-The error in density of the sample itself due

to its .thermal expansion within the 0.02 ° C range has to be

added to s the inatruments error. This leads to a usable
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precision e.g., for water of + 3.5 x 10 ‘E/cm .  Measuring
absolute densities in the range of 0 to 3 z/cm3 the

reproducible deviation from true density is not more than 1°

X 10‘:‘ g/cm 3,

The DMA 60 instrument is powered by alternating
current allowing a frequency range .in between 45 and 65 Hz.
Standard operating voltages are 115 and 220 wvolts, depending

on the position ;;méhe voltage selector switch. It allows a

voltage fluctuation of + 10X%X.

DMA 602 can work with a minimum sample size of 0.7
mL within a temperature range of —lOfC to + 70° (controlled
by wultrathermostat} and in a pressure range from vacuum to

10 bar. It takes power from standard 110 and 220 v

alternating current permitting a fluctuation of + 10%,

Athin a frequency‘ﬁgnze of 40 - 60 Hz. It can operate

under ambient condition of 0 to 45°C.

To maintain the liquid within the sample tube at a

desired temperature DMA 602 has to be coupled to a

A

circulating thermostatic -bath with the two sockets provided

at the back of the model. \

y
Y

i
The N4 eldctronic temperature controller is a high

\

\
precision instrument supplied by Haake, West Germany. It
has a precision of + 0.01°C with the set-point ranging from

30 °C to 300°C. It takes power from a 220 V main at a

-
+
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frequency of 50 - 60 Hz. Deionized uater.is used as the
circulating fluid for this instrumenF. Since the'lo@est set
point permitted by the instrument is 30°C, this has to be
coupled with another coocler in order to obtain temperature
control at 20° and 25°C in the DMA 602 remote cells. Tge
gubsidiary cooler also takes power from 110V line.

’ The density meter is placed in a plywood box with
a plexiglass front door. The box is provided with an
exhauétrfan, a 200 watt household bulb (two bulbs were used
for temperagures at 40.and 35 C) and a precisg temperature
controller (thermonitor). The temperature inside ;he box
was to be kept at the working temperature, i.ef' 20, 25, 35
and 40 i-0.1°C1 The Sargent-Welch fhermonitor 1ia supplied
by Sargent-Welch Scientific Co., U.S5.A.; it takes powe; from
an 115 V A:C. line at a frequency of 30 - 60 Hz with 15 amp.
current and its power rating is 1100 watt maximum. This
thermonitor 1is conﬁected to the electric household bulb.
The box 1is .cooled by a  transmission cooler ‘which is
connected td a refrigeration machine. As the temperature in
the box becomes lower than the set-point the bulb lights up
to bring the temperature to the required level. A8 the
temperature approaches the set-point the power supplied by

the thermonitor decreases until it is completely cut-off as

the temperature in the box. reaches the set-point. An



electric fan 1is placed 1inside the box to provide the
required circulation. Th? temperature in the " box is
monitéred by a mercury-in-glass thermometer graduated to
0.1 °C. Controlling the temperature in the box in this way
has been proven to give extremely reliable results [Asfour,
19791%.

With all thesge arrangements, after several  hours
of operation, almést constant readings on the density meter,
were obtained with a possible error of + 1 in the fifth

decimal place.

B. Dengity meter equations [Asfour, 1979]

In order to obtain an-equation for the calculation
of aeqsfty, one”may consider the oscillating system in ‘DMA
602 equivalent go a System represented by a hollow body .of
mass m which is suspended 6n a Bpring. Its volume V will be
filled with a saﬁple of d‘naity 0.

The natural frequency, f of this system is given

by

: -ZLH[s/(ov+m)]5 ' (3.1)

where S is the spring constant. Therefore the period T is
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!

T = 27 [(sV + 2)/5] (3.2)
The simplified form of Equation (3.2} is
2 ‘
. T = a; + B - {3.3)
or
: ' N
{ I S (3.4)
\ o= 5 (17 -B) ‘
HhEI"e L4
2 2
A= 417 V/S, and B = 41° m/S {3.5)

The ‘parameters A. and B are +the density meter
constants which have to be obtained from a minimum of two
calibration measurements on samples of known densities.
Since both A and B are temperature dependent it is therefore
necegsary that the temperature be very wéli controlled.
During this work seven liguids were used for the calibration
of the machine constants which adequately covers the range
of all the systems,of‘binary mixtures used in this study.

For greater density differences, a deviation from

the proportionality between the square of the‘pefiod and the

g

4

£



51
density resulté. The following model equation has been
suggested by the supplier of the dénsity meter

2 .
o o= A ¢ | (3.6)
1 - BT"

The values of A, B and C are to be determined from ‘¥pown

density values. . ' -

C. Prdcédure /) a -

"Before injecting the sampl; }nto the rembte cell
it has to be cleaned, with ethanq}; A sample is injected
into the cell by means of a 0,002 liter teflon-tipped
hypodﬁymic syrinée. This.operation has to be done slowly
and carefully in order not to entrap an& air -bubbles and

.also  to prvent the syringe from any effect of lateral force

which may destroy the measuring cell. At leéast 15 to 20 d

minutes period has to be. nllowed fon temperature
: . .

equilibration of the remote cell. The "start" button is

pressed for a second or two. The period_meter\hill.display

the reading according to the preselected resol on.
Readings are taken until a stable reading” is reached.
Following that at 1least ten readings are taken and ‘the

average is'used.in Equation (3.8) in order to calculate the

required density.
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3.1.3 Visgcosity measurcment

s

The capillary tube method is still considered to

be the most widely used téchﬁique’ for measuring liquid
viacosgities. This methoa was used throughout this work for
viscosity' .rmeaéarement. éanndn-Ubbelohde viscometers
designed b}. Ubbel;hde ~in 1935 and impfoved. recently ‘by
Cannon et al. [1960] were employed in this work. Thege
viscomé?érs have‘tﬁe follouing advantages:
 (i) no significant vhriation of viscometer constants
with temperature,.
(ii) exact . cpntrol of filling volume is.not required,
| and .
(iii)  they are capable of -high precision (approximétel '
0.2%) in routine use. | , \\ddi

The ,range of viscosity of the hydrocarbon liquids

used in this work varied from 0.55 to 4.5 ¢St; as such two
viscometers of size 25A (range 0.5 - 2.cS8t), two viascometers
of size 50B (range 0.8 - 4 ¢St) and one visometer of size

75J) (range 1.6 - -8.cSt) wére used. THege'were supplied by
the' Cannon ’'Instrument Qempany. -A Model - M1-18M constant
_ i ™~ .

temperature bath also supplied by the Cannon Instrument

Comﬁany was used.

fhs/g range of control from

approximately 10° " to 100°C.  Temperature

-

i

=

h)
g
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and + 0.02°C above 60°C using oil as bath medium. ﬂercury-
. -in-glass thermoregulator 1is set by turning magnetic —cap
until desired temperature 1is attained which has to be
checkéd by another calibrated thermometer. The range was
egtendéd down below 10°C above ambient by means of 9726-C930
cooling coil also supplied by Cann n Instrument Company.

All wetted parts of this instrument are made of stainless

steel or glass,

The control panel has pileot light, on-off switches -
for preheater, -stirrer motor and control c¢fircuit, and a
switch used to set heater control for operatlon below or

above 130° F. f\BQEOH 130°F, a relay oﬁeraﬁes a 200 watt
: ( o
.heater to mapntain control, above 130°F the same relay

-
3

-operates a 700-watt heater.

B ’ﬁ\zgﬁ' method described in ”DeQTgnation 0435—53T".
a4
. ////;

ublished by The American Society for Testing and Materials
/. ) ) r
for Newtonian Liquids for the measurement of viscosity
™ . ) ,
- formed the basis of»the procedures followed in this study.

g -

A. dberation of Viscometers

After ensuring proper cleaning and drying liquid
'samplé or liquid mixture is introduced through tube 1\
Figure 3.2. to fill bulb A so that the level of the liquid

‘ was in between the upper and lower filling marks on bulb A,

with the viscometer mounted in vertical position. While

-l’

‘tx;a\



54

Bulb D

Etched Mark
Bulb C

Etched Mark

_ Copillary

. \.\,\\\ '
L -
o : Bulb B o

Etched Marks
Bulb A

 Figure 3.2 Cannon-Ubbelohde Viscometer

/ - -



filling,- the viscometer w ted by an angle of 30° from
the wvertical in order not to trap air bubble in bulb A,
The +viscometer' is then placed in a constant temperature
bath, &and is supported by a plastic holder supplied by
Cannon Instrumeﬁt Cohpany. sao that the'viscometer‘dbes not
shake due to circulating bath water. The solufion inside
.viscometer was allowed to.reach thef;al equif?ﬁn&um with the
bath; this takes roughl& 30 minute;. Therefor;. a minimum
of ’30 minutes was allowed for equilibration before taking
any measurements.

Propipettes, a multivalve  device for suction

supplied by Fisher Scientific Co. was fitted to the opening

of tube 3 for suction. Then & oné end closed plastic tube
was fitted to the.openiﬁg of tube 2. Thus liquid rises
through the capillary. _Caré was taken so that no air

bubbles get entrapped within the capillary. It was feported
by Howard and McAllister {19581 that sometimes air gets
entrapped’ in the capillary during the process of. suction.
Once the liguid level crossed bulb D, propipette was removed
from tube 3 and the plastic tube was also removed from tube
2. ?)The _efflhxi time was determined by.meaaurinz the time

taken by the liquid meniscus to travel from the upper to the

lower etched ﬁarks on bulb C. At least 3 such measurements
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were taken with each sample. These various runs always

agreed within better than + 0.lX.

’

R B. Sources of error in viscometry ,

Several sources of errors involved in viscometry
have been discussed extensively in the literature e.g.,
(Cannon and Fenske, 1935, 1938, Raachou, 1938, Gennent, 1942

and Cannon, 1944]). !

 C. Visecosity equations [Asfour, 1979]
The following equation has been ugsed to calculate -

“the viacosities {for the derivation see Appendix A).

v ='Ct - B/t (3.7)

-

where C is a calibration constant and tRe term B/t is known

as the "kinetic energy correction factor’. B was found to

be =& function of time [Cauﬁgé} 1944, Canncn and Manning,

-

1959]. Cannon et al. [19601'intrpduced'another paramefer E,

o

which 1is supposéd to be time independent, resulting in the

following equation:

v = Ct - E/” © o (3.8)

where the values of n depends on the shape of the capillary

. ¢
ends; for trumpet shaped enQ3i> n has been estimated to be

RN

N

.



egual te 2, and this value was used thrquzhout the course of

this work.
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CHAPTER 4

EXPERIMENTAL RESULTS AND‘§§SCUSSIONS

4.1 General

The binary systems ;hosen for this work are all gf
the nonassociating type. Each of these sytems are new in a
sensge thatv the densities and viscogities of these binary
mixtures are not availaﬁle in the l}t;rature. All these
mixtﬁres contain an aromatic component and a saturatea'
atraight chain_hydrbcarhon. Present theoretical Rnowledge
about mixtures and solutions has not yet reached a stage of
developéent where solution properties can be expressed 1in
terms which caﬁ be cglculated completely from the properties
of the puré components with any deg;ee of generality. As
such an extensive aﬁount of data ‘on the physical properfies
of solutions and mixtures are needed for their own value as
well as for use in testing predictive models which are Being

proposed fop calculating the properties of liquid mixtures

1

from the molecular parameters of their pure components.

In this chapter some of the physical. properties,
viz.; densities and viscosities as well as some of the
thermodynamic properties, e.g., the-exce&p volume of mixing

N\

and the partipl molar- volumes of eight binary "~ liquid

. . -
mixtures over the entire composition range and at various

~

58
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TABLE 4.1 : 'Calibration Data for the Density Meter

—
l‘ Terperature = 25.00°C

|

| Substance ' Density Density Meter Reading |
n-Hexane 0.65502 (Timmermans, 1950) 0.245653 |
n-Octane 0.69878 [Timmermans, 1950] 0.248598
n-Decane 0.72608 [Timmermans, 1950] 0.250467
Toluene 0.86220 (Timmermans, 1550) 0.259461
Benzene 0.87363 [Timmermans, 1965] 0.260212
Double Distilled Water 0.99707 [Perry, 1950] 0.268108
Carbon Tetrachloride 1.58445 [Timmermans, 1550] 0.302848
Parameters for the Density Meter, Equation
Parameters Value
A 29.6793 o ' -
B - 0.0139029 ‘
“C - 1.13424
Standard Deviation of the Fit 2.15 x 1071 (kg/L)
Temperature = 20.00°C
Substance Density Density Meter Reading
n-Hexane 0.65945 [Timmermans, 1950} 0.284856
n-Octane 0370279 [Timmermans, 1950] 0.247712
n-Decane 0.72994 [Timmermans, 1950) (0.249548
Toluene | 0.86683 {Timmermans, 1950] 0.258555
-Benzene i 0.87903 [Timmermans,' 1950] 0.259343 -
Double Distilled Water 0.9982343 [Perry, 1950] 0.266855
Carbon Tetrachloride 1.594 [Timmermans, 1950] 0.301954
ParameterTs Value .
A 30.74147
B, - 0.1809495
C 1.1633883

Standard Deviation of the Fit 4.81 x 107% (kg/L)




TABLE 4.1, cont'd
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!
] Temperature = 35.00°C

i Substance Density Density Meter Reading !
| n-Heptane 0.67104 (Garcia et al. 1986] 0.248618 i
n-Octane 0.65042 [Garcia et al. 1986] 0.249942
N1.0 0.7818 [Viscosity Standard] 0.256142 |
S3 0.8286 [Viscosity Standard}] 0.259246
Benzene 0.86296 [Timmermans, 1965] 0.261512 [
Double Distilled Water 0.994061 [Perry, 1550] (0.269868
Parameter Value ,
A 26.037965
B 0.85218661
o 1.0277652 .
Standard Deviation of the Fit 1.49 x 10°% (xg/L) ‘L J
Temperature = 40.00°C \
\ . . . '
Substance Density Density Meter Reading
n-Heptane 0.6668 [Timsermans, 1950} 0.249468 |
n-Octane N 0.6862 [Timmermans, 1550) 0.250834
n-Decane 0.7150 [Marsh et al. 1986] 0.252811
Toluene 0.84836 [Timmermans, 1965] 0.261777
‘Benzene , 0.85763 [Timmermans, 1965] 0.262414
Double Distilled Water 0.9922497 [Perry, 1950] 0.271143
Carbon Tetrachloride 1.55498 [Timmermans, 1965} 0.304383
Parameter Value
A 28.798295
B - 0.014068548
¢ 1.127189
Standard Deviation of the Fit 1}75 x 1874 (kg/L)
- ‘
- Q.
)
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. o :
temperature levels are presented. These experimental data

have also been utilized in testing some of the most commonly

used literature viscosity models. ' -

4.2 CalibrapiOn Data for the Density Meter

The density meter was calibrated, at 20.00°C,
25.00°C, 35.00°C, 'and 40.00°C, using the density values of

double-distilled water, n-hexane, n-octane, n-decane, carbon

tetrachloride, toluene and benzene. However, ~at 35° C
density values for n—hexane, n-decane, carbon tetrachloride
and toluene were not availablg in th; literature.
Consequently, two viscosity standards and n;heptane were
used instead. At 40°C n-hexane was forming bubblesa in the
density meter tube, so it was replaced by A-heptane. The

~density data used for the calibration along with their

sources are reported 1in Table 4.1. Equation (B'G)L‘

discussed in Ch;pter 3, was fitted to these data. The
values of the calculated pafameters along with the astandard
deviation of the fit in kg/L ére presented in Table 4.1.

It shoyld be ;eglized that the accuracy of the
de?sity meter is subject to the accuracy of the densities of
tg; standard liquidé used for calibration. Three ‘highly
accurate density values are required aiqge there are three

unknowns in the density meter equation, Equation (3.6},

Extremely accurat® density values were not available except

-

A
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TARLE 4.2 ¢ Viscomgler Casibralion Data

(1) Calibration Jaga for the Vigoameter TAJIF

.
-g &£ - ! J— .-
tigwrd o Efflax §eandard | Calculated | Percent Parzmeters of the Viscomeler
Time VisCosiTY | Viscosaty Errer '
tosec ;. eSt cst ! Ix127, cStisec B, gSteosec”

| Temperature = 11.00°C

T T ) . ! .
PN bosoas boosas | oooms 000 : .
Con1a | silcs ‘ 1.3289 « 1 1.3 p.oz ! 8.74145" ' 28.452383
s $9.41 | 32780 4.2781 ‘ 0.001 |
| Geandard Deviation of the Fit = I.85 x 1070 (c5t)
| Temperature < 25.40°%C .
| :
PN 54.51 0.4556 0.45962 p.o1 . ‘L
| ~.8 85.447 | ©0.74l6 0.74152 2.01 B.76442 | 53,854
N1.0 | 141.153 1,235 1.23442 0.05 !
| 53 131,663 | 5.781 \,l 3.78299 0.2% ‘

| Srandard Deviation cf the Fit = 3.49 x 1673 (st
|

WTemperal:ure « 15.00°C
k

I i

©N1LO 123.58 1.079 l 1.079 0.00 | 8.722029  ; -1T.TILI9
i 43 348.30 3.038 | 1.038 0.00 | i :
: ;
| “ean Absoiute Error = 2,26 x 10710 (cst)
[ .

Temperature = 40.00°C ~
' ; T

N1LO 115.89 1.013 1.013 0.00 B.T100B"2 | -18.198533

S¥ 312.11 1.719 2.M19 -0.00

N 17 R
Mesn Absolute Errer = 6.66 x 10 1o (e5t)




TASLE 4.2 , sonutd

>
P

Lild valibration Jata forothe Giscameter 5IB1S3

agwd Efflux Standard Jallulated Percent rarameters of the Viscameter
Tine Y1sSTs1tv VW iscosiTv Errer
sec 34 oSt ‘1135, St sec E, :-sec:
Temperature = I2,20°C
5.8 183.06 0,794 N.T843 2.0
N1.D 311.1% 1.3282 1.3285 2011 1.21568373 C-185.0t
53 ; 1005.701 4.278) 41,1783 o0l
; : /\‘
Standard Deviation of the Fit » 1.6 x 107° {(<5%) \
Temperature = 25.00°C
i )
N4 1090183 1 0.45386 F.4598 0.04 ! ‘
. ON.B L 174207 D.T4le . D.7404 ;0.1 1 4,263 57,960 ‘
. ONLLOO o 289,91 0y 1,235 ;1.2351 ° 1 0.0l ! V
o83 i 887‘.855| 3.781 | 3.7850 IS &8 ‘
: : : ‘ 2 A R
[~ -3 I
Standard Deviation of the Fit < 2.9 x 10 7 (cSt)
Temperature = 35.00°C
i | | .
NL.O ;253,163 1.079 1.079 | 0.00 | 4,2438242 1 -169.0818
53 *15.74 i 3.038 i 3.038 0.00 i | |
| ‘ !
L 1
.16 l
Mean Absolute Error = 2.1 x 10 (cSt) -
Temperature = 40.00°C !
—
| | i | |
| N.B 149,43 0.634 I 0,6343 0.0% :
1 NL.O 238.09 1.013 1.0122 0.08 4,2532982 38.073173 |
‘ 53 539.34 | 2.719 2.7192 0.01 i
i . : * l
‘ Mean Absolute Error = 4.58 x 107~ (cSt)

[
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TABLE 4.2 , tom'd

113, Calihraticn Dara for the Vaiscometer IEL

e

"l_ Ligurd | Efflux Standard - Caloulated Percent Parameters of the Viscomeler
I Time Viscosity  Viscosity Error
- .3 ‘ A
seC c5t . oSt Cx10° 7, St/sec |E, cSt-sec”
| A

Temperature = 10.00°C

5.8 P oagnas |

P 0."844 3.7845 | 0.0l | -
© 8L 342,14 1 1.328 .32°7 4 0.0l o 3,8820158 | 59.423611
53 1102.04 : 4.27% f.:‘sn {o0.002 ;
! i | 1
} Standard Deviation of the Fit -(3.:3 x 107 {eSt)
; 1

Temperature = 15.00°C !
| l { |
PN 120.003 | ©.4596 0.4597 | 0.0z | :
©ON.8 191,743 | 0.7416 0.7411 l 0.07 3.78611 | 78.385%

1,0 318.493 | 1.2350 1.2337 0.10 ! .
L83 976.940 | 3.7810 3.7866 1 0.15 :
| Grandard Deviatiom of the Fit = 4.08 x 107 (est)

. |
'\ Temperature = 35.00°C ‘
l b
L N0 ess 1079 io1.079 | 0.00 | 3.8600963 .20 61623

| s3 ~86.91 1 5.0 3.038 0.00 | }

i Mean Absolute Errer = 1.78 x 10715 (est)

|

Terperature = 40.00°C i

N8 164,41 L'o.asa t 0.6345 0.08 .

N1.0 261,90 | 1.013 1.0116 0.14 3.8637558 19.52993

s3 703,83 ‘ .19 l 2.7194 0.01

Mean Absolute Errer = 7.57 x 10°% (st
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Standard

Liguid  Efflux Calculazed Fercent Parameters ¢f the Viscometer _ .
Time Viscositvy  Viscosity Error T
8¢ \ 14 5 i , &103. cSt/sec E, cSt-sect

: i
Temperature = 10.00°C
: | ; = T I .
. N3 | J66.I53 0,4734 0.479% | 003 , 1 .
DN 235030 (uftsas 0.7839 0.0 1.7995855 | .19.g13616 |-
o NI t38.057 | f1.3280° 1.3283 1 00| 1 .
: | . L ! !
]
! Standard Deviaticn of the Fit = 6.04 x 10”3 (cst) .
r Temperature = 15,00°C i
; | i . !
LN 1 2550071 0.3586 | 0.45968 | 0.0l ! !
. ON.S . 411,407 0.7416 i 0.73127 | 0.04 L.B0153 ¢ -14.700
'+ N1.O i 685,740 1.2350 1.23534 0,04 N r
. ! ! |

| Standard Deviation of the Fit = 5.51 x 10°* (cSt).
|

Temperature = 35,00°C
b T
| N 234917 0.4227 | 0.42288 0.03 o ]I
I N.B 370.70 0.6669 0. 56644 0.07 1.797042 -38.317707 !

N1.O 600,497 1.079 1.07932 0,02 : '
| ‘ean Absclute Error = 2.78 x 10" (cSt) j‘
- - -
| Temperature = 40,00°C i
5.4 225,68 | 0.4062 0.40637 , | 0.04 '

N.B 352.01 0.634 0.63347 0.08 1.7950546 ' ~64,502209

N1.O 564.36 1.013 1.01326 0.03 '
!
‘ Mean Absolute Error = 3.20 x 10™% (cSe)

1)
r
.-
- v )

P
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“y) Calibrzt:ion Data for the ViscomeleT CRA4EE

Ligud, Efflux ‘Standard . Calculated | Percent Faraneters of the Vis ometer
Time Visgosity Viscosiny | ErTer
! P -
i sec cSt ¢St ; Cx137, <St/sec E, ¢St-sec”
H 1} |
1} Terperature = 20.00°C
| ! B - ‘
PoN.s I or60.763 ) 0.4754 0 0.47560 0.04 |
i N.8 !—4:3.953 | 0.7344 ©0,78%378 . 0.08 1.8402416 i 18.129812
N1.0 _i\-f’Zl.SSO L 1.3280 - 1.32831 | 0,02
| Spandard Deviation of the Fit = .39 x 107% (¢St}
Tecperature = 15.00°C:
N2 249.69° * 0.4596 0.45566 0.01 * .
N.8 402,563 | 0.7416 0.74107 0.07 1.84088 - 0,209 |
‘N1.O 671.260 | 1.2350 v 1.23571 0.06 ; |
. ! { )
= |
Standard Dewiation of the Fit = 8.88 x 10°° (cSt)” !
. . L. |
Temperature = 35.00°C  ° |
5.4 ’ 229.943 | 0.4IX7 0.42280 0.02 ‘
5.8 362.8a7 | 0.6669 0.56658 0.0% - 1.8365305 -6, 743577
N1.0 I 587.563 | 1.07% 1.079186 0.01 . .
| Mean Absolute Errer = 1.92 x 1074 (cSt)
Temperature = 40.00°C .
¢ -
N.3 210,710 | 0.4062 0.40629 0.02
N.8 344,720 | 0.63407 0.6337 /‘U.(M 1.8374763 -36.214221
N1.0 '55}.310 1.0130 1.01514° 0.01
Mean Absolute Error = 1.70 x 1074 {(cSt) -
A ]
L ]
L
~
t
o
. he q'-: N
. . - ‘
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for water. In order to minimize errors due to uncertain{y
in the densities of the standard liquids, the substances
liStqd in table 4.1 were chosen for calibration. The

- sources of the density data used for calibration are also

-

reported in Table 4.1, The error in density measurement is

discussed in Appendix E.

4.3 Calibration Data For the Visecometers

* Cannon-Ubbelchde type viscometers have been used
A

in this work. These viscometers were calibrated in this
laboratory. Calibration was done using the standard liquids
supplied by the Cannon Instrument Company. The visacosities

of; these standard liquids ranged from 0.4794 to 4.278 cSt at

20.00° C to 0.4062 to 2.719 cSt at 40.00°C. At least five

readings were taken, for each standard liquid for the purpose

. 4
of calibration. Average values of the calibration constant

“C" and the kinetic energy correction factor "E" were
calculated at :each temperature by the method of least
squares. Details  of the calibration data for each

viscometers at different temperatures are listed in Table

4.2 along with the standard deviation of the fit. In total

. (f,r'_~ o

five'viscoﬁgters were used in this work. Two were 25A tyﬁe;.

two 50B type and one 75J type. The kinematic viscosities of

the standard liquids used for the purpose of calibration
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‘

cover the range of viscosities of the pure components used

in-'this work as well as the binar} mixtures. : '

-~
-

4.4 Comparison Between the Literature Density and

. Viscosity Values of the Pure Components and Those

Obtained in This Study : -

One of the objectives of this work is to measure

. . . ™~
\7the density and viscosity, of the pure components as
accurately as possible. Use of precision density meter

provided a high degree of reproducibility of deneity
measurements. While use of Cannon-Ubbelohdé viscometers for
measuring viscosity did proddceihighly reproducible '‘results.
This i in \ accordance with the advantages, that these
viséometeré// have oveé other types of viscometérs " as
mentioned in Chapter 3.

. The experimental values for viscosity and density

of the pure components obtained in this work are reported in

Table 4.3 along with the corresponding literature values for
comparison. * In general the reproducibility of the
vigacosities were. better than 0.1%. As can be s8een from

Table 4.3 the agreement between the obtained viscosities and
the values reported in'the literature where it is‘ayailable
is quite good in almost .all cases. However‘. not many

- b

literature values are available at temperatures.35.06° and

40.00°C. Values reported by-Evans (1937}, were found to be

-

Y.



Densitv-Compesition Data of the Svstems

Toluene A -n-OcTane(3)

Mass Frastion I‘ Mole -Fraction | Densitv - Masy Fractiem ucle Fractien Jensitv
. “A . X, kgoh -3 Xy (a8
Temperature = 12.00°C Terperature = .00 -
‘ 0.0000° | o.0000 ool 0.0000 0.0000 ¢ 0.6984
L, 0.047T | 0.0384 ! 0.7082 0.040" £.04995 2.0
0.0840 Call ©oo.m12 0077 0.0910 .7087
CoNTIS L o.z0es T o0muaeT 0.1288 o oases | 0.T1ss
o 0.309 ,‘ 0.3044 | 0.3 0.2179 i S oo.see 1 2.8
| 2.3438 | 0.3937 Eop.mase 0.3002 loonnr ) 0739 |
' Cooswer | owsox | 07689 0.3338 RS 0.7538
h L 054187 i 0.593 | 0.780% 0.4%01 {0y | 0.76897
| r0.6s07 . 0.6979 L 0.7995 C.38996 ' g.ea08 | 0.7854
i 0.7665 - V.8018 ° 0.8203 0.7200 l 0.7612 | 0.8081
' ' 0.8778 0.8990 0.8416 0.8492 o o.7ar | o.enr |
‘ 1.000% 1.0000 0.8671 1.0000 ‘ 1.0000 l 0.8619 |
! Temperature = 35.00°C Temperature = 4$0.00°C J
‘ )
t y 0.0000 0.0000 0.6901 0.0000 0.0000 0.6863 |
v | 0.058 o 0.0440 0.6944 0.0421 0.0517 0.6909 |
TS ooees 0.1032 0.7008 0.0854 9.1038 0.6965 |
. { 0.1685 0, 2008 0.7115 0.1666 0.1586 0.7074 |
Q | .15 *0.2940 0.7226 0.2559 0. 29896 0.7199 1
. | 0.3481 0.3983 0.7362 0.3319 0.4023 0.7339 |
< s T 0.4956 0.7504 0.4407 0.4942 0.7a72 |
i p.5478 0.6003 0.7673 0.5413 0.5939 0.7631 |
0.6502 0.6974 0.7852 0.6473 0.6947 0.7809 |
0.76%5 0.8019 0.8060 0.7637 0.8003 0.8013 |
C.B764 . 0.8979 " | 0.8269 08760 0.8976 0.822
1.0000 1.0000 0.8517 1.0000 . 1.0000 0.8482
: [

~4

I



.

Mgss Fractisn Mecle Fraction Density ;‘4.1.'.5 Frastigon Meole Fraciiom TDersiTv
- Xy kgL i -3 X, kgL
i Iemperature e 10.0C°C Temperature = 15.00°C '
2.000p Caooe. . 0t 1 oooe BT R e
2.0383 0.65778 0.7333 | 0.0342 Pocoosle | 0.9
.0733 0.1c88 [ 0.7z | 0.067% | 0.1008 | o0.7355
p.us: i 0.2078 . 0.7453 0.1408 / 0.2019° L 3.7414 "
: 0.22099 T 0,308 ‘i.o.fs.t: g.2:202 | 0.30% | 07508
! 0.3056 | 0.d047 | 0.7645 a.3063 | 0.4060 | 0.7603 '
i 0.38997 - ; 0.45368 1 0.7 0.4033 | 0.5u3 p.772
L 0.451% o 0.5992 | o.7El 0.5038 | 0.6106 1| 0.7860 \
\ 0.6013 | 0.699 i 0.8038 0.6075 1 0.7050 0.8004
1 0.7208 ] 0.7954 ‘ 0.8213 0.7241 0.80:1 0.8173
| 0.8579 | 0.9031 l 0.8427 0.847 0.8957 0.833 |
i 1.0000 \ 1.0000 = ‘(ﬁ’.am 1.0000 1.0000 l 0.8619 l
i. Temperature = 35.00°C Temperature = 40.00°C ‘
L . M )
| 0.0000 | 0.0000 " 0.7178 0.0000 J 0.0000 0.7151
D.0326 | 0.0495 0.7211 | 0.0284 9.0432 0.7189-
2.0647 . ! . 0:0966 0.7241 0.0677 0.’1008 0.7230
0.1366 i 0.1964 0.7316 0.1409 0.2021 0.7312
0.2155 0.2979 0.7404 0.2167 0.2993 0.7396
0.2954 9.3929 0.7299 0.29596 0.3936 0.%1899
' 0.3894 0.4962 0.7614 0.3880 0.4947 0.7603
0.4890 0.5965 0.7742 0.4856 0.5931 0.772
0.5996 |- 0.6981 0.7894 0.5971 0.6959 0.7876
0.71995 40,7988 0.8065 0.7226 0.8009 0.8053
0.8506 0.8979 0.8269 0.8483 0.89862 0.8242
1.0000 1.0000 0.8516 1:0000 1.0000 0.8482
A
. .
.
A Y
. .
* [
. .
S ) ‘
2y 4
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4.8

Densitv-Composition Data of the System Toluene (A} -n-Jodecane(B)

VR

P

Mole Fraction

. Mole Fraction .

Mass Fraction Jensitv [ Mass Fractien Densizy |
. -4 X, gL i A Xy kg L
1 s -
. Temperature I02.000C | Temperature = 15.00°C
H 1
| - 0.0000 . 0.0000 | 0.7a8s 00000 L oo..£ ; 0.7343 J*
i 0.0353%7 1 0.0645 0.°51" ; 0.0306 0.0551 i 0.TeT2 E
5 0.0600 i 0.10% 07540 0.0500 . 0.c887 | 0.7489 -
! 0.1245 | 0.1082 ©0.7604 0.1165 . 9.1959 - | 0.7533
i 0.1885 i 0.3004 ©0.7669 0.1730 0.1789 I 0.7609 |
| 0.2681 0.403° | 0.77s3 0.2401 0.3802 ! 0.ThE6
L oussi 0.5002 | u.TBal 0.3282 " 0.4701 | 0.77es }
0.4484 0.6005 | 0.73497 0.9183 + 0.5707 | 0.7867 t
¢.5597 0.7a15 \ 0.80°9 0.5410 0.6854 | 0.8008 .
0.6870 0.8023 | 0-8338 0.6579. - 0.7805 . 0.8143 ’
0.8511 0.9009% | 0.8427 03133 0.8865 l 0.8339
11,0000 1.0000 | 0.8671 1000 ~1.0000 | 0.8619 |
; t ! : :
Terperature 35.00°C Temperature = 40.00°C |
[ ! _ll
0.0000 2.000C i 0,737 0.0000 0.0000 0.7343 |
0.0292 0.0527 0.7403 2.0282 0.0508 0.7366 |
0.0564 "0.0996 0.7429 0.0522 0.0924 0.7387 ‘I
0.1224 0.2049 0.7464 0.1213 0.2033 0.7450
0.1819 0.2913 0.7550 0.1884 0.3003 0.7518
0. 2667 0.4021 0.7634 0.2702 . 0.4063 0.7594
0.3497 0.4986 0.7720 0.3606 0.5104 0.7685
0.4422 0.5944 0.78199 0.4467 0.5988 0.7779 .
0.5544 0.69698 0.7947 0.5597 0.7015 0.7906 |
0.6611 0.7979 9.8101 0.6838 0.7999 0.8054
0.8266 0.8981 0.8285 0.82799 0.89898 0.8234
1.0000 1.0000 0.8517 1.0000 1.0000 0.8482
.
¢
. .
J
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TABLE 1.7 © Jensity-Camposition Jata cf the System Toluene(A}-n-Tetradecane(B)

i Mass Fractlion I “Mole Fracticn ' Density E Mass Fraction Mole Fraction | Density ;
1 ~a LM ke A % ookl
‘ i N '
% Termperature = I0.00°C . Terperature = 15.00°C :
|
0.0000 0.0000 . 0.731 0.0000 . 0.0000 | 0.7598
0.0318 0.0661 | 0.7653 0.0223 0,049 boo.7e0s
0.0537 0.1089 0.7671 0.0528 . 0.10% 0.7630 |
0.1082 0.2072 L ogmmd 0.1022 .1969 L0672
. 0.1678 0.3028 l 0.77699 0.1565 0.2.54 | o |
0.2360 . | 0.3994 ' 0,783 0.2259 0.3838 0.7781
0.3201 0.5034 0.7909 0.3100 0.4918 | 0.7859 ;
0.3927 0.5820 0.7979 0.4049 0.5943 0.79496
*0.5232 0.7026 0.8113 0.4984 0.6815 0.8043
0.6569 0.8048 0.8256 0.6400 0.7929 0.5151
0.8100 0.9018 0.8430 0.7978 0.8347 0.8369
1.0000 1.0000 0.8671 1.0000 1.6000 0.8619
Temperature = 33.00°C Terperature = 40,00°C
0.0000 0.0000 0.7527 0.0000 0.0000 0.7488
0.0245 0.0513 0.7545 0.0240 0.0503 0.7514
0.0486 £.0951 0.75p4 ° 0.0479 9.0977 0.7532
0.1927 0.1977 0. 7608 0.0957 0.1856 0.7569
) ;
0.1638 0.29669 0.7660 0.1627 0.2950 0.7627
0.1266 0.3868 0.1715 0.2284 . 0.3892 0.7683
0.3150 0.4975 0.7794 0.3132 0.4954 0.7756
B 0.4079 0.5973 0.7880 0.4008 0.5902 0.7837
0.5180 0.6983 0.7986 0.5092 0.6906 ¥ | 0.7938
’ 0.6448 0.7963 0.8118 0.6566 0.8046 0.8091
0.8052 0.89897 0.8291 " 0.8029 0.8977 0.8250
} 1.0000 1.0000 , 0.8517 1.0000 1.0000 0.8482
3
. /
* &
¥
‘.*"-\/
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4.8

Jens1tv-Compositicn Jata cf the Svstem Taluchc(.—\]-n-ﬁexad.ccane(ﬁ]

Mass Fracticn Mole Fraction Jdensity J Mass Fracricn [ Mole Fract:cn | Dens:itv ]

@ X, CohgiL - E Xy | kg/L }

; - | i \

Temperature « 1).00°C TempeAture = 25.00°C 1

0.0000 " 0.0000 8.7737 0.0000 L ¢.0000 0.7ma3 |

0.0186 { 0.0444 0,745 0.0284 0.06697 o."?:}/?
C0.0u1 o 0.0955 0.7765 0.0578 9.13099 0.7745
; 0.0941 | 0.2033 0.7805 0.0886 0.1927 0.7767
1 0.1373 | 0.2811 . 0.7838 0.1313 2.2708 I 0.7801
| 0.2057 0.38898 ©op.TES2 ©0.137% 0.4333 I 0.78853
{ . 0.2866 0.4969 0.7959 - | 0.1014 0.0 | 0.7azo
! 0.5754 0.6004 0.8038 0.3763 r.5873 - 0.8001
0.4843 0.697~ 0.8132 0.4890 ) 0.7017 0.8099

0.6163 0.7978 0.8256 0. 2.7984 9.8218 |

t 0.7863 ' g.9004 0.8430 0.7 0.89795 0.8383 |
1.0000 1.0000 0.8671 1. 1.0000 0.8619

Temperature = 35.00°C "2 ture = 40.00°C

0.0000 0.0000 0.7635 0.0000 0.0000 0.7609
- ©0.0151 0.0363 0.7646 0.0224 . 0,0333 0.7624
0.0427 0.0987 0.7664 0.0415’/ 4 0.0961 0.763"
0. 0984 #.2114 0.7702 0.0986 0.2119 0.*679
0.1532 0.3078 0.7738 0.1455 0.2950 0.7712
0.2128 0.3992 0.7781 0.2103 0,3356 0.7762
0,2918 0.5031 0.7843 0.287% 0.4984 0.7823
0.3754 0.5953 0.7912 0.3786 0.5995 0.7896

,0.4904 0.7028 0.8014 b.4865 - 0.6995 0.7987 -
0.6149 0.7969 0.8131 0.6118 0.7946 0.8099
0.7813 0.8978 0.82995 0.78%6 0.9000 0.8266
1.0000 11.0000 0.8517 1.0000 1.0000 0.8482




]

-

Density-Camosition (ata of the System Ethvlbenzene(A)-n-Octane(d)

T

‘ Mass Fraction E Mole fraction ! Dens.ty Mass Fracticn i “ole Fraction ‘: Density
-y : Xy kg/L .y L X, DL
: - . i
Temperature =~ 10.00°C Temperature = 15.00°C v
| o.o000 ! 0.0000 | 0.7022 0.0000 0.0000 0.6984
0.0508 0.0544 Lﬂ,?osc 0.0525 0.0562 0.7054
. 0.0962 0.10:8 L 0.T146 0.0943 | o.1008 | -0.7108
P 0.19% 0.2053 0.7280 0.18695 L 9198 0.7236
. 0.2899 0.3052 0.7419 . 0.2768 0.251" 0.7363
N 0.3524 0.40997 0.7574 0.3805 0.397% " g.s17
' 0.49298 0.5113 0.7734 0.5720 0.5898 0.7823
0.6019 0.5193 0.7916 0.6851' g.7007 . 0.8017
0.6961 . 0.7113 0.80795 0.7851 b o0.79m: 0.8197
; 0.7955 70,8071 0.8261 0.8894 -0,8964 0.8398
0.8945 0.9012 0.8452 1.0000 1.0000 0.8620
1.0000 1.0000 0.8672
k Temperature 7 35.00°C Temperature = 40.00°C
) 0.0000 0.0000 0.6901 0.0000 0.0000 0.5863
D.0480 \_’ 0.0515 0.6963 0.04497 0.0482 0.6918 .
0.0308 0.0971 0.7018 0.0913 0.0976 0.6579
. 0.1757 0.1865 0.7131 0.1858 0.1971 ¢.7108
0.2819 0.2969 0.7281 0.27996 0.2949 0.7238
0.3809 0.3983 07428 0.3800 0.3974 0.7386
0.4718 0.4900 0.7568 0.4719 0.4502 0.7527
0.5742 0.5919 0.7734 0.5788 0.5966 0.7700
- 0.6861 0.7016 0.7926 0.6798 0.6955 0.7871
0.78596 0.7980 , 0.8108 0 7846 0.7967 0.8062
0.8918 ¥0.8587 0.8311 0.8895 0.8965 0.8260
1.0000 1.0000 0.8533 1.0000 1.Q000 0.8495
¢
F * ! )
'
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'kg/L in dgnsxty value.

?

somewhat 10%@; than the corresponding experimental values’

- - -t N B ;h
obtained in this work whereas values reported by TRC [1986]

vere found toc be higher than the correspondihzm experimental

- o8

values in almost every cese. ~
L — * I-. :

3.5 Dehsity-Conpositibn Dats

. t. . : . : '
The ‘den31ty of each 8Bystem over the entire

composition range at every temperature level was' measured.

" “The deﬁhity Qaluéé'héfe'obtafned usin¥g the period reading .of--

‘\\ ~ i . ) - " E h ‘ . I - ‘.
density meter and the density meter _equation, Equation

(3.6 . These values aregpresqnted-in Tables 4.4‘19 1.11.

. The density values reported in these tables are the average

of ten measurements. Each densltv meter reading 18 one
- 1]

hundred times. greater than the actual period of the U-tube.
i

therefore a densltv'meter ‘reading. 0 260212 (Benzene at 20° C}

_correspond to- a period of 2.60212 x 10~ seconds. The

-beproducibility of the density meter reédinga»uag found to

-8

be better than 5 x ‘10 seconds in the case of. double-

dfstilled watef &t temperatures 20. 00 C and 25 00°C _and *

e
T -

1 xﬁlO_? seconds at tenperatures 35, 00° ¢ and 40. 00 °C for n-

’ ﬂ

octane.' A change of 1 x 10 o seconds in the density meter

-

readlng at 20.00 °c correspond to a change of about 1.59 x 10

e
+ o
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. The denstty wvalues for each svstem were fi1tted 0

a

W . .‘ ¥ .
a cozmpos:tion dependent equaticn of the fcollow:ng form:,

v

.t
where x 18 the nole-fraction of coaponent A 1in “He aa1xture.
- A Sl .
. _ ‘ ‘ :
The wvalues of the parameters’A were calculated by the

! »

nethod of leémat squares and the ordef ef the pelynomial was
' ' . ]

chosen for which standard devxation of the fit 1is ainimud.

These wvalues of the parameters are iisted in Table 112,
The standard deviation of the fit 18 given for each systen

in the-last colunn of ‘+his table.

The use of the/preclslon dens1tv neter tc”-measure

the ldensit1es of the blnary lxquxd svsteus vn this  study

v

-

resulted .in hxzh reproducxbxlfty f the . results. - Th97

density meter ﬁroved to be able to give density .values

reproducible with ¢ 1.0 x 16—' kg/L on the'ééerage. Since

i
P

the dens;ty of the aalpla 18 neasured in a r-}.osed glass tube

r

the evaporatxon' prob1e= 1s almost el:nxnated but . At

: tenperutures KR OO‘ and 40 00 C ‘the sanples had to be left

in the glaas tube for forty ~-five uxnutes~uh1ch xs relatively

. “‘.‘

a lon& time 1ntervnl -f ThlB may have, caused 'séue
‘ . _l ""’t ' . 7 ’
evaporation losses. . _ : ~ ’
Y . i . .
\‘ AL 7 -
1 ] - - »
. - l o

.

.l.l"t
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hinary systems of 25.00°C. Density 1sctheras are ail

-,

in
~ 4

igure 4$.. depicts dens:7y 1sotheras of all the

» sonotonically increas:ng with the mole-fraction of component

- A; and the nature of, these

at all other temperatures.

1sotherzs was found tc be similar.

.

The density-composition data were used . o
cai%dlate <*he ._partial zolar volume - composition data - for
each of the bipnary systea” at each tepperature. " " The

procedure followed 1n-such
' o

caléulations t1s given 1in Append:ix

Toaem

1

B. The -\'a_lues' of ;@tzq; 201Ar +volumes obtained are

L.

reported 1in Appendix B.°. °

4,511 'Bxcess Yolume 31 Mixing

. '~ Handa and LBensdd

’ |

[IQTS]':épated “that volume

p—

changes or excess volumes on aixing two liquids can arise

from any one of the following factors: " (i) difference :n
. .‘ - . - ]
the size of the component molecules, rii} difference 1in

- .

shape of thgfconpqnént‘mdlecuieﬁu (1it) structur§l chanics

. [ . . N -
- such as changes in the correlation .of aolecular
. ) b , _ BE.
‘orientations, (iv)  difference in the  tntermolecular
L5 A
. . - / L

interaction energy between like .and unlike‘ molecules, and

(v}, formation of new chemical speciea. . Normally volume

-

changes occur because of a combinatiof .of- these various

;f@é;bqgﬁ?_ QOnsequently‘.the éonple:éty §as¢életgd with the

'-,".‘.
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crigin of excess volume of mixing, coupled with the ease

with uh1ch the laetter can be obta:ned experxmentallv with
good precision, nakes it a sensitive tool for test1nz the_'
theories of liquid mixtures. Apart from this, excess'voiume
of mixing data are useful 1in the conversion of excgés
thermodvnamic' functions determinéd at constantkpreésure to
the.cond1t1on of mixing at constant uolume, in detern{ﬂing
composltlon from den ity measurenents on m1x£ures, and- 1n
1ndustr1al rechnology. ’Thus measurements of'excess-vdlumes
of mlx;qg‘éontlnue to be an area of active’ 1nterest and this
f . .

is reflected by the enormous amount of data published over

© the ' last decade;gl ’ . v . t
A\ " In this ‘study excessr¥olume of mixing of eiiht

t

binary 'pigtﬁres ha;é been calculated from FEhe density-
compos;tidﬁ Adata and arerpeporteh in}Appendix C, over the
éntiréﬁ cbﬁposition ange?lat 'four' different temperature
.lev§1s.  The change of excess volume of m1X1ng of all the
bina;y mlxtures with mole fraction of component A are shOhn-
kn Fizurea 4.2 to 4. 5 at the folloulng tesperaturea 20 00
25.00 5 35.00 ) and 40. 00 c, reapectlvely.

These excess. volunes of nxxlng conp031t10n data

were fxtted to B8 colposxtlon dependent_ polyno-xal, called

“the snoothing equation yhich,has thel form:

- : . ’
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Hoe

= ¥ Lo-x,! A C x, - . - 134.2
~ L : ; - s A
f._._ . - - - .
o I‘. - . . .- -. - o
_The values of the constants, A of this Equation.
1 .
‘3.2) along with the standard deviation of the fit are

reported, in Tab{e 3.13. . ' : : ;\\\;/'

The excess voO lumes of mixing- conposxtxon data ue}e

: : : M}
also figted o an enplr:cal correlatxon Put forhard by Rasip

M-‘

and szukx [19?8] uhichAls given by:

el

nm

B = :!.I X_ ’(_ '._l. 1 'cl? -. . = ‘l: O
a =] ) a8 o A Lot Al = =
:'f_":: i’.‘-' ) - BN
. . 1403
(e, = %, "o, ‘Xo»=0X, Yead - ‘ '
A = 3a = ~ )
L
Tz - - - . - : ' ) .

«here, V, - V. and V. - V5 are the two partial molar

. . A r a - . .
volumes at ., infinite dilutlon“of eonponents- A and 38,

U
respectively and.EAand "13

‘or adjusiable parameters of the eq§§t1on. These values ‘were

¢

calculaxed and reporied in fTable 4.14 along +~ith the

standard devlatlon of the flt. Inﬁgeneral for every system

L

at every tenperature ‘level, the fit is better with smoothing

equatxon as can be ‘geen’ in Tables 4.13 and 4.14.
L

-~

‘ nlxxng at every te-perature excépt foluene-n-octnne at '25.00°

% s C, toluene—n—decane " and toluene n- tebradecane at 35.00é C.

which showed negative excess volumes at Jow concentration of

]

are the two non-randomness, factors-

-

All. the systems showed positive excess volume ,of'x



=

comopanent A. At the lower temperature levels i.e. at 20.00

~ and 25.00'C " the eXCe;s volume of =aixing™ gradually

increased with the number of carbon atoms of the second

“

component, ““i.e. n-alkanes. At 35.00°C and 40300'C there
were no such trends; but at every temperature level the

excess volume of maixing was higher with systens containing

ﬁ-hggadecane and n—tet;adecgng_"conpared- to ;”:ystens
containing n?o;tane or n-decane. The shape qfwtﬂg aromatic
canponent.. 1.e., .tolﬁene ;and_eﬁhylbenzene'are sphéroxd&i
-uhile the shape of the second component, l.e., n-alkanes are

all rod-like andﬁ + 15 this difference 1n noléqular‘shape of

i
whe

-

the two comﬁonents which.is probably the primary factor for

excess volume of aixing for these binary aoixtures. Diaz

Pena .and Delgado [1974] have reported some valﬁes of excess
. ‘ e 7 .

volume of mixing for systems containing benzene and n-

B
.

alkaneé at .YS.Qb'TC. The excess ﬁolgpe of uixxhz for

"toluene-n-alkane, show SOnguhat‘lower'valugs at 25.00°C than
the work of‘ﬁinz-?enqAaﬁd Delgado (1974].  Same trend - 18
observed with aystems containing qthylﬁenzene{ Therefore it

1
.

nayﬂbe;congluded that a methyl or ethyl group in the benzene
ring - helps the';odlike'p—alkaheS'toﬂaccpnnqdnte in a  more
. - : ~ . - T )

packed way
o ) .
‘increases the

in the Jbinary  mixture. - As _the temperature
free. volume of a liquid - is increased, ad such
one _would expect a decrease in excess leule of "mixing ‘at.

- . o

PRESSA . . Lars
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higher temperatures -but the experimental results do not

confirm this notion in all systems. - Similar behavior was .

reported bylGércia et al. [1986]), and Dieter and Heintz
{1986]. The relatively Qhall negative values of the excess

molar golumes observed in F;gures 4.3 an# _}.55 at low
coricentrations of component A in the.case_df_vthe .systené
toluene (A)—n-ocf;ne_ {B), toluene _(A};n—decané (B8) and-
tolﬁene lAl-ﬁ—tetradecane (B) are probably due to experimen-
tal error. . ’ |
| The excess volume of mixing &urves fitted-hell to
“sthe | "Qméothinz" . equation, Equatxon (4 2) " at lower
.tempergtures but at 46.Ob5C there were some scattering of
data. pbinlglwhich‘nay be due to the evaporatioﬁ Alosses in

'
1 . : 4

the density meter tubeVsince at higher témperatures samples

,

. were allowed to stay xn the' denalty meter tube for forty-

fl\e mxnutes to attaln thermal equxlxbratlon - -
:4u6 iscositx - Co-ggsitlon Data C PR

“The experllental v1lcosxty data are prebented in

-Tables 4.6 ‘to'4 13. . For- ench of these v1scosxty values,

efflux times were neaaured at least three times and the
K _ .
average value was used in the determination of * . the

vibébsititsl3 The 'kinematid viscosity isotherms at each
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i

temperature are shown in ﬁlgures 3. 6 to 4.13. All of these

"isotBerms are also snootbly vaerng functions of mwole

fraction. : : g_-{ . A ‘S“J

i o -

‘Kinemat:c and absolute Vviscosity values for each

systen were fitted to equations -of the form:

LA x L R

vhere ._ is the kinematic viscosity ofathe liquid mixture in

.. . | . .
/_,¢St, and x 1s the mole-fraction of component A, and

A | '\

- . - s

vhere F_ 15 the absolute \1scos1t\ of the llquld mixture in

et N .

cP- The . xalues of., the conatants A .of quatlon {4.4) "and
. Lt |\ R

Equatxon {4.5) are calculated by the method of least squares

and are reported ‘in Tables 4 23 and 4. 24 reapectxvely The

1§st colunn in the prevaoua two tables glses‘ thb -standard

D '

deviafion of the fit.-

"Ags one can see, the standard deviiation of the fit

ié‘ . small. ~ The higher vaiueéﬂnéf 5qtandard' deviation

'eﬂcountered in this work were with 'ystennu-conthinlng n-

hexadecane and n- tetradecane uhere thoae vxaco.etert had to

be used which were calxbrnted Hlth standard lxquids paV1n¢

viscosity values reported up Lo thzrd deCLnal place

. . . *
a
. - K R . .
. .k
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'4.6.1 Exceéss activation energy of +igoaus flow

Grunberg, [1954) attempted to relate the excess

activation energy of vigscous flow t theraodynamic non-
s . hd
~

ideality. Reed and Tavlor [1959] argued that there 1s no -
siaple relationship between 'vV1S8COS1ty and the theraocdynam:ic

roperties of a solution. These authors suggested the .
prop o . s 3

follcwing equat:ion discussed in Chapter 2.

L]
54
b

.
H
1
Ty
~
N
3
e
I !
t
-
t1}
'
1
s
]
1
.
£
’ |]r1
.

uhxch reldtes viscosity of a mxxture to LG . The above

.
equatlon along with the viscosity- conposxtxon data were used
4

to calculate the excess actxsatxon energx of wviscous flow.
L |

The change 1n excess ACtivation energy with composrtion for

each systea at different temperatures :1s given in Appendix D

as well aa An Flzures 4 14 to 4.17. R

TwO syatens contalnlng n- octane aluavs exhibxted

-

L =

negative 1 G 7 over the entlre conposltlon range whereas Lhe

toluene-n- decane systen shoued posxt1ve i G up td  x}U =
oA

€.7 then at x> 0.8 becane nexatxxe. The remaining systems

1

have positive values of G“”over the entire ‘<composition
. . : o T L , " .

range. - e

. . ll - B - ) | ‘ .‘ '
) The values of - . G- were found to increase with'
' W : ‘.v“" ) C/ »
‘the increase of temperature. The excesk‘actxvatzon energy -

f xzscous.flou 7Y fxtted to & polynomial of the form

' : * l ' ‘ . . ) . ' . ' l m .
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'Values.of the parameters "A " were obtained by the
‘ - . 7- .‘.‘ - : . '\'-- ..:-,:-- o
method of least aquares. These values are ‘reported in+#Table

-

5.25 The =sp;ndérd deviation of the fit 1sf}13§ed in the
"last-column of this table. Thi:s equation, _Equation (4.5
Sl : v -tal qQ ;

S . . .

e : S " ‘ : .
fitred -the data well as can be seen from 'small  values of

standard devistion listed in Table 4.25., : ,
. -'.’ - \j .
o8ity S .
: '.Visqosity-Coaposition' data .. were also wused to
calculate the excess viscosity of the binary mixtures using
the following eguation: - -
.0_ '
. R T SR : . £4. 7
’ S e = A A 3 2 ) ‘

Excess visgosity-composition data for each system

L ' ' . . E - .
'at different temperatures are given along with «  G* * 1n

-

,Append}x D and Aepiéte&'in'ﬁixureﬁ 4.18 iq $4.21. '~ As can bé.

v .

oL

seen from these figures, the‘sys;el'xncludgnz:nooctane and

“n-decghe exhibited almoat the same value of excess viscoslly

comppsition range. ;
’. .. ' \
. N \
4 .
- (%
L

in every instance. Another feature of these'figurei is that
. . . . <

: : 4
.

excess®viscosity is found to increase with'telperqtureﬂ In

every 8y tem excess. viBcosity was negative over the entire -
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4.6.3 Activation energs of viscous flox ~ '
Viscosity-composition data ‘were also used . to

chlcﬁléte thé activaﬁlon énerzy of viscous flow for pure
components as well as that of the aixture.

;Thp activation energy of viscous flow waﬁ' then
plo%ted against nuhber.of carbon atoms of Q-alkaﬁea and a N

suraxght“lxne Zelation was obtained k8 can be seen in Figure’

Tos 402200 Houever. the .activation energy of w1acousﬁflow 4.3 -

not. vary linearly with cqﬁposﬁtlon as can be seen 1n F1gure

1.23. | B | A .

4.7 Predictive Capability of the Various Viscosity Models
. Viscosity as a.posélble and promising tool;'ts

‘reveal the " aystery of the liqﬁld structure has received a

gEreat .deal of attention froa researchérs. Various sodels Eﬁ:;
oo ' have been proposed for the predxctlon of sxscosxty of llquxd
~ E—— nixtures. _ \o satxsfactory purelv theoretlcal nodel haa yet -

been' proposed for the predxctlon of ulscoaxty of 11qu1d

. ' nixtu;es. The exlstlnz aodels are exther euplpxcal or semi-

. _,»"‘ - . - -
e
s

. o emplrxcal andA still need a 1ot of conflr-atlon for their

-

predlctxve capabllxtles

_ - Thex 'experxnental data obtained in th1s atudy uere
. . ) (

used for test;ng the predictive cnpabxlity of three exlstxng

literature . models: '~ The McAllister's chree body model .
[1960], . Heric's _empirical equation  [1967] with . two
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'E paraneters and suslander's ac&el ;1th - three parapeters

-

-

L11964].

These nodels are'dlsbussed in detai1l in Chapter 2.

e Yit in more “than fifty percent.of'thelﬁyetem 1investigated 1in

th1s study At 25. 00 C thls model did not adequatelv fit

-

Lhe data of S)stems w1th n- dctene and n- ~-decane.

The \alues *of' the parameters of Hcall1sters modeh
!
are listed in Table =% 26 along with the standard de\Latlon

Ty

of ‘the fit. - As one can see there is a trend 1in ;hes%

*

plotted against temperature and it can be seen fron Figures

-1 . '

3:24 and 4,25,~. those parameters change linearly with

temperature in the temperature range ’investigaied 1

study'. .The slope and Lntercept of . these stralght L1nes are
. ﬁ -
reported in Table 4;27. The last column of thxq table gxxes
. ‘ ‘

the standand devxatlon of the fit.
The ngg_ﬁal logarxthm of the absolute xalue of the

slope for both ‘the - parameters was found to. 1ncrease linearly
- £

wisth the number of carbon atoms of the n- alkaneﬁcomponent ofa

o §.27. - The 1ntercept of theae tuo paraneters ‘was also found

,fﬁp__general‘Auslander’s three parameter -model gave a better

parameters ‘ Hence :the pafameters for each system were

I

mxxtures uzth toluene. . Hxxtures with ethylbenZene do ‘not.
glxe perfect straxght 1:i nes.‘. Thls can be seen. fron F1ghre




—
rJ

TiEE 0T Jalaes of the Farsmeters ls.mives i neril’s vocel !
' ] : ' .
inten :‘_: :5: ’ 5::‘1. i-: Jeviation
¥
. TemperatEre e II.3CtC
Tolaee & -=-lcTave 3 13E3a visxoont
Tiluce A -n-Tecield PEPET tivg oot
Toluene. A -n-Joasczie 3, D3ast tsreut
Siaerw A -n-TerTadecsne B - i } et x 3
Telaene A -h-Rexacecze, 3 IRSEY 53 oast
Trevivenzens A’ -m-ICrane. 3 Doaal sy antt
E::-v'.:-er.;mes;\} meTerrasecane 3 DLAEH e ox .:'3'
. E.:_-.v::xr.:a:'::%: nereradecane 3 P B3 | 3.3 % 12
N ‘-
Temenatoe o RoNCYC
Toluere A} n-Octme d) L aarT -2.1758 st xt
cluene (Al-A-Tecane (8} 1w SRR PRIt
213758 RN o r ot
: 1Ll :.;r'u:; E1 ::'f
H LTS 3.7 .33 2 L7
frnviverzene(Al-n-Ociame ) BT 2.3503 sesxant
Senvinenzene (A -n-Terradecme 3 i 0 Ll .3l .'-:'3
Sinvisenzene(Al-n-rexsdecme dt 1A% L 2150 PRt
. -
Teperature » 33.00C .
Telumne{al-a-Octame(d) | -.1598 -1, “sp gl
ToluemeAl-n-Decane(8) | . 0l048M ottt arsa t
2o luene (A} -5-Dodecane (B) ‘ 36405 DM s xaed
“Toluene(A)-n-TetTadecare (3} )} 1897 4 x 13
* Toluerse (A) -n-texadecane (B) - 1625 3.3002 olx 170

€3 da O ee 3

5
H
1,357z
4
5

Ethylbenzene(A) -n-0ctand (3) 103 0 S 1 15 S w0t
| StmvlvenzeneiAl:n-Tetradecane(B) | 2.4851  0.08483 ~N [ 4.8l e
Ethylbensene(A)-n-Hexadecane(d) |- -0.83405 | f.19T4 "5 x 2073

| 'upenmn . 'w.?o:c : . o - L
! ey

e~ R R - s ; - 5 "
rToh.an(A)-n-;:tuﬂ) a 9.188% .. -0.cad :rJ 5.43

Toluene(A)-n-Decane(By - 0.3537 . -0.005%9 || L.¥W
Toluere (A) -n-Dodecame(3) L o.sess 1
Toluene (A} -n-Tetradecane (37 Yoo taets
Toluene(A)-o-Hexadecme(B) - | L.1et6 | 0.33s / L3

' -0.20515 1 --0.0384 | 499
| Ethylbenzene(A)-n-Tetradecane(3). 0.49515 * |

187t
107
12
10
10°7*
10t

1
1
I
R
I
1

| Ethylbenzene(A)-n-Octane(B)

m m

103

R R R

| |
% thylbenzene(A) -n-Hexadecane (B} | 084157 |‘ 0.2309¢ .. L1
s . : .1 -




TARLE 2,23 ealums I e Farapetery IThSLVES S A LixieTy Mooe.

Sy i . i, Stanzars
.. - - - Az
.
e e e
. TeepeTAlLT LR z
Tiiaemed enodE 3 LT M ¥l . syl
T iiaene A n-Decane~$ 1.1373 12307 FUDE N S
Tolaeme AT-n-locecane:d, . S 1435 S
Taluarpe Ai-n-TetTatecare 3T BRI S D lolzlt
Toluene A -a-rexadecane.d . 1.473% T35 £33 1 100
Sumyibeniene A cne0onEe §l c-ile R I S
Trevinenrens A -n-Teiradecane 3: L.1388 iz D I
Somviveniene A.-n-Hexadecane. 2 ERE L.2a3d S
Tapperatare = 13000
/?‘ .
Toluesé A -a-JoTae. 3] .05 48038 1.2 x Ll 1.8 x

= s an

Tolutne (A} -n-Decane, ) s8¢ 2 273 3 R
Taluené(A) -a-Dodecane (3] .. 1833 T Rl
Taluene (A} -2 TeTradecaned; T Coaame RIS TR
. “oiuene(A) -a-hexadecane (3} . C1ie a3 sasp
fnvivenzeneiA}-n-dotane(3) 1250.2 w3 14as -- 3

T Ethylbenzens: A,".':-.e:r;kcneﬁ-" e ¥ $9.3321 1.3l

Ztnyidenzene A nct ' 113 2.0 1w

» -
Temperature = 33.00°C e ’
= - 1
""" 25luené (A) - Octane (B) 5.1018 tess o Lawe L Lasa 1y
" TolusneiAl-n-Decme 3] St Lelts 2.8 . 1.3958 5950 10t
Toluene(A}-n-Dodecane(8) - 1.65% g1t . 3T ERIE R
» *clm(,\).n-:e:ma:glaj' © o 0.6133 14572 0 3,088 nosae’?
Toluenc{A} -n-H o fat 3.4 2.8203 3.:0x 107°
4 conylbenteme(d)-n-Octamels) © 1500 %1 LSS iyxot
‘Conylbenzene(A)-n-Tetradecme(B) & 9.i841 1y 3.3342 21989 .67 x 1
sonyivenzene(A)-o-Hexadecme(3) 1 148684 . 2.0 0 12.03% 3 xed
' | N '
- Temperature ® . 40.00°C . .
! tolume(A)-a-Octme(8) R T R T D1 s 107t
| Toluene (A} -n-Decasut (B} © Cgp9% 1 0.1388 | 3.1845 8.7 x 107
{ 7olusea (A} -n-Dodecane(3) LonTen o 0.9 S =1 )1 g5 x 10t
—oluena(A)-n-Tetradecane(®) . < ¢ S.elel. 00 0.2% | 17O sa0 s 107
¢ v ) i to “» : . N e
| Toluene(A) -a-Hexadecse (8) - L ssomt ¢ ofim LonTesl 5.4 x 1073
Ly towieeme(A)n-Octans(®) [ 307770 oS LM L nsix 107
: ' "' tthylbenzene(a)-n-Tetradecsetd) "' 5.03365 o.1e81 | 43871 . | L8 x.10"
| Ethvidenzene(A} -n-Hexadecsne () ‘l soad |- o.mus | dne b 436x 102
L o ) : : N i .
. / LA Ty e
N 3
8 “~ . \



\ . - . ' ]
*o behave '1n the same manner aéﬂyan be seen from Figure
f r N '

3.26, »
R S 4 -

Parameters for Heric's mode! 'are given 1n Table -

41.28 alohg with the st&ndaéd'devxétioh of the fit. All the

[

svétems fitted well to th}s.emplrlcal correlation as 6an be

; seen from Table +.28. The parameter 2' " did shox a ' trend =
" ' 12

with the number of carbon atoms of .the second

Lo increase

‘component of a ‘system and 1t also varies linearly with’

. ' . . temperature but there was no such trend’ with the other
parameter, 32" .

' 12 , - : . Lol
Parameters for Auslander’s model are reported 1in

"

Table {;29 along with thé standard deviatidn of the lfit. wm

Fl

’ g il the. systems fitted-welf to this model except for éfstems
1 ' . .

with. n-octane and n-decane at 25.00°C. . The parameters’ of
. - . . — - . .

this model did not show any par;icﬁlaf trend of change «ith

BEIA W

' témperatureas t

.

ey did in case of the two previous models.r;>

- 4 ¢ “
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- CHAPTER 5

T

CONCLUSIONS AND RECOMMENDATIONS

——

5.1. Conclusions

%he precision’ density ﬁeter is. the =most vital
\inéirunent 'used in this work to ;éasure éccurgte' denaipi.
‘vaiues‘-of ‘the pure conponentﬁ as well 'as-ithe'_binary:
mixtures. Coa{rollini ‘the' témperature of ﬁhe box where
&enéit?f_n?ter was placed reﬁulted in higﬂly reﬁrodupible

density ueasurements, particularly'at:tenperatufea'20.003C

~and 25. 00 ° C denslty values could be reproduced to - better

kg/L. Use of the - Cannon-Ubbelohde

-t
-

than + 1.59 x 10

visconete?s‘ also resulted in hlghly reproducible (beptef

0.1%)" vxacoslty neasurenents. N .

v

with proper’ precautlon for evaporation losses,

densities and  viscosities bf binary nix;ures containing

toiueﬁe, | ethyibenzene.* and -alkanes were measured at
'“tenperature levels 20 oosc, 25 00°c, 35.00°C and 40.00°C,

respect;vely over the entlre conposltLOn ranze. ~ From these

values: of the physlcal propertlea were detern1ned some of

_ . the thernqdynsnxc,pnopertlea, viz,” excess volunea of -xxxni,

‘partial mo}ar['voluheé Andigxceaa -actzvatipn energ;es- of-
viscous flow for each of®the binary systems.,

v
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These physical ahd thermodynamic properties ‘were™®

critically ~tested to appropriate composition-dependent

.polynomialsa. ’The - magnitude of standard deviationm of fit
frndicate that the systems studied ' in this work may be well

represented by these polynomials. _ Some of . the existing

literature models to predict mixture viscosities were also

- Is

h-s\\g ‘ critically tested. These literature models were also found -

to repregsent kinemsatic viscosity of the binary wmixtures
. ‘.— , . : + -

studiéd in ';his " work with reasonable = precision.
‘\? McAllister's parameters in particular showed some étrrktnz °
(- features for these gystens.' ' For exaaple, both = the”

. v

‘parameters were found to vary }ineafly with tenperatufe.

" This _means that the ;chosity-conposition relationship .may
be interpolated or even extrapolated in a . certain
.temperature . -range. The slope and intercept of these

“parameter isotherms” showed, an exponential relq}ionuhip

with the number of.carhon'atonslof-the n-alkaq§ bbnﬁpnents

of the mlxtures'EOntaining'toluéné.‘__Utilizing this - nature

\ -of McAllister's parameters, viscosity-conpésition relations .

~ ~

may"Be ‘pgedic£ed ‘for some ' toluene-n-alkane #ystgng at
. different temperature levels with a-reasonable degree of *

N
- wr

L S oL ’ > . ‘ ®
B p;'eclslon.‘. B C ) :

>

, . Activation energlies’ of . viscous flow were also

calculated’ for the'puré célppnents:-:They were found to vary

o . - K ) B . ' o B )

. . -
» .
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'linearly with the length of carbon chain_of the n—alkahes.

The act

e

do not

4 +

ivation energles of vxscous f10h in a binary mixture

follow - a linear relatlon wlth the mole- fractlon of

e

component A. i . o . .

5.2 Recommendations _ o . 2

model

There are a few lxterature v13c091ty models and =a

fbr predlctlng excess activation enerxy of ‘vxscous

flow which were not investxzated }n thxs ‘study} - The

literathre‘models are given below:

(i

model

.
R

experimental data obtaxned in thls work.can be utlllzed ‘to

, o

- test, amd inprove these predictive models. ' Bxamples of these -

y -

) ‘Extension of HbAllister;;\ model: HcAllister’s

+

[1960] dlscussed in Chapter 2 may further be extended'

to relate the v;gcosxty ‘of"a: liquid m1xture 'to' both

a »

compoaitioh and tenperature. Kinéh&tic vxscdsxty ~can - be’
.relatea to entﬁklpy and entropy of actxvatxon for v1scoaxty .
by theffolloqxng exprese&ons S e
) RN o Cw e S
vy =g exp (=&'S,/R) exp (& H _/RT) : {5.1) =
. HA ) Al A . . o
: : . - .
.. P . ~b. - i
Lo S,

. by
Vap | Ew exp (*L S.8 JR) exp (A Hig /RI) .
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1)

. hy . v m ] - .
C o em = exp (- 5., /R) exp (L E_,/PT) (5.3)
34 M. ; 3A : 3a . -
- : BA , ~ -
hN . : x
7y T ow BXP (‘LfSBIR) exp'(;*H3fﬁT) . (5.4)
. ‘3 . N ) .
‘ _ . _— o,
If the adJ?stable parameters = SAB’ ;:SBA'}; HAB’ and ;= Hp,

‘in . the ahove equatlons are asauned to . be Lndependent of

.temperature. a method’ can be provxded gfof extrapolatiﬁz”

viQCOaity-coﬁpositibnf data 'at two tenperaturea to other
temperatures. : ‘ ) oo

- -

(ii1).  wWei ;hd- Rowley [1985] providéd a .nodel. f6r

-ﬁredicting ﬁixture- viscoalty in uultx component systems.
é

Thls ’model requ1res data oh the excess e tpies and 'the

' VRTL {non-random two llqu1d) lodel paraneters for the excess

fré>7 energy uh;ch can be obtaxngd fron ,vnpor‘ quuyd

equilibriuh data.  Wej and Rowley [1985) claimed that ‘the

local conposltlon ‘modefl can predict nixture'viscoaitiéa more

>

favorably to experlnental results than aoue of the exiatlnz

Tt

stat1331cal mechanical nethods, yiz.;‘TeJn 5nd_R1ce;{L981].

s

CEly and Hanley esly. T e

(111) . Grunberz and Nxssnn [1949] provzded :nn. équdtioﬂ‘

¥
for calculatlng nixture v1acosxb1ea 1nvolv1nz one adJuatnble

‘paraneters,.z1yen by

atp Thmeie® . e -
. . o

_—

LA

4 - .
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. - la ~_ = Ia + x, o+ .5
N = xn “‘\ 7(5' :1 3 cx:\ ﬁ“3 (5.3)
'  The above equation may be rearranged to obtain -
I .
1 = R
. - lan — = a - dx {5.6)
x, - , A
A B
'uheresgi = Lnf A"'Inﬁs +.d =z a constant. - So. that’ if
-Grunberg lesan‘ Equat1on is g;lid a plot_ 6f 155
] : e B

axainstl xB.should be llnear whose slope wlll be -d and - the

4+

xntercept zlven by "a“ in'Equation (3.5}.

. ' (iv). Tamura and Kurata {1952] prov1ded a nodeT:%;;“phe

] « B

calcuf%;ion © of mlxture ,v1scosxty,. 'assumxnz. that ° the

relaxation. time . of each. c011191on11s proport;oual to- .the

probability of _colllsxon, anthhat the volume  cﬁ:,;e 'on1x

mixing is small. Their equatlon is given by’“"'

2 - PN
’ ] . T ' . ot

o

T o= X a7

a T %A %A ﬁA‘+fB‘?B‘nBH-+"2(J.‘A Xg *a 8) Tam o 3.7

{\~"ﬁhere: EA ié'Qhe,dniy}adiﬁétdb}é{paﬁﬁmeﬁpf;.thgp'depehds on

o

temperature..

L) Reed and Taylor 11959] prov1ded an _equatihn for
. v . L ) ’ - : .
‘ pred{ctinz excess ‘activation ‘energy of 'vxscbdﬁ"flow; at
‘- \ | . . ) - . o ' . . .l . . . )
.different temperatures. Their equation is given by

E E ot a L
86 86 Y2 .ew {1 1) . (5.8
RTI% R.‘.[‘3 ul R ?2 T1 o :



*y

-

temﬁepath:ﬁ.TzK if value‘of

that of, pure components assu
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levels.  Thus, " values of

“where shbscript 1, and 2 refer to two different tepﬁe;aiure'

*

. '
R - ~ . . et
" — . .

- b '

-
*

.z - . - - .- 3 . '
= G can’ be  predicted at . g
: * a7 )
* E S :
L G ia known at temperature T K
o B ! = s T ’
" provided: v, and v, are available and > H is evaluated from
ming it linear in noleéfraction.]h
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" frictional force-

NOMENCLATURE

.constant

B .
' constant
kinetic enmergy correction factor

constant
.viscometep.constaﬁt
.conﬁ;apt |

kinetieﬂgnéréy\cof;ection:f§ctor

force per unit area

v

flow"

‘natural frequency
partition function at normal state
Partiﬁifn function at activated state

activation energZ<ij)viscous_£low

‘excess activation energy of viscous flow

'gra_nsmisé;ior}f c.g,-é\ff‘ic‘iéh‘t‘:
gﬁblt\émr}h‘s;;;ustant I e
'—'-cor{st'arit_* o \
.inténsidé p;opefty‘f‘ o ‘
mdiefuiéfﬁweié t - .
: ' - . . \ .
constant \ oy
G |
- - K
: 151

molar free energy of-activation of vié§0us_




Ay Ay, A AB

1 1’

= ‘gimé of efflﬁ#

constant
number of moles .

Avogadro 5 number

preSSure dlfference 1n a caplllary

- physical property,of 1iquid

‘universal gas comstant
radius of the capillary
radius of a sphere

: L v
spring constant N

. temperature

i

molar volume, unless otherwise specified

molar .volume of component i,

términal‘velocity'

x cowponent of the veloclty

i=aB

. molar volume at which viscosity is infinite

11m1t1ng spec1f1c volume at whlch v1sc051ty

is infinite‘ o

mole. fraction éf component i;'i = A, B

_constant .

coefficiént of s1iHing~frictinn

F
absolute v1scpsxty

l

Lntermolecular dlstances lnvolved in Eyr1ng s -

, |
equations'\\j‘
. |

L
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Ky»Kgs<y -~ = reaction rates involved in Eyring's
equations . t
—
v, = kinematic viscosity -~ = . . .
e . ' = mass density - = -
T T = shear stress .. S :
¢i ' = volume fraction of component i, i = A,B
" - e o B e e e
Subscripts « - o
. 4 ..
A;B,1,2,1,j = refer to various components in the mixture
‘ o B : : ‘ .
L m ‘ = refers to the mixture -
© B ’ ' ,”\'
Superscript . i
-E . = excess over the ideal solution property
0, © = at infinite dilution
-
—
’ ‘\
. .
¥ A}
* ‘ L)
; Tk ‘
' : <
‘
t
L
+ . -
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e - . _APPENDIX A ‘ :
: 1 ‘ : B
-Derivation of the Viaccsity'Bqdation

-

E

‘A force balance around a caplllary v1sconeter"of

ei".

any type yleld the follcwlng equat1on

. #' , ‘xl‘" k2 ’}Ff“*Fcff.f; ~:">:"¥ (AL
‘_'where-_x1 a-ng;islthe dri#ing fluid hecd'(vé;ticclfdistancc
between the tﬁcnmeniéci in the vis&ometef).cﬁd thc tercs on
the right"haﬂd 8ide of this ecuation reﬁrescnt varioc;.kinds
of frictions. encountered in viscometry; _Ff-ic tﬁe frictionf-'
ih'caplllary, Fc is the frlction at cap1llary entrance. andn

Fe is the frlctlon at capillary exit..

The greatest' fr1ct10n.-is developed' in the -
L ' ?-r-‘-"‘—" oo

capillary. ‘In ‘& properly des1gned v1scometer, wflcﬁu‘ﬁili
qlways’be"inertlal.-f FE can be cnlculated from P01aeu111e B
o ) N * T N ) o . .
law.‘; - R °
f e 2
gpD~

‘where v' ‘is the velocity of the f1u1d in capillary,” g ELE

‘  acce1érat1on due to grav1ty, L is ‘the caplllary length, 9 is

the dens1ty of the f1u1d°‘" ia tﬁc viscosity. HD thei;'f

caplllary diameter, and t is the efflux time.

* Asfour [1979]

et SO .




e

" kinetic energy. That is,

,Comﬁining Equations (A.l)g (A;3).ﬁnd ih:ﬁ) oﬁe obﬁains-‘.

" .replacing ‘v :ih'the last term of

. obtains

"which‘qfﬁer reafrgnsqmgnt,_bécomqs

. g - 182
If & is replaced by the efflux volume V, we have .
L " ' 2
. 32 Ln .V _ L
Foo= 2520 - BL¥n, (A:3)
£ 2 ) ‘
. 4 pgr - wr t N pgTT t :

Both Fc and F; can be correiateg as functidné_ of

BN

- 8LVn -'mv2

o - L 1 A‘ Z-Jg'ﬂféogt 8
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thatipn (A.8B) is psqally,written as

~

1= ¢ct - B
o | I/t

where C and B are given by

"t glven v1scgneter,

1960]

L

- observed experlmentally that m is a funqtlon'

L

’ and

163 -

(A.10)

(A.11)

”It has been experlmentally establlshed that, for a.

B ‘is constant only 1f mis- constant..

It hea been . .

of Reinolde

;number. “ ?/9/ value of m approaches Zero Aas the Reynolds

suggested by Cannon et al

in

- ‘].nCI‘EBSES

the

‘;number re?chee zero for all typés of

v1scometere.'

as Reynolde number"lncreaees:

/

range between 80 to 500

encountered in cap1llary v1acometry,

?ende can be written as"

m = 0.037:(Re)i;

x

'which are most’

m for trumpet

It";as, been

'[1960] that‘fof Reynolds numbers

-

and m

@

usuali& ;;

(A.12) T

\'\

C is constant but B is npt [Cannon et al - T
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or

\‘.V B - 3 _ ‘ -i
) o 4VDp

. . . . ~ 2 -
- o TmD7en

- -

. . SR : .
= 0.037 |22 " o
o _— R L1 2% 1 - (A.13)

. R L. j L L
"gubstituting this result into Equation (A.ll),-qﬁe_obtains

32 =3 S
_x 10 ) (A.14)
_-;I,--(CD)i t c '

p o .66V

" This egudtion can be,written.asf“

1 X - . . . . . ¢

B Et (A.15)

. } ‘ . R -_3 3/2
where ' E o 1:66 X107V

] is indebendént_bf time.

L (CD) T . SR , P

."' -—-—-/ X ' - . . ' . ’

Now 9ubstitht10n 6f‘Eguatioh (A.15) in‘Equation (A.Q)'gifes‘

" n 2 . ' )
” Ct - E/t™

-

“ —

(A.16)

'whichris knbﬁn‘as‘the viscdéfty‘equatioh.' .
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APPENDIX B o

'-_ Partial Holnr Volunes Calculated Froa Denuitz-

Congos1tion-Data

B.1l Portialxﬂolnr Volune Dota'

. . The denslty-conposltlon data ‘listed in Tables 4.4

to 4 ‘11 have been used to obtain the molar volume of the

mixture as a funot1on of composltlon.. Part1al molar volume

'-_of ‘component A ih, - ‘'say, a . binary llqu1d mlxture"-of_

components A and B is defined as. =

W [%] N B
‘ A‘T,P,n - .
where
VA'is the-paftial'molar'volume of compohenf-A'

v 15 the molar volume of solutlon
“nA and nB are the number of moles of components
A-and B in solution, respectlvely. ﬂ

Mola: volume of  the mlxture is fitted to a

composition dependent-polynomial of.thq form -

Ve DAk 0 (B.2)
i=g e o :

]

lThese consténto were - evaluated by the ,Pethod“'of . least

squares and glven in Table B.1
: -
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Realizing  that xA_ is . the mole fraction of

component A, one can utilize~the fact that : \
N ) |

xA-=:nA/n£ ) 1.. o f“(B.3)

where nT' is the total number ‘of molea in solut1on.

Now substltutlng E uatlop {B. 3) 1nto Equatlon

‘}B,zl.givea.[

L e ,:
. v—= . — . - -
| A np+ Ay + A, = tAy =5 ¥ (B.4)
Differentiation of Equdtion (B 4) wlth féspect to nA ’
kegping ~nT ‘constant. and~rea11zln¢”that nT = nA +hg v one’
' obtains after rearrangqeent .
=S 0 = (A +A)) +2A, x,.0+ (34, - A)) X, - :
[anA S o TR T T T 378
5 (B.5)
- 2y %y -
i ' -
settinl A ‘ s

.-

B3,- -ZAj :

"and using Equat{?ﬁz&B.S). one obtains

-~ .‘ . ’ 2
VA Bo .-P,Bl xA+B2 xA+"}_‘__
T
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TABLE B.2

Partial Molar Volume of the System Toluene(A)-n-Octane(B)

Mcle Fraction Va A m,B Mole Fraction Vo A \,'m‘B
EN L/kmol L/kmol T Lol L/kmol |
Temperature = 20.00°C Temperature = 25.00°C
0.0000 107.5435 | 162.6982 0.0000 107.4279 163.5038 -
© 0.0584 107.4117 162.7022 0.06697- | 107.4148 163.5041
0.1021 \ lo7.31711 162.7104 .~ 0.0810 " 107.3999 163.5053
0.2065 107.1049 162.7492 0.1548 107.3703 | 163.5095
0.3088" 106.9247 162.6111 0.2566 107.3097 163.5255
0.3937 106.7774 162.8902 0.3472 . 1072060 | 163.5535
_ 05027 - 106.6212 163.0172 0.4847 1071721 | 163.6021
0.5946 106.5106 163.1517 0.5437 107.0960. | - 163.6769
0.6979 106.4110 - |- 163.3338 0.6408 107.0256 163. 7796
.+ 0.8028 106.3378 163.5540 0.7612 106.9512 13.9553 '
. 0.8990 ° 106.2968 163.7887 0.8747 " 106.9022 164.1773
1>, 1.0000 | - 106.2819 | 164.0696 3.0000° 106,814 | 16414956
Temperature = 35.00°C Temperature = 40.00°C
0.0000 110.7283 1654946 . 0.00b0 109.9606 - |/’ 166.5354
0.0440 110.6243 | "165.5014 0.0817 100.8484 (| 166:5384
S 0.1032 110.0546 | 165.5306 0.1038 " 109.7388 | | 1665477
0.2008 109.5359 165.6230 0.1986 109. 5467 166.5819
0.2940 109.1577 | 165.7534 0.2989% * 109.3583 166.6448
0.3983 1087921 [ . 165.9355 0.4023 . 109.1822 | 166.7397
. 0.4956 108.5527 | 166.1281 ‘0.4942 ' 109'.0\454 166.8526
0.6003 108.3715 166. 3464 0.5939 108.9134 167.00797 |
©0.6974 108.2621 166.5472 10,6947 106.8067 167.2015
0.8019 | = 108.1943 166.74796 | 0.8003 108.72396 | 167.4469
- 0.8979. 108.1657 166.9069 0.8976 . 108.6766 167.7157_
1.0000 108.1581 167.0363 }.oodo' - 108.6591 168.0395
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TABLE  B.3 : Partial Molar Volune of the System Teluene (A) -n-Decane (B) '/ / dz' .
E . ” Lt ‘ . .
wle Fractic® Vaa ' Va.B M&le Fraction VoA - ’ Va,B l e H I R
X ' L/kmcl L/kol N Lol | fmal ' \
. ’ o \
T”“"“"‘?"‘ & 20:00°C X ’ Tmry-ﬁs.on°c T
- 0.0000 log.0s09 | 195.0621 |. - 0.000 ' 108.3671 "195.9457
0.05798 107.8778 | 195.0672 ©0.0519 | 108.3355 195.9479 - R
- 0.1088 107.73096 | 195.0806 ° o.00s, | 108309 195.9548
0.2078 107.#5.91 | wes.ame | o.20197 108.1107 195.9894"
0.3046 107.21398 | 195.2165 -0.3037 107.9045 | 196.0598 |
0.4047 106.9843 | 195.3425 0:4060 | ~107.6825 196.1770
C0.4968 106.7983 | 195.4958 0.515 .| 107.4808 196.3573
0.5992° |~ 106.6211 195:7109 0.6106 |, 107.2973 196.5926 -
0.6996 . 106.4811 | 195.9705 | 0.7050 ° 107.1460 _196.33'4'4
0.7994 - |  106.3781 196.2794 0.8021 107.0251. | 197.2618
0.9031 | -106.5123 19.6568 |- 0.8957 . 106.3439 197.7090
1.0000 106.2917 ' . 197.0648 1.0000 106911 | "\198.3126 '
- 35.00C : Teperature = 80.00°C \\ Lo T
11,1965 | 198.2183 0.0000 |  109.1311 19_5.533\3
110.8444 198.2272 0.0432 L 100.1893. | 198.8771\
" 110.5365 | 198.2514 0.1008 '109.2418 08.8731 L
109.9608 - |- 198.3498 o0 | we.27 | s, ra "
109.4762° | 198.5084 0.2993 109. 2484 {98.8789 N
109,10698 | 198.7028 0.39% | 109.173 198.9172 oo '
0.4962 108.78998 | 1989558 (| 0.4947 - 109.0665 | 199.0041
- 0.5965" 108.5578 1992347 Co.se3L | 108.9462 | 199.1489
0.6981 ‘. 108.389 199.542¢ o 0.6959 - 1088187 | 199.3801
0.7988 . ios.2812 | 199.8633 - 0.8009- 108.7071 .199.71130'
b..sgjg 108.2230- | 200,1866 10,8962 | 1086305 200.1286 - )
71,0000 -108.2048 " 200,510 £ " 10000 |  108.6038 | 200.7045 e

. . o . ' ' . N v
" ) N - !
‘ . N " . .
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TABLE B.4 : Partial Molar. Volume of the System Tol@né(:\) -n-Dodecane (B) ‘ y
[l . ) . '
Mple Fraction Vu:;\ . "'m.B Mole Fncfim Vm,,\ ' Vm.B
Xy . Lol L/kmol Coxy Lol . L/kmol
: R .- :
Temperature = 20.00°C Temperature = 25.00°C
0.0000 107.3623 227.6261 |/ 0.0000 108.0811 |  228.8759
0.0645 © 107 k24 227.6236 0:9551. 108.1283 |  228.8747
0.1056 107.3781 227.6381 | . 0.0887 //iqa.ms 228.8737
0.2082 07.:76 | - 227.6362 | yrn/ 108.1130 | - 2288796 | © -
P - L A 0 . ' 1 : '
0.3004 107.2143 276722 | 702789 108.0305- |  228.9060
. . 7
0.4037 107.0601 227.7571 0.3802 . - | -107.8771 | 2289827
0.5002 |~ 106.8948 227.8946 | '0.4791 " 107.7086 29,1084
. : e . . v 9
0.6003 106.7176 | 2281130 |, = 0.8707 107.5036 | 229.3327
0.7015 | - 106.54998 | zz’;{azm ‘ 0.6854 107.2748 | . 229.7226 §
0.8023 . 106.4104 228.855¢° | 0.7805 107.1110 | 230.1750 '
0.90099 106.3170 -1 229.3941 "0.8895 | -106,9762 230. 8640
1.0000 . | 106.2822 | 230.0762 . 1.0000 | - 106.9243 | 231.7729
. v . " . o - .
Temperature = 35.00°C o Temperature = 40.00°C -,
0.0000 1091370 230,933 | o‘.oooo'-/-:f 110.4968 | 232.0210 |,
0.0527 | 109.158% | 230.9389; | ofoéc?/ 1 110.4as0 | 232.0225
0.09 | 1/9.1525 230.9361 | 0.0928 110.3897 |  232.0268
0.2049 09.0989 | 230.9466 || 042033 "110.1940 |  232.0619
0.2913 109.0133 230.9754 .9l.3003 109.9804 | 232.136.|
0.4021 108.8649 w05t | o deacss - 109.7200 |- 252.2781
. 0.4986 | 108.7150 231.1793 ‘| - 0.5104 1094560 |  232.5030
0.5988 | 108.5610 | 2513660 0.5988 - | 100.23%7 | 232.773%

L ' . o e . '
0.69698 . | 108.4053 231.6513 07015~ |  105.0137 | 233.1957 |-
L . ‘ : ) . e [P

Cloumary 108.2772 232.03%4 |, 0.7999 108.8389 | 233.7249
0.8981 © 108.184 | 232.576 0.89898 | 108.7203 234, 39}1’
10000 Y 108.1559 | 233.1632 | 10000 | 108.6760 | 235.2¢61
!
Fh‘\ 3 -
‘ '
. ;
ey & "":.‘
| t
' ;
* - -
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TABLE B.5 : Partial Molar Volume of the System Toluene(@)-n-l‘etradecane[B)

_ ¥ole Fraction Vaa ' "vﬁ.ﬁ Mole Fraction ' "Q,A Va3
%y L/kmol . L/l X L/imel L/kmol

Temperaru;:e = 20.,00°C" | Temerature = 25.00°C
0.0000 - 108.3004 |  260.0532 £.0000 ' 109.7077 261.2797 .
0.0661 il 108.1205 260.0594 |.  0.0469 109_-,3.5? . 261.2866 i
0.1089 =| 108.0021 260.0708 0.1072 109:0554- |  261.3161 .
0.2072 "107.7279 260.01226 | ° 0.1969 110"3.5'51”'2 261.3991 § -
0.3028 . 107.4647 - “e0.2131 | 0.2854 108.2611 2615229 | -
0.3994 | . 107.2087 20,3520 | p.3sss .| 107.8343 |  261.7080

. 0.5034 106.9554 260.5628+ 0.4918 | 107.5276 .| 261.9470_
0:5820 "106.7794 |, 260.7697 Co.cokd ¢ w7019 | 262.2148
0.7026 = | 106.5537 261.1765 0.6815" 107.1598 262.4643
0.8048 106.4110 261.6148 g.7928 | 107.0375 .| 262.8061 .

~ 0.9018 106.3247 2.186 | 0.8947 ° 106.9765 '263.1335

'.150000-- 106.2938 | 262.72% |- 1.0000 106.9569 1|  263.4799

Temperature = 35.00°C _ Temperature = 40.00°C '
0.0000 - |  109.6857 263.6171 u,oood ' .icjg..gsz; . 264.8559
0.0513  109.5919 .| 263.6196 | 0.0503° 109. 2487 264.8505
0.0991 109.5011 263.6270 - 0.0977 109.4062 264.8381
0.1977 109.3065 | .263.6612 '_:-/go.lasq |- 109.5003 | 264.8088 3
0.2567 109.1072 263, 7 " 0.2950 109.6545 | .264.7909 -
0. 3868 . 108.9283 263.8203° | 0.3892 . 109.5948 - 264.8238

\0,4975 108.7198 | 263.9863 - | ° 0.4958 109.4372 | - 264.9518
G573 - .| 108.5503 | 266.1921 0.5902 " " 109.2477 .| 265.1795
.0.69_83-, 108.4030 2644621 | 0.6908 109.0300 | 265.5718 .
0,193 - 082932 | 268.7907 - 0.8046 108.8056 266.2486 | " '
0.89897 108.2176 265,215 | .' 0.8977 " 108.6731 | 267.0101
1.0000. .~ 108.1913 265.7134 © 1.0000 © 108.6153 268.1100

- [

©
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TABLE B.6 : Partial Molar Volume of the System Toluene(A)-n-Hexadecane(3)

Mole Fracticn LA VB Mole Fraction Vaa VB
Xy L/imol L/kmol Xy _ L/kmol - L/l
| Temperature =" 20.00°C Temperature = 25.00°C
0.0000 107.8734 | 202.7292 0.0000 108.3202° | 293.9777
0.0888 107.8734 |.. 292.7293 0:06697 1083005 | 295.9787
0.0959 107.8500 | 2027312 - | 013089 - | 108.2474 | .293.9846
0.2035 | 1077323 92,7551 | 0927 108.1735 |  293.9990
o281l | 107.6004 - 292.7958 0.2708 108.0503 | 294.0354
0.38808 ! 107.3728 | 202.9121 0.4333 107.7457 | 294.2075
. 0.4969 ‘1071161 | 293.1181 -0.5026 107.6024 .| 294.3339
0.6004 " 106.8663 |  293.4238 0.5973 107.4092 | 2983712
0.6977 106,691 | 2938279 0.7017 072101 | 2949350
0.7978 106.4631 |  294.3824 0.7984, 107.0659 |  295.3820
0.9004 106.3337 | 2951071 0.89799 106.9615 | 205.9697
1.0000 106.2876 | 296.0127 1.0000 106.9219 | -296.7214
Temperature = 35.00°C Temperature « 40.00°C
0.0000 ' 111.3384 | 296.5268 0.0000 110.1248 |- 297.6164
0.0363 11,1050 | 296.5310 | . 0.0533 . 110.0548 | - 297.6182
-'0.0987 110.724% | 296.5587 00961 109.9978 |  297.6228
0.2114 110.1049 96.6724 | - 0.211 1098118 " 297.6576
0.3078 109.6429 | . 296.8343 10,2950 109.6568 |  297.7108°
0.3992 | . 109.7620 1| 297.0425 0.3956" 109.4571 |, 297.8166
0.5031 » 108.8961 . | . 297.3433 ‘ 0.49_34 - 109.2508 297,98¢5
55.5963 108.6281 | 2976703 | 0.5995 109.0575 | \ 298.2207
0.7028 108.3968 |  298.10996 06995 108.8884 | '}s.ssss
0.7969 Cws.ze20 | sl | 0.7sas- | tomsss | 299207
© 0.8978 108.1051 | 299,0487 0.9000 - j;o;.ec.:za; 299.4560
Looeo *° | ‘wsmze | - 2987011 '1.0000 108.6299 | -+ 300.0868
.
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TRELE B.7

)

Partial Molar Volume of the System Ethylbenzene(A)-n-Octane(B)

Mole Fractioﬁ

L Va3 Mole Fraction VoA ' Vo
Xy L/kol L/kmol Xy L/kmol " L/keol
. Temperature = 10.00°C Texperature = 25.00°C -
0.0000 123.5586 . | 162.7033 0.0000 123.8560 |  163.5532
0.0544 123.4286 | 162.7068 0.0562 123.8128 °|  163.5544
0.1028 123.3239. | 162.7157 - 0.1008 123.7763 163.5575
0.2053 izs.un'. 162.7520 . D.1983 123.6015 163.5726
0.3052 122.9573 162.8091 0.2917 L 123.6068 |  163.6003
0.40997 122.8105 | - 162.8907 0.397¢ - 123.5100' | 163.6516
0.5113 122.6943 162.9894 ° 0.5898 123.3480 | - 163.8118 -
0.6193 . 122.5984 163.1147 © 0.7007 123.2708 163,9528
0.7113 122.5370 163.2366 0.7972 123.2185 | 164.1094
0.8071- " 1228925 | - 163.5773 0.8964 123.1830 164.3070°
0.9012 122.4566 163.5280 1.0000 . " 123.1695 ™ 168,572
-1.0000 122.4576 163.6986
Tempeérature = '35.00°C ' | Temperature = 40.00°C -
0.0000 125.6598 165.5301 00000 | 126.0669 | . 166.4722
_ of_osis' ' " 125.5563 165.5329 0.0482 126,079 166.4727
0.0971 125.4665 | , 165.5401 100976 1260072 | 166.4752
70,1865 125.2967 | 165.5682. |- - 0.7 .|, '125.9;66: 166.4915
0.2969 |- 125.1006 165.6309 .0.29'49 . ] 1gs.8069 | 166.5309
0.3983 / 124.9367 |, 165.7184 0.3974 125:6620 | 166.6088
0.4900 124.8040 165.8246 . 0.4902. 125.5229 166.7201
, 0.5919. ' 124.9'7@&5.- . 165.9753 0.596 |, | 125.3685 | - 166.968;»'
1 0.70"'1§‘, | r 12,5685 | 166.1788 ‘t:_.egss | 125.2325 " | - 167.3526
0.7980 124.4952_ | 166,3958 0.7967 - .| 125.1208 167.4825
+0.8987 - 128.4456 "156.'6630 0.8965 * 125.0461 167.8980 |-
1,000 124.4290 166.9765 3 10000 % 125.0173 | 168.4352
. .
-~ } “ -
’ . ®,
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TABLE B.8 : Partial Molar Volume of

1

N -~

-

the Systen Ethylbenzene (A} n-Tetradecane(8)

 ole Fraction Vi Vo3 Mole Fraction Vaa Vap'
Xy L/¥mol L/kmol Xy - Wiol | Wikeol
Temperatucs —* i0.0Q°C s Temperature = 25.00°C
0.0000 124.2574 260.0299 0.0000 " 127.9133 261.0129
0.0521 124.1579 260.10316 4 0.0629 #' 177.2180 | - 261.0354
R 124.2028. | . 260.0404 - 0.1057 126.7830 261.0754
- 0.2101 123:9241 260.0758 0.2109 125,837 261.2527
0.2932 123.7409 | - 260.1372 0.3033 125.1406 | - 261.4931
0.4042, 123.4736 260.2824 0.3946 1240647 262.2017
0.4963 123.2462 | 260.4696 0.5007 124.0377 262.2284
0.5976 - 123.0054 260.7618 0.6007 ‘123.6568 |  262.6943
0.6977 122.7928 |  261.1545 0.7002. 123. 3810 263.2060
' 0.7987 122.6197 ' 261.6715 0.7976 123.2008 263.7419
0.8999 122.505'1' _ 262.3274 0:8975 123.0967 264.3175
1.0000 . | 122.4626 _zas.izsp 1.00&9\) -123.0635 264.9219
rmperatﬁée < 35.00°C Temperature = 40.00°C
'o.uquo " 127.9635 | 263.6332 0.0000 126.556% 1|  264.9877 |
0.0529. 127.5222 263.6451 0.0509 126.5597 | . 264.9877 °
0.1010 123827 "zssﬂ;evs'a 0.0923 126.5642 264, 9890
©0.1997 126.4873 |  263.7931 ' 0.1991 126.4393 ‘
0.2950 125.9535 263.9681 . 0.3032 C126.2888 |
0.39297 . 125.5075" 264.2013 0.4005 ' 126.0608
0.4975 | omsasse | 26e.4908 Daasel’ . | . 125.8373°
0.5814 124,9056 264.7676 0.5918 125.6100 65.6358-
© 0.6978 124.6779 265.1699 0.7004 - 125.3700° ;'z'so.o;os
0.8008 ‘124.5522 265.5438 0.7975 ' |  125.1924 z_eo.oo§a K
0.8974 124.4886 265.8990 0.8097 125.064 267.3341
1.0000 124.4680 | . 266.2704 ~1.0000 1256180 268.2277°
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IABLE .»B.9 : Partial Molar Volume of the System Ethylbenzene (A)+n-Hexadecane(B) -~

T

P

. /

#

v

|

Y

Mole Fraction *| Vg B Mo17 Fraction Vo a Vos
xy L/kmol Lol | ° ‘.f X, Wimol | - Lol
Temperature = 20.00°C Temperature g 25.00°C
0.0000 1237218 | 292.6912 . 0.0000 125.8423 |  295.2799
0.0539 . '123.8165 292.6887 | 0.0692 1265138 293.59917
| 01029 123.8652 | 292.6847 | . 0.1142 125.309 | 294.0123 .
0.1983 123.8706 | 2526850 .0.2038. 124.9195 294.0867
0.3022 123.7663 2.6 || 0.3088 12815238 | 294.2238-
" 0.4028 ' .'123.5549' 202,822, | . - 0.4053 124.1925 298.4078
fo.6927 123.3797 292.9901 0.5027 “i23.903¢ | 294.6482
_o.sés‘sl 1;3.1230 . 293.2990,. N frf.gosq | 123.6388 |  294.9802
0.6978 122.8720 | 293.7618° '0.69799 '123.4656 | - 295.3078..
. 0.7992 122:6590 294.4603/ : ! 0.8028 - ,123.35138 " 205.7649 -
0.9002 | 122.5102 295\.5@- " o.00s | wzszzre | 29612596
1.0000 | 122.4560, ‘529,%;_ 1.0000 123108 295, 8299
Temperature = 35.00°C R P rewerame ¢ w.00%C
0.0000" - 127,802 | 2967751 0.0000. 127.2365 °|°  297.6974
- 0.050 ue.9a32¢| 267820 | 0.0502 127,078 | 297:7007
C0.0012 126,500 | .,296.7876 |  0,0987 126.9768 | 2077113,
M2 w2760 | 96,8757 | 0.1983 ',_;z's,agzs 297.7614
0.2997. | 125.8550 :-‘",_"29'.1‘:61?‘27 1 iz 126.3826 | 97.8659°
0.4026 12,4762, |, u'_z_97'.z113 . o033 [ 126.1178 298.0080
.95 | 125.1903 “tijeiaesz | o o.em | sz |0 298,283
0.5968 | 126.9547 | 2973z |1 0.5986 - 125.5672°|  298.5583
0.6994 | 126.7614 | - 298.0880 0.6995 . | - -125.3463 | 298.9682 |
0.7991 28,6277 .298.4873 | 0.8025 Cazsame | 299.4983.:
0.8987 124.5478 - | 298.9387 0.898 . |. - 125.0651 | ‘-,'sold.ios's
©1.0000 ."MH:."?“"- " 299.4516 ' 1.0000 "i‘lzs.fizas .3'0'0.375}
> ‘ +
.
'
.
: s .
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and similarly

{B.7)
where ~ € .= A -
€l = -a )
N t- "2 _ | -
: :C,z - B T e | Co

"

_l€§lculatihgf.thé valu of the constants B to- Bi

(g;ven' in

4 -

and CO to Cé from the‘kno#ﬁ lues of A to A

A .
Table B. 1), lpartlal molar volumes V and VB

-.for' each system at. dlfferent temperatures over . the

‘bntire
compogltlon-range. These Values are g1ven in Tables B 2 toe
_' \" .
lBygo . . - >

R — ' d
LS A N
¥ _
} ‘ ..“- Lo B {
_ 2 . .
) ‘. : i -
N N . J N
- » I. ‘ ._g
\ (S '

- were obtained =



s N - APPENDIX C

- Excess Volume of Mixing -
The ' density-composition data obtained in this

’ L . T

'study ha#e been ‘used to oalculete the excess volume of-

m1x1ng . for each of the binary_ mixtures at different

‘temperatures stud1ed in this work.‘ Tables C.1l to C.8 gives

.

the numerlcal values of the excess volumes of m1x1ngqggver

¢

lthe complete oompos1tion range for eaoh system. These data;
‘are 1llustrated in flgures 4. 2 to 4. 5.\?.“
;—‘M Ihe‘.eioess, velume of mlxlng has been oaleﬁlate&{m
from ehe eqoatloh' i' o - 'flu - S .;
vngl.a_fA.xA:iMo #.B _ 4;; A Mg B . _' '-”(C.'.l)s .
. A "B .

Baare.the molecular weights‘.ofl ﬁheeztwo

re the dens;t;es of component A,

B and of m1xture.respec€;v ly and V 13 the excess volume of

| m1x1ng of the mlxture. o

coe
. & i
[ R
R G o
- - ' ' e
s K 178 . o
‘ . , . o . ’ R q
- .
o -
’ %,
N <, N



TABLE  C.1:

© -

Excess Volume of Mixing of the System Toluene(A)-n-Octane(3)

.\.ble Fractirm F_xcgss Valume Mole Fraction Excess Volume
X, L/kmol X, L/kmol
Temperature = 20.00°C Temperature = 25.00°C
0.0000 0.0000 0.0000 0.0000
0.0584 0.1139 0.04995 -0.0623
0.1021 0.1739 0.0810 ) -0.0503
"0.2065 0.2529 ‘ 0.15:8 " 0.0164
0.3044 0.2972 - 0.2566 " 0.0875
0.3937 0.3323 " 0.3472 0.1336
0.5027 "0.3370 0.4446 2 0.1469
0.5946 0.3401 0.5437 0.1786
0.6979 0.3016 0.6408  oem
0.8028 0.2587 0.7612 T 01168
0.8990 0.1774 ) 0.8747 0.0484 . -
1.0000 0.0000 ‘,110000 00000
Terperature = . 35.00°C Terperature = 40.00°C
0.0000 0.0000 - . 0.0000 i 0.0000 -
0.0440 0.0915 . 0.0517 " 0.2357
. 0.1032 0.1322 0.1038 _ 0.2855
/&,zoos ' - 0.3035 0.1986 0.3197
0.2940 . 0.4274 0.29896 | ‘ 'o?.(;sga |
0.3983 0.5275 . 0.4023 c. 0.3597°
0.4956 .0.5245 ___’ 0.4942 0. 3560
*0.6003 " 0.a786 0.5939 - 0.3874
0.6974 0.3218 0.6947- - 0.3514
0.8019 0.2004 0.8003 0.3247
o0.8078 " 0.1149 0.8976 0.1788 -
1.0000 0.0000 1.0000 . 0.0000°
[] . . N
%
- ‘,.B-' )
N . .
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TABLE (.2

Excess Volume of Mixing

of the Svstem Toluene(A) -n-Decane (B)

* Mple Fraction ‘

: Excess Velume Mole Fraction i ‘Excess Valume
‘{ Xy L/lenol Xy | L/kmal
a - i ;
| Temperature = 20.00°C " Temperature = 25.00°C
¢.0000 '0.0000 0.0000 0.0000
2.05798 2.2106 0.0319 0.0125
0.1088 0.2752 0.1005 . 0.0970
0.2078 0.3621 0.20197 0.2788
0.3046 0.4327 0.3057 0.3637
0.4047 0.4881 _ 0.4060 0.4381
0.4968 0.4942 ’ 0.5113 0.4911.
05993 0.4901 o.éioa' © g2
10,6996 8 0.4519 0.7050, 0.4200 -
T o.9ea - 0.3%2 " p 0.8021 0.3451 -
0.9031 0.2487 ©0.8957 0.2389 -
1.0000 0.0000 10000 . 0.0b00 °
o . E
Terperature .+ 35.00°C '\ Temperature = 40.00°C
0.0000 . 0.0000 0.0000 0.0000
" 0.0485 Cp.1187 - 0.0432 -0.1765
10.0966 "0.2834 . 0.1008 . -0.07099
0.1964 0.4901 “0.2021 0.0121
0.2979 .*.0.6156 L 0.2993 0.1402
' 0.3928 0.6286 '0L39$6 0.1980
[0.4962 0.6464 - 0.4947 0.2370
/;‘" 0.5965 - 0.6204 . 0.5931 - L0l
¢ 0.6981 .S 0.6959 - 0.2423
0.7988 - 0.4576 0.8009. RN
,9:59?9‘:"' ‘1 vz 0,862 , _'_0,o§94
.00 | 0.0000 1.0000 0.0000
< J—
)
) .
J
L
“ ) .-'1 )
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-TABLE  C.3: Excess Volume of Mixing of the Svstem Toluene{A)-n-Dodecane(B)

© Mole Fractiom Excess Volume Mole Fraction Excess Volume
N L/imol ' Xy L/kmel
Terperature = 20.00°C Temperature = 25,00°C
0.0000 -0.0000 _ 0.000 0.0006
0.0645 .0.1433 0.0851 0.0795
0.1056 - " 0.179s R 0.1373
0.2082 0.2785 0.1959 0.2660
0.3004° 10.3590 0.2789 0.3673
0.4037 0.3952 ", 0.3802 0:4386
0.5002 0.4568 0.4701 0.4975
0.6005 © 0.4788 0.5707° 0.5348
0.7015 0.4674 0.0854 . 0.s131
0.8023° 0.3654 0.7805 0.45&24
0.90099 0.2563 ° 0.8895 " 0.3269
- 1.0000 " r0.00% . 1.0000, 0.0000
Temperature - = 35.00°C Temperature . = 40.00°C
0.0000° 0.0000 0.0000 . 0.0000,
0.0527 . 0.0637 . 0.0508 L0.1439
. 0.0996 0.0984 0.0924 d.im
.+ 0.2049 0.1326 10,2033 . " 0.3962
- 0,203 0.2606 0.3003 0.4987
0.4021 " 0.3659 0.4063 " o.c085
0.4986 ' 0.4040 0.5104 ' o.éasz
0.5944 ‘0.5_124 0,5988 0.6510°
0.69698 . 0.3844 " 0.7015 0.6184
07979 0.2563 0.7999 “-o.'s'm
0.8981 o.1327 0.89898 |- 0.399
1.0000" 0.0000 1.0000 ~ 0.0000
- L
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\
TABLE 'C.4: F.xcelss Velume ©

\

\

\

f Mixing cf the System Toluene{A)

|

\

y
-n-Tetrag;cané(B)

N

‘ Mole Fraction ] | Excess Volune Mole Fraction | 'E.x;:‘ess volume
X, | | /ol xy | L/kmol
Tegrq)era:ture . ZOEOOT Temperature = 25.00°C -
! Fpe .
0.0000 i 0.0000 0.0000 T 0.0000
. 0.0661 C0.2829 0.0269 © 0.4275
0.108% L 0.2919 o072 0.5147.
0.2072 s 0.1969 0.59999
. 0.3028 0.4895 0.2854 " 0.6385
0,399 0.5849 0.3858 0.6766
£ 0.5034 0.6287 - 0.4918 o 0.6772)
0.5820 0.6268 - 0.500e Cl.en2T
0.7026 0.5354 “0.6815 "0.6229
0.8028 0.4602 0.7929 0.5106
" 0.9018 *p.3191 . 0.8947 0.3304
1.0000 0.0000_ . 1.0000 0.0000
Temperature = 35.00°C Temperature = _40.00°C J
0.0000 ~ 0.0000 ' 0.0000 0.0000
0.0513 0.1006 0.0503 " 0.1592
0.0991 . - 01907 0.0977 -0.0595
101977 0.2973" 0.1856 0.1291
0.2967 - 0.3606 ' 0.2950 0.1839
03868 0.4050 . " 0.3892 0.3109
©0.4975 0.4393 | 0.4954" 0.4188
0.5973 (_1:4646 . 10.5902 o.aa35
0.6983 o 0.6908 0.5038
0.7963 0.342 0.8046 | 0.3607 .
. 0.89897 "0.1942 0.8977 0.2347
10000 ™ 9.0000 1,000 0.0000 B
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TASLE C.5 : Excess \Volume of Mixing of the Systcm' Toluene (A) -n-Hexadecane (B)

Mple Fraction
Cx ‘

1
I

Excess Volume

Mpole Fractiom

Excess Volume

-y * L/kmol Xy i , L/kmol
Temperature = 20.80°C Temperature- = 25.00°C
0.0000 0.0000 0.0000 0.0000
0.0434 0.1402 0.06697 “ 0.1008
£.0959 0.2268 9.13099 - 0.2128
0.2033 0.3661 0.1927 0.3082
0.2811 b '0.4683 "0.2708 " 0.3690
 0.38898 0.5537 £.4333 0.4850
0.4969 0.6154 0.5026 0.5189
0.6004 0.639 " 0.5973 0.5218
0.6977 0.6221 9.7017 0.5262
. 0.7978 ) 0.5383 . 0.7988 . 0.4480
0.9004 0.3413 0.89799 0.2673
1.0000 0.0000 1.0000 0.0000
Tanpefatufe = 35.00°C - Temperature * 40.00%C
0.0000 0.0000 0.0000 0.0000
- 0.0363 0.0577 0.05333 0.0946
0.0087 0.2080 Y 0.0961 0.1554
o214 0.3979 0.2119 | 0.2764
0.3078 0.6266 10,2950 - 0.3981
0.3992 0.7504 0.3956 0.4470
© 0.5031 o._nsi p.4984° - C0.4m9
0.5963 0.7411 0.5995 0.5024
" 0.7028 0.50696 0.6995 0.4676
07969 0.4156 " 0.7986 0.3824
©0.8978 0170 0.9000 0.1924
11,0000 . 0.0000 1.0000 0.0000

1

T

[
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TABLE  C.6: Excess Volume of Mixing of the System Ethylbenzene(A) -n-Octane (B}

.

\ole Fraction Excess Volume Mole Fraction Excess Volumne
Xy Lol - x, L/kmol
Temperature = 20.00°C Temperature = 25.00%C
0.0000 0.0000 0.0000 0. 0000
0.0544 0.1156 0.0562 0.0084
0.1028 0.1542 ' 0.1008 0.0658
0.2083 0.2261 - 0:1983 0.1087
0.3052 0.2618 " o.017 ©0.1700
0.40997 0.2770 0.3979 ' 0.2018
0.5113 0.2305 .5898 0.1588
0.6193 T 0.2579 . 0.7007 0.1858
10.7113 0.2416 0.7972 0.153%
" 0.8071 - p.2139: 0.8564 0.1030
- 0.9012 " 0.1515 1.0000 0.0000
1.0000 9.0000 |
_ Temperature - " 35.00°C Temperature = 4o.ub°c
0.0000 0.0000 = 00000 0.0000
0.0515 - 0.0886 " 0.048% 0.1131
© 0.0971 0.1164 - 0.0576 0.1561
- 01865 0.2129 Rt 0.2431
012969', 0.2687 , 0.2949 b.3269
0.3983 ' 003001 0.3974 0.3694
| 0.4900 ~ 0.3374 0.4902 0.3931 "
0.5919 . 0.3347 T ~» 0.5966 0.4058
0.7016 “0.2045 0.6955- .- 0.3994"
0.7980 0.2278 10.7967 0.3281
0.8987 0.1412 - 0.8965 . 0.2759
*-1.0000 .. 1.0000 . | 1.0000 1.0000 .
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TABLE ;.7: Exess Volume of Mixing of the System Ethylbenzens(A)-n-Tetradecane(B)

u

" Mole Fractiom Excess Volume Mote Fraction Excess Volume * -
x, Lol |- X Wimol
. - \\'
Temperature = 20.00°C - Temperature = '25.00°C.
0.0000 | 0.0000 " 0.0000 " 0.0000 | g
~0%s21 -~ 0.um ‘ 0.0629 0.2751 I
o152 - | 5.2608 | 0.1087 0.2530 -
0.2101 0.3979 0.2109 0.4230
0.2932 | oumes . 0.30m 0.4826
0.4082 . 0.5970 © . 0.3946 0.5381
0.4963° | 0. % 0.5007 0.5887
0.5976 : 0.6345 % 0.6007 0.5729
0,6977- . 0.6030 o0z 0.5126
0.7987 0.5108 ' u\.\{m 0.4400
0.8999 03058 0.89% - | 0.2758
Logo - | - o.000  f 1.—00‘0& . q.‘oo\tg_
Temperature .= 35.00°C ~ ) - Temperature \\40.00“('. ‘
10.0000 0.0000 ©0.0000 0.0000, o
0.0529 0.1924  0.0509 Y oases |
10,1010 0.4283 0.0923 0.3 '
0.1997 o611 1 0.1991 - 0.3231 :
0.2950 .. < o.7om. |- 0.3032 0.4961.
0.30207 RGN 0.8008  o.s518 g 1 g
0975 | - omse | o.a961 © L 0.6520° '
0.5814 0.7 s “'0.5919' B B RYTS
06978 - . 0.6459 0.7004 1 osers. oL
0.8008 - | 0.5214 _ 0.7975  0.5338 )
o.897¢ | o0.3478  0.8997 o373
1.0000 0.0000 L0000 | - -0.0000




[
TABLE

i

e
0y

-

C:8 : Excess Volume of Mixing of the ._S)éstém Ethylhentene (A} -n-Hexadecane (B)

Mote Fraction

Excess Volume

% Maole Fracticn

Excess Volume

0.0000

11,0000

x, L/gmni Xy L - L/l
Temperature = 20.00°C - Temperature = 25.0(5‘{;_
0.0000 0.0000 * 0.0000 - 0.0000
0.053% 10.0743 0.0652 0.2158
9.1029 0.1606 .14z 0.2869
0.1983 © 0.2829 0.2058 0.4713
" 0.3022 0.46399 0.3088 © 0.5851
0.3028 0.5502 0.4053 0.6941
0.4927 0.6008 0.5027 0,7107
. 0.5953 0.6363 0.6099 0.6824
0.6978 0.6208 ©0.69799 05934
" 0.7982 D.5599 “L7 7 0.8029 0.8625
-9. 0.9002. | 0.3629 0.9008 0.3493
.. 1.0000 0.0000 " 1.0000 ~ 0.0000
Temperature -.-35.00°C A Temperature = 40.00°C .
0.0009 0.000p 00000 0.0000
0.0505 0.8578 0.0502 0.2093
v o.oe12 0.5387 . 0.0987° 0.4053
o1z 0.6308 0.1983 0.4976
012997 0.7091 0.3053 0.5016
0.4026 o754 . 0.3935 0.6607 -
0.4995. 0.7571 0.4981 0.6750
" 0.5968 L0.7330 .0.§986 0.7218
0.6994 0,700 0.6995 0.6758 -
0.7991 0.6176 0.8025° 0.5973
0.8987 . 0.4578 . 0.8986 0,3691
1.0000 '

0.0000
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. APPENDIX. D E

. !

The Excess Activation Energz‘for’ViscbueiFloﬁ

and the Excess Viscesitx-

[

.,Therlvariation of excesg activation energy for
Vise0us flow and the excess v180031ty with comp091t10n. fbri.
each blnary mlxture at dlfferent temperature levels studled
.. in this work are }eported in ‘Tables D 1 to D. 8 :-Tﬁe

@ .
variation of’ these two excess propertles are also ahoun in

' Figures 4.19 to 4.26.

87 "
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1ABLET  D.1: Excess Energ:y of Viscous Flow and Excess Viscosity of the Sysu(f,
_ Toluens(A)-n-Octane(B) : L '

Mole Fraction A':GExl»U's ‘Excess Mole Fractionm A"Ex107%|  excess
- ' Viscosity I Viscosity
EN Jmor | cp Cox /Kol =3
Terperature = 20.00°C - | Temperature = 25.00%C..
0.0000 | 03000 0.0000 o000 - .| ©0.000 | ©.0000
© 0.0584 0.7 <0.0067 | o.aes | -0z | -0.0061
0020 | ~0.387 © [-0.0133 | T0.090 | -0.367 | -:0.005 |
10,2065 -0.755 | -0.0252 Coases | o2 1onows |
0.3044 -0.996 - | -0.0332 | 0.2566 ©ip.918 | -0.0274
0.3957 Lases | -o.os | osarz | ams | -0.0336
0.5027 | “er.aze -0.0456 04447 | -1.346 |, -0.0397%
o.5046 | -laage | -0.0465 o437 0 | -la12 .| - -0.0418
0.5979 Volg0d | |-0.0845 0.6408 | 1396 | .-0.0408
o028 | -1asz | -0.0%7 | o761z | Laso | -0.0367
o.age0 | o3z |o.ozss | o.a7ar | -oses o -0.0285
1.0000 0,000 0.0000 - 1.0000 | 0.000 | 0.0000
Température = - 35.00“(5- - : Temperature = 40.00°C “
0.0000 |  0.000 0.0000, . .0.0000_- | 0.000 |  ©.0000
" 0.0440 - | -0,133 -0.0042 - 0oy | 0a8 | -0.0048.
‘o032 | 0359 | -0.0103 0.10 0311 | -0.0093
0.2008 -0.651 - --0.0186 - 0.198 - -0.579 -0.0164 '
. 0.2940 0.1 . | 00289 | 0.29896 -0.851 © -0.0230
0.3085 | Lz o.osz | 0.s023 .1.048 | -0.0279"
oaese |- L2t | -0.082 |- odoa .19 | -0.0312
0.6003. ‘1283 o032, | 0.l | -L2m -0.0327
0.6974 | -l.24 00333 | 0.6947 -1.219 -0.0311 -
0.8015 . | -1.039 - '-q'.dzw 1 osees | -1.0% | -0:0263
.97 | 0662 | -0.0075 ‘. @ 0.7 | 0.67 | -0.0168 |
1.0000 0.000 0.0000 | 1.0000 |  0.000 00000
H ﬂ

LR



Toluene(A) -n-Decane (B}

TABLE D.2 : Excess Energy of Viscous Flow and Excess‘\'iscosit'}'- of the System.

e

%

Mole Fractien A"Exi07 Excess Mole F;-aétigﬁ 2"Ex1075 | - Excess
’ - Viscosity . ;oL . ] Viscosity |
BN J7kmol - P X, Irknol cp_'
Tanper:;ture - 20.00°C . Temperature = 25.00°C .
0.0000 0.000 0.0000 0.0000 . 0.000 0.0000
0.q5798 < | 0.282 -0.0024 0.0519 -0.024 0,010
91088 0.113 ~0.0179 0.1005 /0,063 . -0.01598
0.2078 0.166 -0.0307 0.20197 07] -0.0299
0.3046 0.140 -0.0814 . | 0.3037 092 -0.0389
0:4047 0.135 -0.0474 - 0.4060 190 -0.0817
. 0.4968 0.13¢ ) -0.0841 0.5113 . .056 004695
0.5992 0.0% | -0.0496 - 0.6106 051 | -o.0as1
10,6996 -70.020 -0.0437 0.7050 -01028 -'0.046_'7: h
©0.7994 -0.174 -0.0383 0.8021 o0 | -0.0338
09031 | -olse | -0.0234 0.8957 an | -0.0222
- 1.0000 0.000 0.0000 1.0000 . §.000 0.0000
Temperature -.sstoo°c, Temperature - = 40.00°C
© 0.,0000 0.000 - |- 0.0000 0.0000 0.000 £0.0000
* 0.0495 -0.117 ~0.0051 0.0832 0.125° -0.0023
0.0966 " 0,287 -0.0086" *" 0.1008 0.213 | -0.0078
. 0.1964 - 0.5 | -o.0m82 0.2021 0.335 -0.0157‘ o
0.2079 0.425 | -0.0249 _ £0.299% 0.451 -0.0206™
0.3929 - 0.4780 | -0.0286 | 0.3936 0.452 |- -6.025.2 j
| 0.4962 osss | -0loss2 0.4947 " 9,410 -0.0281
0.5965 0.206 -0.0358 0.5931 0.279 -0.0299°
0.6981 ' 0.100 -0.0329 ' 0.6959 | 0.151 -0.0283
0.7988 | ~-0.008 -0.02697 0.8009 ©0.026 20,0231
" 0.8979 - -0.082 | -0.0170.° 0.8962 -0,1306 | +0.0164°
| 1.0000 0.000 | 0.0000 - 1.0000 ouood_ v} o.0000°
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TABLE D.3: Excess Energy of ‘.Viscou.s Flow and Excess Vi

,_f/

Toluene(A) -n-Dode;ane(B) :

N

scosity ‘'of the System

Vole Fraction | 4"CEx10°5 | Excess Vole Fraction | 2°cExio™? | Excess
: ‘ | Viscosity . .| Viscosity
x /im0l =3 xge "3kl P
Temperature. . ZD.DQ%\ ' Temperature = 25.()0°C’
0.000q | . olooo 0.0000 0.0000 . |  0.000 0.0000
" 0.0645 - - 0.536 -0.0179 " 0.0551 0.38 | -0.0071
0.1056 0.783 -0.0313 - b.ossw‘ 6.611 -0.0265
©0.2082 1370 | -0.0557 0.1959 1.228 -0.0508
L7 0.3004 Leser | -0.0753 | e« 0.2789 1.631 | -0.0633
0.4032 2143 | -0.0788 0.3802 195 | -0.0735
+ 0.5002 2077 0.0899- - | 0.4701 2.135 20.0771°
0.6005 2.056 -0.0855 0.5707 |  2.088 | -0.0780
*.0.7015. 1.815 -0.0758 0.6854 1852 | -0.06%8
08023 --|  1.280 -0.0609 . 0.7805 128 -0.0578
0.50089 0.688 -0.0336 0.8895 0.755 -0.035
10000 | 0.000 0.0000 " 1.0000. | * " 0.000° 0.0000
T&apera?:ure < 35.00°C Temperature = . 40.00°C
. 0.0000 . o.bqo 0.0000 © 0.0000 . 0.000 - i 0.0000
0.0527 . o5 | -0.0107 _o;osoa . 0.429 . | -0.0084
© 0.0996 0.759.. | .-0.01895 "0.0924 0.752 | -0.0146
0.2049 1.415 --0.0343 . 0.2033 1,468 -0.0291
02913 st | -0.0838 0.3003 1.930 -0.0386
0.4021 2.220 -0,0508 0.4063 2.264 -0.0452
' 0.4986 2.377 -0.0529 "0.5104 2376 -0.0483
0.5944 RS} -0.0519 0.5988" 2.392 -0.0453
< o . SRS P S
0.69698 2.023 -0.0478 0.7015 2.097 -0.0812
07979 | 18197 | -0.0381 07999 | Llew -0.0324 .
. 0.8981 0.045 | -0.0225 0.8808.° | -0.859 | --0.0208
10000 0.000, |, 0.0000° *1.0000 " 0.000 0.0000 .
. : ~
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TABLE D.4:

Toluene {A)- n-Tetradecanc (B)

Excess F.nefgy of \uscous Flow and Excess \uscosxty of tﬁe b}s»m

: .\\olé 'Fracticm a"cExa073 ‘F_XCB.SS_ Mole Fraction NN Excess
Viscosity ‘ - Viscosity -
A 3ol P x,& | neol N3 g
Temperature = 20:00°C Temperature = 25.00°C
0.0000 _| 0.000 0.0000 0.0000, 0.000 0.0000
0.0661 0.975 | -0.0837 0.0468 0.709 | -0.0278
0.1089 1.526 * | -0.06999 0.1072 1.58 | -0.0382
0.2072 T 263z | -0.1207 0_.19'69 2496 | -0.1010
0.3028 3.420° |- -0.1595 0.285¢ 338 -0.12599
0.3008 4.064 10.1782 - 0.3858 ‘|- 4.02 -0.1488° |
0.5034 44230 | -0.1881 o.418 s.4%6 | -0.15597°
0.5620 4,395 -0.1807 . 0,504 Castes | -0.1543
0.7026 3.9499 | -0.1549 . 0.6815 28 | -0.1350-
0.808 [ 3.004 -0.1165 . 0.7929 3515 : -0.1015
'+ 0.9018 1781 -o.lbsea E © 0:8047 L5 | -0.0603
1.0000 |  0.000 0.0000 _ 1.0000 | 0.000 0.0000
P
‘n_'l'esr:pératu\'ek = 35.00“&_ " Tér-:;‘:eral:.ure = 40.(;0°C |
0,000 0.0000 - { - 0.0000 - " 0.0000 0.000 | - 0.0000 " -
00813 - 0.791 -0,0183 .. 0.0503 0:720 | -0.0165
0.0991 1.468 -0.0342- 0.0077 L | -0.0387 -
0.1977 2.666 -0.0629 ‘0.18% - 2.58 | -0.0897
10,2967 612 | -0.0831" 0.2950 . 3727 | -0.06%6
03868 a2 | "-olovss 0.3802 s38 | o078
0.4975 |- 4.752 +0.1000 0.4954 . 4.828 -0.0831
- 0.5973 Coarer | -0.0933 o.5902 4.837_ | -0.0823
0.6983 a308 | -0.0853 | - 0.6908 479 | 0.0738"
0.7963 3.785 % -0.0599 0.8046 3.481° 0,050,
0.89897 2.068 -0.03797 0.8977 2126 |7 -0.0327
L0000 0.000 | ' ©.0000 1.0000 0.000 o'..'oooo“'
[ N - ’
a4 n’"- v .
oy ' o
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TABLE D.5 : Excess Lnergy of Viscous Flow and Excess Viscosity of the Systed
' . Toluene(d) -n-Hexadecane (B) ' :
! Mole fraction | -_.:'G'Exlo's Excess Mole Fractio;l .’lnGEx.‘I.D':-l ’ .E::cess~
LR , ) Viscosity ) ‘ Viscosity
X 3/kmol P : _ﬁ " Jfamol P
| Temperature » 20.00°C - . | Temperature = 25.00°C
0.9000 0.000 o000 |7 0.000 . |  0.000- " 0.0000
0.0444 ©0.040, -o.qs'ss \, -'.o_'.oesg'v ’ 1.446 " -0.06998
0,0959 1.897 -0.1366 0.13099 '2.787 -0.1191
o035 | e’ "0.2223 *o0ae2r 37| -0.1820°
9.‘281'1 T ;_.87': -0,3033 ’ 0.2708 5.068 '-0.21_51
o.';ssgs_' ‘| g.17a 1 -0.3409 0.4333 6.855 |- -0.2661_: '
0.4969 ‘6:807 | -0.3531 1 pusazs 7.281 l0.2687
_ 0.6004 7.013 - . .-0.3’360‘ 0.5973  |. n7.384 | L0.2593
0.6077. .| 6.498 | -0.2949 ~0.7017 6735 | -0.2311
'0.7978 5.329 .0.2225 . 07984 sz | -0.1827
Coosmee s | 313 -,o.-ézui | o.sapes | 33%6 ' ..;o.mig, -
1:0000 . L 0.000 . | * 6.0000 11,0000, 0.000° - | " 0.0000 _
;mgrgturé . _35.."00°c f ¢ ) Temperature .. 40.00°C -
~ 0.0000 To.000 3,000 | o.0000 S R o.oood
o033 | @ | -0.0231 .83 | 1340 -0.0340
0.0887 | 2.167 | -0.0614 00961 +1.969 0.0609.
0.2114° 4.285 . -0.181 '0.2119 _' 8,471 ~0.0838-
0.3078 | 5693 _\-'o.;ls_zo. | 0.2950 . 5.618 -0.1174
0.3992°  *|. 6.695 | a3 | 0.39%. 67l | -0.1382
6.'5931" 7.;.;9 ] -oassz v _0.4954 “7.424 | ©-0.1491
0.5963 Fr518 ‘*0-.1.755 ' _ ) 0.5995 7.778 -0.1363
0.7028 6.979 | -0.15279 ' | 0.6995 7.128 -0.256.
J 0.7959_ 5.812 ° .76;1174 0.7946 C5.965 - | -0.007°
0.8978 5515 | -0.0675  er 0.9000 30525 -0.05498
. 1.0000 ©0.000 | 0.0000 11,0000 | 0.000 | 0.0000
) '_
L L TR
_;.‘ .
i : .
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N TABLE D.6 : Excess Ene‘rgy of Viscous Flt_:lu and Excess \'iscﬁsj.t;' of the System ) ‘ . B
Ethylbenzene(A) -n-Octane (B) - i )
. _ o ' ,
p __ N
Mole Fraction | o CEx107>. Excess Mole Fraction a"cFx1073 Excess
V'iscosity. ) Viscosity ',;
e 3w ";FP' Xy J/mol A o f
Temperature = 20.00°C . Temperature = 25.00°C
0.0000 ¢ 0.000 0.0000 0.0000 0.000 0.0000 oo
0.0544 | -0.234 -0.0073 0.0562 -0.261 s S
0.1028 © -0.48 -0.0135 0.1008 -0.373 -0.0129
0.2053 -0.774 -0.02358 0.1983 -0.874 -0.0238
0.3052 -1.183 -o.os\se' 0.2917 -1.123 .-0.0313 )
0.40997 -1.369 -0.0418 0.3979 1377 -0,0386
0.5113 1471 | -0.0458 0.5898 -1.483 | -0.0827
' 0.6195 -1.465 -0.0458 0.7007 . 1344, 1 -0.0395
0.7113 -1.367 -0,0432 - 0.7972- -L.111 -0.0331
0.8071 -1.068 - | -0.0347 0.8964 - <0.713 0.0216 | ..
o,gblz- -0.608 | -0.0206 1.0000 0,000 0.0000
1.0000 0.000 0.0000 ' :
Temperature = T5.00°C - Terperature = 40.00°C . .
. . S )
0.0000. 0.000 0.0000 0.0000 0.000 0.0000
" 5.0515 0.232 .| -0.0046 0.0482 *.0.187 00047 ’
0.0971 “0.415 -0.0102 0.0976 . f0.422 -0.0098 |-
0.1865 -0.753 -0.0186 0.1971 0,175 ~.0.0181 " i'_
© 0.2969 -1.067 . ~0.0266 +0.2949 . -1.016 —'q.oz‘u E
0.3983 | -L272- | -0.03197 0,307 21,281 -0.0296
0.4900 onsss . | -0.0347 . 0.4902 1,308 | -0.03183
| 0.5919 -1.393 -0.0359 0.5966 -1.298 -0,0322-
0.7016 273 | f0.0333 [ 0.6955 ~i;_218 ‘ -6.0306 - )
0.7980 -1.023 A-'o'.ozv."s_ B 0.79%7 09827 |. -6_.0251 ; "
0,897 -0.604. -0.0166 < '0.8.96"5 -0.5996 -0.0‘1.6"0;. '
| 10000 0.000 0.0000 1.0000 0.000 .| 0.0000
. - _ X ) ‘
p :
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, TABLE  D.7 Excess Energy of Viscous Flow and Excess Viscosity of the System //'"
Ethylbenzeng(A) -n-Tetradecane(B) o e
. (o
* vole Ffa&tion SFx1073 |- Excess “Mple Fraction I et - Excess
LT ’ Viscosity . " | Viscosity
" xy J/¥mol = ,ié//’ J/imol P )
‘ e
Tem;:gratu're = 20.00°C . A Temperature = .’.S 00°C g
0.0000 0.000 __o.-qoﬁb‘ 0.0000 "0.000 ) u.ogs_% '
0.0521 0.515 -0.0386 0.0629 0596 “odban1
- 0.1152 0.956 -0.08899 | © 0.1057 0.906 {00690
0.2101 1.683 -0.1355 0.2108 _Qfl.;'flg -0.1130
_om 2111 -0.1693 " 0.303 - 2.228 -0.1419
0.4042 - 2:568 -0.1909 - 0.3946 .61 -0.1568 -
©0.4963 2.786 - -0.1920 0.5007 lo38° | -0.1561 ..f-
“05076 | 2,736 v-u.i’sza 0.6007 2.854 o.1487
0.6977 2511 | -0.1572 0.7002 2.616 01286
0.7987 1.977 -. -0.1182 0.7976 2,084 -010978
0.8999 1.157 -0.0652. | 08978 L.177 20,0567
1.0000 0.000 0:0000 1)3'0/00 : 9.000 " 0.6000

| Température = 35.00°C | ‘Tel'z(per'aturre . 40.00°C "
10.0000 0.000 0.0000 0.0000 9.000 ©0.0000
0.0529 0.681 -0.0138 / 0.0509 ‘b.485 Q_BL‘Ozos e

-~ 0.1010 0.996 . -0.04 * 09230 ' 0.878 o
0.1997 1,748 *-0.p745 0'.;991 1.759 C.-0.0619

I 0.2950 " 2,385 - -0.0933. 0.3032 . 2,418 -'-6.0?’6&‘

N, 0.39297, | 2780 -0.1077 0.4005 : 2.963 -0.0862
0.497 3.064 | -0.1096 . 0.4961 3.188 -0,0897
0.5814 38 | 0002 0.5918 3.308 . | - -0.0823
0.6978 2.867 | -0.0879 " 0.7004 2.889 "0.0744

" 0.8008 2.318 L0068 | 0.797 _ 2,332 :0.0569
0.897¢ . | 10387 -0.0383 0.8997 .- 1.381 -0.0315
1.0000 ~ . 0.000 |- 0.0000 1.0000 . 0.000. 0.0000 -
. .". )

i o :
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TABLE D.8: Excess Energy of Viscous Flow and Excess Viscosity of the System
EthyLbenzene(A) -n-Hexadecahe (B) ' .
. C " #
Mole Fraction | & Gox10™> Excess | Mole Fraction | ° a0 Excess
Viscosity . \'is_cosity_
x| . dmer | e ¢ x_; Jmol P
Temperature = 20.00°C l Teu@erature = 25.00°C
‘ L
2.0000 0.000 0.00%~""| ) 0.0000 £.000 0.0000
0.0539 o.sio | -o.osss ¥ o.0se2 0,981 -0.0824
0.1029 Lsu | -0.15007 31142 ©1.558 -0.1290 -
0.1983 Czer | c-0.2850 @zoss 2.597 0. 2061
0.3022 370 f0.3327 w 0.3084 - 3.5195 ~0. 2648
0.4028 513 -0.3646 - 0.4053 - 4154 _-0.2936
T 0.4927 1.778 ‘f0.3797 V1 o.s027 4.519. 0297
'0.5953 5.0098 | -0.3451 0.6099 ©4.5795 -0.2755
0.6978 4.923 -0.2832 0.69799 . 2.262 -0.2395
RN 3782 B *0.2204 0.8029 © 3352 -0,1781
- ‘ _ ,
0.9002, s 0112 L 6.9008 1.954 .. | -0.1009
1,0000 0000 |- ~0.0000 1.0000 .000 0.0000
Temperature = -5s.oo°‘c' Temperature =" 40.00°C @
0.0000 ° 0.00¢ ~ 0.0000 - 0..0000 0.000 '6.0000
0.0505 . 0.829 . | -0.0828 0.0502 -0.778 -0.0385 .
- 0.0912 1.470 00703 | 0.0087 | 1465 | -0.076
' o_.1§1i . 2.802 .- o.2m 0.1983 2.943 +0.1094
0.2997 4.016 -6.1719 0.3033 | 3.869 -0,15699
0.4026 . | 4,857 ‘0.1921 10.3935 4.929 0.1547
0.4995 | 5.276 -0.1981 ) 0.4981 5.399 . -0.1622
q.sgog' 5.440 -0.1841- 0.5986 .| . 5.490 . -0,1541
. 0.6994 . 5,013 _ -0.1602 0‘._6995 _ "5.107 -0.1331
S 07991 ERE: _-o.ués . 0.8025 ERLY -0.0982,
0.8987 ° 1.922 -0.0829 0.8986 2.573 . -0.0556
. L0000’ | - 0.000 0.0000, L.oo00 | -0.000 10,0000
>~
' ) -
~ :
. o -



'APPENDIX E
Predicted B;ﬁerinental‘ﬂrror
E.1 Density Measurement

The ~ reproducibility'of denaity metef-readings at

- 20. 00‘°C :'for organic liquids wao 1 x 10~7 secdnds which

correspond to a change in densxty of l 59 x 10‘& kg/L. . .The

averaze standard deviation of fit of compoaition-dependent

denaity polynomial Equation (4,1) was 1.5 x 10 4 kg/L dp"

20, 00 C.

E.2 Error with Bxcena Volune of Mixing

’ uﬁere W, and W

. where R

A T (::\ e N
reépeofively; : A R N

The equation used to calculate excesal-volume‘ of

mixinzdis given in Appendix C as:

. *
JE MA KMy g MX o M L g
P . ' '

a o \”PA "B -

A . Wy Mg B

and :
S -‘T-""“*“*-——_i_____“ o . . xB 3:)—'1 - xA “ l_ .. . ) | | o .- ‘E. 2 ,

’

,é‘

A are mass of conpoQFnt A and B respeotively,_;

M - and M are molecular weizht of component A and B

B

W B . . - -
PR .
. . . .
o v .
. . , R
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Let wus consider a particular c¢ase, say error

A

- expected for Vi at x, = 0.4 for toluene (A)}-n-octane (B)

system at 20.00°C

i

W, = 7.8358 +°1 x 107" . wW_ = 14.9576 1 x 1070
M,z 92.1% M= 114.23.
X, =-o.39’374 |
* expecting maximum error in weighing one obtains
= 05
3 GO f l x 10 - .
mdximum deviation in density measurement
Sl o -G _ .
B.le-- ]...59; x 10 = a.pA -' apB
- Now Vi is a function of -
Voo E b g ueeg) oo (E.3)

so that to calculaﬁe predicted enfor in VE due to an _hffor

n kB , 6.+ by 1 b, One should differentiate Equation
(E.1}) to obtain o,
" E 1 1], L X, My +xp M|
e A["m "A] A VMB o, pB] B | 7a
¢ ) . - o,k m .
- M, x T :
L R Y = . (B.4)
. R D . : : | o .u )
. = 0.06 L/kmol N o -~ >
. 1} T .- } . . ‘ & } e



3

shoﬁld.differentiatc Equation (3.9} to obtain

‘ viscdsity:by

198

i
1

This is the maximum error that can be exﬁected for

’

the;vtoluene n-octane system at 20.00 C, which will be the

. worst case.- The standard dev1at10n of fit’ of V tt the

smoothing Equation (4.2}_ for - this sytem was 039041.

Maximum standard deviation found at 20.00°C was 0.011 fof
. ' o . : . i
ethylbenzene-n-hexadecane system. .

"E.3 Viscosity Measurements

The equ?tion used for calculating the viscosities

is given by .

v = Ct. - E/tz

To calculate tﬁe'prqdicted error in the.kinematic -

- viscosity .value due to an error in t,  the efflux timé _one

-

-

dv 2E
c+ <k
dt , t3.
AN B . ~ ' . v
or - avecac+2/tdae Y (E.5)

-

Every 'viscosity-value-reported in this -work was

- meﬁsured at least thrée‘timés.; The t1me of efflux 8. scatter

-

ﬁag about 0.15 aeconda on the average. i Thls scatter; when

'substituted into Equation (E 5) would change the meaSufeg
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ﬁ -
dv = 1.8168 x 10 > (£ 0.15) + 2x ( 32 5306) (tO 15)
' : (330.9)°
. . _' ) - _-4 .,
. v =% 2.73 x 10 7 St
In the above: calculation the values of  the

viscoméper' constants C and E'weré'faken "as the " average

N

values of C and E for the two .25A type viscometers used in

this study'af 35.00 C and-repofted in Table 4.12. The value
of  t, tlme of efflux was taken as’ the average value of all

'effluk‘_tlmg ‘for toluene—n octane s;stem at 35 00 - C where
these ;woi-v1scometers were only used ‘ ‘The‘ _standard"
déviation for the composltxon dependent klnematlc v1scoslty.
for this system as can be seen frqm Table 4.23_333_2,67‘x 10

-

cSt. This is in §ood agreement with the prédicted‘errdp.

E.4 Excess Activation Energy of Viscous Flow
?he‘-equafion used for calculation of - excess

activation energy for viscous flow is given 'in Chapter 3 by’

A*GE .o S ’ 3
BT -' 1n %_Vm =X, 1n My VA = Xg in 0N VB
This equation —after substitution of - _by X . and'_

rearranging becomes

.k E . B '
A6 ‘z_Rx_[1n ”m_% 1“‘55 Xy + MB X ) X, 1n Va H xB 1n'uB MB
‘ ‘ . (E.6) "
.a F (ym, Var Vpe X, xB,.T)
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Thus A G = F (vm, v T)

Al B’ xA’ xB: - . .
) Predicted error can now be obtained by d1fferent1&t1on of
Equation {E.6) which is given by

-~

' v M : '
* m A r‘LIES
3(a GE) = RT [ +{ ln\J Y }oax, + { '
Ly lMAxA_%B ATAT TA L My X, MG g
1n vB MB} axB - = B\J - g d\)B + R fln’vm +

In (MA xA + SB.xB) - *A-ln v%;HAi- #B'ln vB MB}IB$"

s

Tékinz_ absolute value. whefe ' necessary and  after

. L N )
rearrangement the above equation reduces to

x E. 1 Myt ¥ ’
_B(AG)-RT|:(—-—+—+—) 3v+{ "_-an(M
‘ Vo Va VB g Xy MA + Xg MB | "TA A

Cr

= 1n Vg MB}-334]1+;R [;n v_+1n (xA MA,+ ‘

xB.MB) kN 1n:?A;MA - Xg 1p Vi Mé] 3T

(E.7) "
Now takinz a pnrticular data, _say values R L o
’14 a -
at xA ~ 0, 4 for toluene-n—octane system at 35 00°C
X, 0.3933_:;,\vm= 0\5952. i vy = 0.858 ; v, = 0.5783
ax, = 1x10 ; 3v= 2. 73 x 107491 = 0.02K

A ’
8 3136 J/nol ': T = 308.18 K

'R
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we get
- o * N . _
3 (4765 % 107
' ¢
) . o . .
_ Standard deviation for this particular system when

= 0.0246, J/kmol

excess activ#tioﬁ energy of viscous flow was fitted to the o

polynomial

e
-

s .. N i=n -
=%, (1=x) LA (2x, 1)

* .._ .
A GF x 10 i
' i=o -

was - found to be 0.009 which ﬁboves that = the ‘expééimental'

data fitted the polynomial Equation (4.6) well.:

oy
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