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CHAPTER 1

INTRODUCTION

1.1 General

Viscosity is a transport property which is defined as the degree to which a fluid 

resists flow under an applied shearing force. In addition, viscosity is a dynamic property 

which can be measured in a non-equilibrium experiment and it differs from another 

property; viz., density which is considered as an equilibrium property and is measured 

under static conditions (Poling et al. 2001).

The dependence of viscosity of liquid mixtures on composition is of paramount 

importance from practical and theoretical points of view. Practically, the knowledge of 

viscosity is required in many engineering applications and is essential for the design of 

fluid flow systems, heat and mass transfer equipment. Theoretically, the dependence of 

viscosity on composition could provide a better insight into the structure of liquids and 

the interaction between the molecules in liquid phase. Consequently, in last two decades 

attention was focused on developing theories and models to describe this dependence. 

Unfortunately, most of these models were following the “one-size fits all” kind of 

approach. This resulted in the development o f many models which can be reasonable for 

one class of liquid mixtures, but would be most unreasonable for another class o f liquid 

mixtures.

Our very little knowledge about the structure of liquids hindered progress in 

developing reliable models for predicting the viscosities of liquid mixtures. This led

1
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Asfour (1980), while studying diffusion in liquid mixtures, to break liquid systems down 

into three main categories, viz., w-alkane mixtures, regular systems, and associated 

solutions. This approach was selected since it recognizes the different molecular 

interactions in such different systems. This led to success in tackling the diffusion in 

liquids problems as evidenced by a series of publications by Asfour and co-workers; e.g., 

Asfour (1985), Dullien and Asfour (1985), Asfour and Dullien (1986). Upon applying 

such an approach to the problem of viscosity in liquid mixtures, Asfour and co-workers 

made a significant progress as evidenced by: Asfour, et al. (1991), Wu and Asfour

(1992), Wu et al. (1988), Nhaesi and Asfour (1998), Nhaesi and Asfour (2000a), Nhaesi 

and Asfour (2000b), and Nhaesi, Al-Gherwi, and Asfour (2005).

The viscosity models for liquid systems currently available in the literature can be 

classified into two main categories; viz., correlative and predictive models. The 

correlative models require experimental data in order to obtain the values of the 

adjustable parameters contained in such models. The predictive models only require the 

knowledge of the pure compounds properties and their molecular parameters in order to 

estimate the viscosities of the liquid mixture(s) of interest.

In the present work, five models were selected for testing by using the data 

generated in this investigation. The models are: (i) the generalized McAllister three-body 

interaction model, (ii) the pseudo-binary McAllister model, (iii) the group contribution 

GC-UNIMOD model, (iv) the generalized corresponding states principle GCSP, and (v) 

the Allan and Teja correlation. All the preceding models are predictive in nature except 

the Allan and Teja correlation which is correlative. The preceding models were tested and
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their predictive capabilities were compared by utilizing the experimental data obtained 

during the course of this study.

The generalized McAllister three-body model and the pseudo-binary McAllister 

model are predictive versions of the original McAllister model which was developed and 

reported by McAllister (1960). The McAllister model was developed for correlating the 

viscosities of binary liquid mixtures. It was based on Eyring’s absolute rate theory. The 

McAllister model was considered the best correlating method for binary liquid systems 

(Reid et al. 1977). The model was extended to ternary liquid systems by Chandramouli 

and Laddha (1963). The major drawback of the McAllister model is the fact that it 

contains adjustable parameters which in turn require costly and time consuming 

experimental data to determine. To overcome this problem, Asfour et al. (1991) reported 

a novel technique for predicting the McAllister model parameters for binary liquid n- 

alkane systems by employing the viscosities o f the pure components and the molecular 

parameters o f the components constituting a liquid mixture. Thus, in essence, Asfour et 

al. (1991) converted the McAllister model from a purely correlative to a purely predictive 

model. Later Nhaesi and Asfour developed, in series of publications, the predictive form 

of the McAllister model into an expression that is capable of successfully predicting the 

viscosities of regular solutions (Nhaesi and Asfour 1998). Following that, Nhaesi and 

Asfour reported a form of the model that is capable o f predicting the viscosities of multi- 

component liquid «-alkane and regular solutions mixtures (Nhaesi and Asfour 2000a). 

Moreover, Nhaesi and Asfour (2000b) incorporated the “pseudo-binary” model, which 

was developed and reported earlier by Wu and Asfour (1992), into the Generalized 

McAllister model which was developed and reported by Nhaesi and Asfour (2000a). The
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resulting model showed excellent predictive capability. In addition, the incorporation of 

the pseudo-binary model resulted in reducing the number of adjustable parameters to two 

no matter how many components were involved in constituting the multi-component 

mixture investigated. This obviously reduces the complexity and time required for 

viscosity calculation.

The GC-UNIMOD proposed by Cao et al. (1992, 1993a, 1993b) is a group 

contribution technique used to predict the viscosity of multi-component liquid mixtures. 

The model assumes that the interaction between the molecules in the system is equivalent 

to interaction between the groups constituting each molecule. This makes the method 

approximate since it is not necessary that the contribution of a particular group in a 

molecule is the same as for the same group in different molecule. Furthermore, the model 

was developed for predicting both the viscosity o f liquid mixtures and for the vapor- 

liquid equilibria for any type of compounds. While this may appear to be an advantage, it 

in fact sacrifices the method’s accuracy.

The Generalized Corresponding States Principle (GCSP) was developed by Teja 

and Rice (1981) by analogy to the well-known corresponding states principle used in 

thermodynamics. The model was used to estimate the viscosities o f multi-component 

liquid mixtures. When the mixture is composed o f more than two components, an 

appropriate choice o f two reference fluids is required. No rule was provided by those 

authors for the selection of the reference fluids. This represented one o f the major 

weaknesses of their method since the predictive capability of the method was highly 

dependent on the choice of the reference fluids.
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Asfour and Wu (1992) modified and hence improved the performance o f the 

GCSP by introducing the “pseudo-binary” model which helped to overcome the problem 

of the selection o f the two reference fluids, which was the major drawback of the GCSP. 

The method was called by Wu and Asfour (1992), the Modified Generalized 

Corresponding States Principle (MGCSP). The use of the MGCSP method was restricted 

to n-alkanes liquid mixtures.

1.2 Objectives

The present work has the following objectives:

(i) Experimentally measuring and reporting the viscosities and densities of ten 

binary sub-systems of the quinary system heptane, octane, cyclohexane, 

toluene, and ethylbenzene over the entire composition range at 293.15, 

298.15, 308.15, and 313.15 K. The experimental data on the quinary system 

and its quaternary and ternary subsystems were reported earlier by co-workers 

El-Hadad (2004) and Cai (2004) over the same temperature range. In addition, 

the viscosities and densities of the binary and ternary subsystems o f the 

quinary system; hexane, octane, cyclohexane, toluene, and ethylbenzene at

293.15 and 298.15 K were measured. The viscosities and densities of the 

quinary system; hexane, octane, cyclohexane, toluene, and ethylbenzene and 

its quaternary subsystems were reported earlier by co-workers El-Hadad 

(2004) and Ruo (2004).
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(ii) Employing the experimental data obtained in this study to critically test some 

of the models available in the literature and comparing their predictive 

capabilities.

1.3 Contributions and Significance

Data are required for their own value as well as for subjecting models to critical 

testing. We are the only laboratory in the world that reports viscosity and density data on 

quinary liquid systems. Data on quaternary systems range from very scarce to non

existent in the literature. As indicated earlier, the data on the selected quinary and 

quaternary subsystems have not been reported earlier in the literature. Consequently, we 

were motivated to complete the sets of data of those quinary and quaternary subsystems 

by measuring their binary and ternary subsystems. In addition, the high reliability and 

accuracy of our data will make them valuable additions to the literature. Moreover, by 

employing these data for critically testing viscosity models permitted us to reach 

important conclusions which we will report in detail in this thesis.
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CHAPTER 2

LITERATURE SURVEY

2.1 General

Viscosity is a very important property in many engineering applications such as 

fluid flow systems, heat transfer equipment, and mass transfer and separation processes. 

In the last century a great deal of research has been conducted to study the dependence of 

viscosity of liquid mixtures on composition. Many models have been developed for 

correlating and/or predicting the viscosity of liquid mixtures. Generally, the viscosity 

predictive models can be classified, according to Mehrotra et al. (1996), into two types; 

namely, empirical models and semi-theoretical models. The empirical models are strictly 

based on experimental data whereas the semi-theoretical models were developed on the 

basis of one or more theory, but they require experimental data in order to determine the 

adjustable parameter(s) contained in such models.

In the present study, five models were selected, viz.-, the predictive version of the 

McAllister model, the pseudo-binary McAllister model, the group-contribution method 

(GC-UNIMOD), the generalized corresponding states principle, and the Allan and Teja 

correlation. According to the classification o f models indicated earlier, the first four 

models are considered to be semi-theoretical whereas the last one is empirical. 

Discussion of the foregoing models is in order.

7
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8

2.2 The Semi-Theoretical Models for Predicting the Viscosity of Liquid Mixtures.

2.2.1 The McAllister’s model 

(!) Reaction rate theory

Assuming that viscous flow is a rate process, Eyring and coworkers (Eyring, 

1936; Ewell and Eyring, 1937) developed one of the most well-known molecular theories 

of the viscosity of liquids.

The theory is based on the assumption that every molecule is confined within a 

cage formed by other molecules surrounding it. If  one envisages two liquid layers 

separated by a distance X,i,, and if  a shear force is applied to one of those layers, a 

molecule “jumps” or escapes from its cage to another available vacant site “hole” by 

crossing a potential energy barrier. Such a situation is depicted in Figure 2.1(a). The 

average area available to the molecule is X2A.3. At rest when there is no force acting on the 

liquid, the liquid rearranges where one molecule jumps from its site into another one due 

to thermal activation and the rates of jumping to the left and to the right are assumed to 

be equal so that there is no net flow. As indicated earlier, in order for a molecule to jump 

to a hole it has to cross over a potential energy barrier AGo as indicated in Figure 2.1(b). 

The frequency for both forward and backward jumps is given by:

kT
ro = — exP h

'  a g 0 x

JKT
(2 .1)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9

A*

r.

(a)

(b)

Figur^. 1: The Eyring Molecular Model of Liquid Viscosity
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where k is Boltzmann’s constant, h is Planck’s constant, and T is absolute temperature.

Now, if a shear stress o f magnitude f  is applied forward to the liquid, the resulting 

force acting on the molecule is fAata- It is assumed that the only mechanical work created 

is consumed to deliver the molecule to the top of the energy barrier. It is also assumed 

that the molecule gives up its energy as heat on the other side of the energy barrier. From 

the aforementioned assumption, the work done is:

where X is the distance between the molecules. The potential energy barrier in case of 

viscous flow differs from the non-flow (rest) situation and therefore the forward rate of a 

molecule jumping is

f x \
Work = fA,.A,, — (2.2)

f

rforward , e x P
V h KT

(2.3)

V J

and the backward rate o f jumping is

rbackword

V J

(2.4)

therefore, the net rate of jumping is

(2.4)
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With simplifications, the above equation becomes

rnet
kT

exp —
AG^
KT

exp
I fXoXiX 

2 -  z  J
v 2KT

\" ( fXoXiX f AG0 |̂
= 1 .. exp

/_ 1  h ; I k t  J (2.5)

The velocity gradient across the two molecular layers separated by a distance Xi is

, ,  , . Velocity Difference
Velocity Gradient = --------------------------

Xt

Velocit Gradient ~ ^^stance Per JumP x number of jumps per second e ocity ra lent -

Xr
Velocity Gradient = —

X-i
(2.6)

Since the viscosity rj is defined as

Shear Stress
T| = -----------------------

Velocity Gradient

Substituting equation (2.6) into equation (2.7)

fX,
Xr

(2.7)

(2 .8)

By substituting equation (2.5) into equation (2.8) yields

hX,
ti = --------   exp

X2X3X2

AG0 

v k t  j
(2.9)

Postulating that X[ ~ X and considering X1X2X3 as the effective volume occupied by a 

molecule Vo, equation (2.9) becomes
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(2.10)

Equation (2.10) may also be written as

(2 .11)

where N is Avogadro’s number, Vra is the molar volume of the liquid, and A*G is the 

molar activation energy of viscous flow.

(ii) McAllister’s model

McAllister (1960) proposed a viscosity model for binary liquid mixtures, on the 

basis of Eyring’s theory, and used the following form of equation (2.11) for the kinematic 

viscosity

For a binary mixture that contains two types of molecules, type 1 and type 2, 

when a molecule of type 1 crosses the energy barrier, it may interact with molecule of 

type 1, type 2, or both of them together, depending on the local composition. The 

interaction can either be assumed to be a three-body or four-body type. The three-body 

interaction is simpler than the four-body interaction. According to McAllister, this 

assumption is valid unless the difference in size between the two types of molecules is 

large and in this case a four-body type is more likely to describe the situation.

(2 .12)
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Figure 2.2 illustrates the three-body type interaction with the six possible interactions; 1- 

1- 1, 2 -2-2 , 1-2 - 1, 2- 1-2 , 1- 1-2 , and 1-2 -2 .

With the assumption that the free energy of activation o f flow is additive and that

the probability of interactions is proportional to the mole fractions o f the involved

species, the free energy of activation of the mixture can generally be given by

2 2 2

A*G = X X 2 XiXjXkA*Gijk (2' 13)
i=l j= i k=l

where X is the mole fraction. For simplicity, the following equations were assumed

A*G,21=A*G112 = A*G,2 (2.14)

A*G2i2 = A*G122 = A*G2, (2.15)

Expanding equation (2.13) and utilizing equations (2.14) and (2.15) yields

A*G = xjiA *G 1 + 3xj!X 2A *G 12+3x,x^A *G 21 + x |a * G 2 (2.16)

Equation (2.16) indicates that each type of energy of activation is related to its 

corresponding kinematic viscosity as in equation (2 .12).

For the mixture

V ^ m  J

eA*G/RT (2 1 7 )

where

M m = £ XiMi (2.18)
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9
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Figure 2.2: Types o f Viscosity Interactions in a Binary Mixtures, Three- 
Body interaction Model
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For pure component i

Vi =
' h N W / R T  ( 2 W)

VMiJ

and for interactions

v ii =
hN

v  y  j

A*Gi:/RT » y (2.20)

where

Mjj =(2M j + M j)/3  (2.21)

Substituting equation (2.16) into (2.17) yields

^(x i A * G |+ 3 x ( x 2A*G[2+3x iX2A*G2i +X 2A *G 2)/RT  ^  2 2 )V =
j

when equations (2.19) and (2.20) are substituted into equation (2.22) and upon 

rearrangement, the following McAllister three-body model is obtained:

fnv = xj^nVi +3xj2X2^nv12 + 3 x 1x|toV2i +X 2fn v 2 -■fn[x1 + x 2M 2/M i]+

3x2x 2^n[(2 + M 2/M!)/3] + 3 x jx ^ n [(l + 2M 2/M!)/3] + x ^ n ^ / M , ]  (2.23)

McAllister’s model, equation (2.23), contains two adjustable parameters; viz., V12 

andV2i- These parameters have to be determined by fitting equation (2.23) to viscosity- 

composition experimental data. In addition, it should be pointed out that equation (2.23) 

is a cubic equation and therefore it could have a maximum, a minimum, neither or both. 

A s it w as reported by M cA llister, equation (2 .23) performs w ell w hen the m olecular  

diameter ratio of the components is less than 1.5.

In a similar manner, McAllister developed and reported a four-body interaction 

model that is employed when the size o f one component is much larger than that of the
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other component. The possible interactions are illustrated in Figure 2.3. The four-body 

interaction model is a quartic equation which is given by

^nv = xf-toVj + axix2^nvm 2 +6x^X2^nv1122

+ 4 x 1x 2^n+ 4 x 1x 2fti| ■j + x 2^n(M2/M 1) (2.24)

The above equation contains three adjustable parameters. The values o f the 

parameters can be determined by fitting equation (2.24) to experimental data by using the 

least-squares technique. The major drawback of McAllister’s model is the presence of 

the adjustable parameters which require costly and time consuming experimental data for 

their determination.

(iii) Extending the McAllister model to ternary systems

Chandramouli and Laddha (1963) extended the McAllister’s three-body model to 

ternary liquid systems. In this extended form, a ternary interaction parameter was 

included in addition to the binary interaction parameters. Kalidas and Laddha (1964) 

validated the model with experimental data on ternary liquid systems and concluded that 

the extended McAllister’s model for ternary mixtures properly fitted experimental data.
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Figure 2.3: Types o f Viscosity Interactions in a Binary Mixtures, Four- 
Body interaction Model
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The extended form o f McAllister’s model is given by

£nv = Xj £nvt + x 2f?nv2 + x ^ n v 3 + 3 x fx2Aiv12 + 3 xf x3f?nv13 + 3x2x ^ n v 21 

+ 3x2x3£nv23 + 3x3x ^ n v 31 + 3x3x2^nv32 + 6x1x 2x 3̂ nv123 

-  £n ^ M j  + x 2M 2 + x3M 3 ) + xj ̂ nMj + x 2fnM 2 + x 3£nM3

+ 3xjX2fti
2M j + M 2

+ 3x |x , ( n f 2 ^ t a ± ^ l 2

+ 3x ; x , < i 2M 33+ M |

2M 1 + M 3

2M 2 + M3 ^

+ 3xt x3fn 

+ 3x2x 3̂ n|

+ 3x3x 2^n
2M 3 + M 2

+ 6xjx2x3£n
/ M 1+ M 2 + M 3 a (2.25)

where V12, V21, V13, v3i, V23, V32 are six interaction parameters and V123 is the ternary 

interaction parameter.

(iv) Conversion of the McAllister model into a predictive model

After about three decades since McAllister developed his model, Asfour and 

coworkers could successfully, for the first time, convert the McAllister model from a 

correlative model into a predictive technique. They later extended it so that it could 

predict the viscosities of multi-component systems (Asfour et al. 1991, Nhaesi and 

Asfour 1998, Nhaesi and Asfour 2000a, Nhaesi and Asfour 2000b). Detailed presentation 

o f the work o f Asfour and co-workers is in order.
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fa) «-alkane binary liquid systems (Asfour et al. 1991)

Asfour et al. (1991) proposed a technique for predicting the values of the 

McAllister model parameters for binary «-alkane liquid mixtures from pure component 

viscosities and molecular parameters. Asfour et al. (1991) plotted the lumped parameter,

v |2 /(v fv2) 3 versus the reciprocal of absolute temperature (1/T). They found such plots 

consisted of horizontal lines as shown in Figure2.4. On that basis they concluded that the 

lumped parameter is independent o f temperature. They then plotted the lumped

parameter v ,2 /(v fv2 )'/3 versus (N 2 - N , ) 2 /(N fN 2)'/3 , where Ni and N2 are the

carbon numbers of components 1 and 2, respectively. A straight line was obtained, as 

shown in Figure 2.5. Asfour et al. (1991) reported the following equation as a fit to the 

straight line they had obtained

<2 -2 6 >
(v?v2 ) (n ?N 2)

Therefore, equation (2.26) can be employed for the calculation o f the McAllister model 

adjustable parameter V12. Asfour et al. (1991) also showed that the other McAllister 

model binary adjustable parameter, V21, can be calculated with the help of following 

equation:

v „  = v 1
/  \ 1/3 
12.

V v W

(2.27)

where V12 is the binary interaction parameter calculated by equation (2.26) and Vi and V2 

are the kinematic viscosities of components 1 and 2, respectively.
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Asfour et al. (1991) indicated that when the difference between the carbon 

numbers of the two components in a binary mixture is equal to or larger than 4, the 

McAllister four-body model should be employed for better results. Therefore, with a 

similar treatment, they developed the following equations for the prediction of the 

McAllister four-body model when |N 2 - N ,| > 4

(N 2 - N , ) 2V1122

(wv2r
1 + 0.03

V1112 — V1122

<NfN2r

/  \l/3

Vv i J

(2.28)

(2.29)

V2221 — V1122
r  \ 1/3
' V
Vv i /

(2.30)

Asfour et al. (1991) used data on binary liquid n-alkane systems at different 

temperatures to test their technique. The results they obtained showed that viscosity 

prediction using their developed technique was far superior to any other model.

(b) Regular binary liquid systems

Nhaesi and Asfour (1998) extended the Asfour et al. (1991) technique to regular 

binary liquid solutions. Nhaesi and Asfour (1998) reported a technique to calculate the 

“effective carbon numbers” o f compounds other than n-alkanes. They prepared a semi

log plot of the kinematic viscosities of pure liquid «-alkane (C 5 to Ci8) hydrocarbons at

308.15 K against their carbon numbers. This resulted in the straight line relationship 

depicted in Figure 2.6. The line is represented by the following equation:
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fn(v) = A + B(N) (2.31)

where A = -1.943 and B = 0.193, and v in cSt.

Using equation (2.31), Nhaesi and Asfour (1998) indicated that the effective 

carbon number (ECN) o f any regular compound can be calculated when its kinematic 

viscosity at 308.15 K is substituted. This allowed them to develop an equation similar to 

the equation they had developed earlier for w-alkane systems. The equation is given by

v „  (E C N ,-E C N ,)2
12 =0.8735 + 0.07151-----1---------± L  (2.32)

(v?v2)l,J (e c n ?e c n J ' j

Again, equation (2.27) is used to calculate the parameter V21.

(c) The pseudo-binary McAllister model

Nhaesi and Asfour (2000a) used the pseudo-binary concept developed earlier by 

Wu and Asfour (1992) to extend the predictive McAllister model to multi-component n- 

alkanes and regular systems. The advantage of using the pseudo-binary model is that it 

reduces the number of parameters to only two regardless of the number of the 

components included in a multi-component system. This obviously dramatically reduces 

the complexity and time required for calculations.

The carbon number in case o f rc-alkane systems and the effective carbon number 

in case o f regular solutions for the /wewcfo-component can be estimated from the 

following mixing rule suggested by Nhaesi and Asfour (2000a).

n

(ECN)2. = ^ X i(ECN)i (2.33)
i=2

where n is the total number of components in the mixture.
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The viscosity of the /wewafo-component is calculated from the following equation

i=2

The mole fraction Xj used in equations (2.33), (2.34), and (2.35) is normalized by 

mean of the following formula

Nhaesi and Asfour (2000a) reported that once the (ECN)2' and the v 2- are

obtained, they can be substituted in equations (2.28) for n-alkane systems, and equation 

(2.32) for regular solutions. Equation (2.27) is then used to obtain the McAllister binary 

interaction parameter, V21. Consequently, the obtained parameters are substituted along 

with M 2< into equation (2.23), which is the McAllister three-body model for binary 

systems. This yields the predicted value of the kinematic viscosity o f the liquid mixture. 

In this method, there are only two interaction parameters to be estimated, no matter how 

many components are in the mixture.

Nhaesi and Asfour (2000a) applied their proposed model to predict the viscosities 

of some multi-component n-alkane and regular liquid systems and compared the obtained 

results with those of some other predictive models. On the basis o f the results of tests

n

(2.34)
i=2

And the molecular weight o f the pseudo-component is estimated from the

following mixing rule

n

(2.35)

X; —
X; (2.36)

n

i=2
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conducted by Nhaesi and Asfour (2000a), they indicated that the pseudo-binary 

McAllister model performed better than other literature models.

(df The generalized McAllister three-bodv model

Nhaesi and Asfour (2000b) reported a generalized McAllister three-body 

interaction model for multi-component liquid mixtures. In addition, they also reported a 

technique for predicting the ternary interaction parameter o f McAllister’s model. The 

generalized model allows the user to predict the viscosity data of liquid mixtures of any 

number of components from only pure compounds information.

Assuming three-body interactions and that the free energies of activation for 

viscous flow are additive, Nhaesi and Asfour (2000b) based their derivation on the 

following expression for the activation energy of a multi-component system

The Arrhenius-type equation for each type of activation energy employed in 

equation (2.37) were postulated as follows

n n n n n n

AGm = ^ x ? A G i + 3 ^ ] T x f x jAGij + 6 ^ ^ ] > \ iXjXkAGijk (2.37)
i=l i=l j=l i=l j=l k=l

where n is the number of components in the mixture.

Moreover, the following assumptions were also made for simplification

AGjjj =  A G iy  =  AGjj (2.38)

AGjy -  AGjjj = AGjj (2.39)

(2.40)
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where Mavg is represented by the following formula

n

M avg = ] j j xiMi (2.41)

For pure component i

For the binary interactions

where

For the ternary interactions

where

i=l

V M ie(iO,/RT) (242)
M ;

h N e (40„-/RT)
M -y

M g =  (2 M ;  +  M j)/3  ( 2 .4 4 )

hN ( A G i j k / R T )  . .  . . .
Vijk= ^ 7 _ e  (2'45)M ijk

M ijk =  (M i +  M j +  M k) /3  ( 2 .4 6 )

Taking the logarithms of equations (2.40), (2.42), (2.43) and (2.45), and substituting them 

into equation (2.37) to eliminate the free energies of activation and rearranging, Nhaesi 

and Asfour (2000b) developed the following form of the McAllister’s three-body model 

for multi-component liquid mixtures

n n n

= X x^n(ViM̂  + 32 ] 2 ] Xl?xj/n(ViiMii)
i= l i= l j= l

i *  j
n n n (2.47)

+ 6S S S X^Xj Xk^n (VijkM ijk)-^n (M avg)
i= l j= i k= l

i *  j ^ k
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As can be observed from equation (2.47), only the binary and ternary interaction 

parameters are needed. In order to estimate how many binary and ternary parameters are 

needed for a particular n-component mixture, Nhaesi and Asfour (2000b) suggested the 

following formula for the number of the binary interaction parameters

N 2 = — ——  (2.48)
2 (n -2 )!

and the following one for the number of ternary interaction parameters

N 3 = ----    (2.49)
3 3! (n — 3)! 2

The binary interaction parameters can be calculated by using the techniques 

discussed earlier. In case of regular systems, equation (2.31) is used to calculate the 

effective carbon numbers. For the ternary interaction parameters, Nhaesi and Asfour 

(2000b) developed a similar technique and obtained the following equation for the 

prediction of the ternary interaction parameters

V,Jk = 0.9637+0.0313 N̂k (2.50)
( v iV jv J '3 ' ' NjJ ’

Again, in case of regular systems one can use equation (2.31) to estimate the effective 

carbon numbers.

Consequently, Nhaesi and Asfour (2000b) not only extended the McAllister 

model to multi-component mixtures but also converted the model into a predictive
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technique where only pure components’ kinematic viscosities and their molecular 

parameters are required. Nhaesi and Asfour (2000b) employed an extensive database to 

test their method and compared the results they had obtained with those o f some other 

literature models. Their reported results indicated that their method was far superior than 

other literature models.

(e) McAllister three-bodv model with the group contribution method (Nhaesi et a l 

2005)

In a very recent publication, Nhaesi et al. (2005) proposed a novel technique that 

employed the principles o f the group contribution method for the prediction of the 

McAllister model interaction parameters for binary and multi-component liquid M-alkane 

systems. They calculated the contributions of the CH 2  and the CH 3 groups and utilized 

those contributions to predict the viscosities of binary and ternary interaction parameters 

of McAllister model. They used an extensive viscosity database for binary, ternary, 

quaternary, and quinary w-alkane mixtures to test the model and compare its predictive 

capability with some other literature models. The results showed that the proposed 

technique predicted the data better than the other techniques. Such a pioneering approach 

provides a reliable tool for not only predicting the viscosities of defined hydrocarbon 

systems, but also would provide a very promising method for predicting the viscosities of 

undefined hydrocarbon mixtures.
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Table A.l: Raw Data for the Binary System: Cyclohexane (1) + Ethylbenzene (2)

X, x 2
Viscometer

Number

Density

Meter

Reading

Efflux 

Time (s)

Density

Meter

Reading

Efflux 

Time (s)

Temperature = 293.15 K Temperature = 298.15 K

0.1165 0.8835 25B350 0.731500 448.51 0.730449 421.25

0.1927 0.8073 25B366 0.730226 414.21 0.729170 391.20

0.2965 0.7035 25B365 0.728503 435.52 0.727441 410.97

0.4034 0.5966 25B350 0.726719 467.37 0.725654 440.53

0.5021 0.4979 25B366 0.725075 444.63 0.724001 418.51

0.5952 0.4048 25B365 0.723535 479.19 0.722453 450.40

0.6964 0.3036 25B350 0.721864 530.86 0.720775 498.25

0.7876 0.2124 25B366 0.720382 522.51 0.719282 488.59

0.9118 0.0882 25B365 0.718411 611.91 0.717302 567.85
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Table A.1 (Cont’d): Raw Data for the Binary System: Cyclohexane (1) + Ethylbenzene (2)

X, x 2

Viscometer

Number

Density

Meter

Reading

Efflux 

Time (s)

Density

Meter

Reading

Efflux 

Time (s)

Temperature = 308.15 K Temperature = 313.15 K

0.1165 0.8835 25B350 0.728345 379.41 0.727294 360.98

0.1927 0.8073 25B366 0.727060 352.70 0.726004 334.85

0.2965 0.7035 25B365 0.725318 369.49 0.724255 351.27

0.4034 0.5966 25B350 0.723517 395.55 0.722447 375.78

0.5021 0.4979 25B366 0.721853 374.82 0.720778 355.47

0.5952 0.4048 25B365 0.720290 401.64 0.719207 380.25

0.6964 0.3036 25B350 0.718594 441.49 0.717500 417.3

0.7876 0.2124 25B366 0.717084 430.21 0.715982 405.14

0.9118 0.0882 25B365 0.715074 493.66 0.713959 462.49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



172

Table A.2: Raw Data for the Binary System: Cyclohexane (1) + Toluene (2)

X, x 2

Viscometer

Number

Density

Meter

Reading

Efflux 

Time (s)

Density

Meter

Reading

Efflux 

Time (s)

Temperature = 293.15 K Temperature = 298.15 K

0.0960 0.9040 25B350 0.731547 394.40 0.730452 372.93

0.1961 0.8039 25B366 0.729698 370.29 0.728601 350.14

0.2952 0.7048 25B365 0.727909 393.60 0.726810 372.10

0.3960 0.6040 25B350 0.726143 427.43 0.725043 402.87

0.4872 0.5128 25B366 0.724604 410.62 0.723499 386.24

0.5916 0.4084 25B365 0.722900 451.69 0.721792 424.34

0.6896 0.3104 25B350 0.721375 507.74 0.720265 476.56

0.7886 0.2114 25B366 0.718800 509.58 0.716567 476.37

0.8968 0.1032 25B365 0.718402 595.40 0.717288 553.20
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Table A.2 (Cont’d): Raw Data for the Binary System: Cyclohexane (1) + Toluene (2)

X, x2

Viscometer

Number

Density

Meter

Reading

Efflux 

Time (s)

Density

Meter

Reading

Efflux 

Time (s)

Temperature = 308.15 K Temperature = 313.15 K

0.0960 0.9040 25B350 0.728261 336.02 0.727163 320.05

0.1961 0.8039 25B366 0.726404 315.28 0.725303 303.57

0.2952 0.7048 25B365 0.724610 334.72 0.723510 322.54

0.3960 0.6040 25B350 0.722835 361.91 0.721730 343.91

0.4872 0.5128 25B366 0.721286 346.3 0.720176 328.68

0.5916 0.4084 25B365 0.719575 379.88 0.718463 358.25

0.6896 0.3104 25B350 0.718041 422.2 0.716926 398.56

0.7886 0.2114 25B366 0.716567 419.3 0.715448 394.64

0.8968 0.1032 25B365 0.715050 481.48 0.713929 451.07
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Table A.3: Raw Data for the Binary System: Heptane (1) + Cyclohexane (2)

X, x 2
Viscometer

Number

Density

Meter

Reading

Efflux 

Time (s)

Density

Meter

Reading

Efflux 

Time (s)

Temperature = 293.15 K Temperature = 298.15 K

0.1008 0.8992 25B350 0.704891 620.95 0.703799 601.20

0.2140 0.7860 25B366 0.702322 518.17 0.701243 495.30

0.3027 0.6973 25B365 0.700499 460.3 0.699430 433.00

0.3915 0.6085 25B350 0.698814 463.36 0.697749 435.83

0.4864 0.5136 25B366 0.697125 438.54 0.696066 413.28

0.5875 0.4125 25B365 0.695454 396.15 0.694400 372.74

0.6977 0.3023 25B350 0.693750 365.58 0.692703 341.92

0.7813 0.2187 25B366 0.692535 375.15 0.691492 357.00

0.9063 0.0937 25B365 0.690832 353.14 0.689794 340.20
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Table A.3 (Cont’d): Raw Data for the Binary System: Heptane (1) + Cyclohexane (2)

X, x2
Viscometer

Number

Density

Meter

Reading

Efflux 

Time (s)

Density

Meter

Reading

Efflux 

Time (s)

Temperature = 308.15 K Temperature = 313.15 K

0.1008 0.8992 25B350 0.701607 503.02 0.700507 471.48

0.2140 0.7860 25B366 0.699077 427.73 0.697989 403.21

0.3027 0.6973 25B365 0.697279 384.71 0.696200 363.75

0.3915 0.6085 25B350 0.695614 388.18 0.694540 368.07

0.4864 0.5136 25B366 0.693946 370.77 0.692880 352.29

0.5875 0.4125 25B365 0.692289 335.68 0.691230 319.84

0.6977 0.3023 25B350 0.690603 308.78 0.689548 294.5

0.7813 0.2187 25B366 0.689399 323.8 0.688355 309.19

0.9063 0.0937 25B365 0.687712 306.32 0.686664 292.96
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Table A.4: Raw Data for the Binary System: Heptane (1) + Ethylbenzene (2)

X, x2
Viscometer

Number

Density

Meter

Reading

Efflux 

Time (s)

Density

Meter

Reading

Efflux 

Time (s)

Temperature = 293.15 K Temperature = 298.15 K

0.1151 0.8849 25B350 0.728851 417.75 0.727803 396.68

0.2217 0.7783 25B366 0.725371 370.67 0.724328 351.94

0.2997 0.7003 25B365 0.721866 369.77 0.720819 351.74

0.3878 0.6122 25B350 0.718790 375.5 0.717745 358.2

0.4805 0.5195 25B366 0.715593 337.5 0.714525 322.36

0.5896 0.4104 25B365 0.711904 342.28 0.710859 326.36

0.6895 0.3105 25B350 0.708673 352.84 0.707626 336.55

0.7993 0.2007 25B366 0.705229 320.8 0.704184 306.36

0.8731 0.1269 25B365 0.702977 330.67 0.701931 315.57
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Table A.4 (Cont’d): Raw Data for the Binary System: Heptane (1) + Ethylbenzene (2)

X, x2
Viscometer

Number

Density

Meter

Reading

Efflux 

Time (s)

Density

Meter

Reading

Efflux 

Time (s)

Temperature = 308.15 K Temperature = 313.15 K

0.1151 0.8849 25B350 0.725710 358.52 0.724664 341.67

0.2217 0.7783 25B366 0.722235 318.97 0.721188 304.19

0.2997 0.7003 25B365 0.718727 319.13 0.717678 304.87

0.3878 0.6122 25B350 0.715650 325.61 0.714601 311.34

0.4805 0.5195 25B366 0.712430 293.53 0.711378 280.67

0.5896 0.4104 25B365 0.708765 297.39 0.707715 284.73

0.6895 0.3105 25B350 0.705531 307.7 0.704477 293.92

0.7993 0.2007 25B366 0.702085 279.64 0.701030 267.69

0.8731 0.1269 25B365 0.699834 288.9 0.698782 275.78
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Table A.5: Raw Data for the Binary System: Heptane (1) + Octane (2)

X, x 2

Viscometer

Number

Density

Meter

Reading

Efflux 

Time (s)

Density

Meter

Reading

Efflux 

Time (s)

Temperature = 293.15 K Temperature = 298.15 K

0.1141 0.8859 25B350 0.692780 426.84 0.691780 404.49

0.2198 0.7802 25B366 0.692441 420.65 0.691439 398.84

0.2916 0.7084 25B365 0.692200 408.37 0.691196 387.80

0.3867 0.6133 25B350 0.691887 402.67 0.690877 382.72

0.4751 0.5249 25B366 0.691573 378.18 0.690562 359.72

0.5820 0.4180 25B365 0.691209 355.74 0.690189 338.15

0.6794 0.3206 25B350 0.690851 372.12 0.689828 355.23

0.7798 0.2202 25B366 0.688148 335.28 0.687123 320.12

0.9042 0.0958 25B365 0.688534 337.85 0.687516 321.83
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Table A.5 (Cont’d): Raw Data for the Binary System: Heptane (1) + Octane (2)

X, x 2

Viscometer

Number

Density

Meter

Reading

Efflux 

Time (s)

Density

Meter

Reading

Efflux 

Time (s)

Temperature = 308.15 K Temperature = 313.15 K

0.1141 0.8859 25B350 0.689783 365.27 0.688779 347.99

0.2198 0.7802 25B366 0.689429 360.52 0.688418 343.64

0.2916 0.7084 25B365 0.689184 350.8 0.688170 334.57

0.3867 0.6133 25B350 0.688852 346.53 0.687835 330.68

0.4751 0.5249 25B366 0.688534 325.65 0.687516 310.65

0.5820 0.4180 25B365 0.688148 306.62 0.687123 292.84

0.6794 0.3206 25B350 0.687777 322.96 0.686745 308.74

0.7798 0.2202 25B366 0.687394 291.43 0.686361 278.73

0.9042 0.0958 25B365 0.687015 293.26 0.685972 280.58
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