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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
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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)



~
n
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)
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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
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'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
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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



VITA AUCTORIS®

MOHAMMAD HANIF SIDDIQUE

. Department of Chemical Engineering

' : ‘ Univeraity of Wipdsor =

Windsor, Ohtﬁrio, Canada

N9B 3P4
o
' Febfu#ﬁy 15, 1961 . Bofn'in.Chittégonz, Bahgigdesh.
1979 A Completed Higher Secondary

School Certificate Exam,
..Camllla.Board, Bangladesh 7

2

1984 Received Bachelor of Sc1ence (B Sc.) -
- " in Chemical Engineering from the

Bangladesh Unlverslty of Eng1neer1ng

.and Technology;

Dhaka, Bangladesh

1987 Currently, & candidate for the

. o degree of. Master of ‘Applied Science
7+ 7 (M.A.Sc.) in Chemical Engineering -

at the Un1varslty of Wlndsor,
Windsor, " Ontario, Canada, ‘
"N9B 3P4

202



