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Empirical and Semi-theoretical Methods for Predicting
the Viscosity of Binary n-Alkane Mixtures'

H. G. Yucel?

In this study, empirical and semi-theoretical methods for predicting the vis-
cosity of binary mixtures of m-alkanes are presented at atmospheric pres-
sure and in the temperature range from 288 to 333K. In the empirical
viscosity calculation method, a modified version of the Andrade equation
and a simple mixture rule are used. The proposed semi-theoretical method
employs both the Enskog’s hard-sphere theory for dense fluids and the prin-
ciple of corresponding states. The viscosities of binary mixtures of n-heptane
with n-hexane and n-nonane covering different compositions were calculated
using these methods which require only critical properties and the normal
boiling point as input data. The predictions were compared with accurate
experimental data in the literature. Highly satisfactory results were obtained.
The percent average absolute deviations amount to 1.2 and 0.9% utilizing
the empirical and semi-theoretical viscosity methods, respectively, for 27 data
points.

KEY WORDS: binary n-alkane mixtures; empirical viscosity calculation
method; hydrocarbons; semi-theoretical viscosity prediction method; viscosity.

1. INTRODUCTION

Viscosity data of pure organic liquids and their mixtures are indispensable
for process design in petrochemical and chemical industries. Unfortunately,
reliable data on this important physical property are not abundant due
to several experimental difficulties in its measurement [1-6]. However,
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several empirical, semi-theoretical, and theoretical models for predicting
the viscosity of pure components and mixtures are available in the liter-
ature as described in several excellent reviews [7-9].

All of the viscosity methods of hydrocarbon mixtures use mixing rules.
The mixture rules were used extensively by the well known McAllister, Tham
and Gubbins, Mo and Gubbins, Grunberg Nissan, and Di-Pippo methods
[7, 8-10]. Empirical viscosity methods use mixing rules and/or parameters
correlated with mixture ratio—viscosity, pressure—viscosity, or temperature—
viscosity equations [7, 11-16]. Semi-theoretical models have a sound the-
oretical background, but the parameters are obtained from experimental
data. Semi-theoretical models use one of the following theories: the principle
of corresponding states, statistical mechanics model, reaction rate theory,
square well theory, Lennard-Jones, hard-sphere theory, or their modifica-
tions [8, 9]. Ely and Hanley [17] suggested the extended corresponding states
approach. Other similar methods of viscosity predictions are available in the
literature [18-20]. Assael et al. [4, 5] applied Dymond’s approach to the En-
skog hard-sphere theory. Another of their studies were based on the hard-
sphere theory of Dymond—Assael [10, 21-22].

Our prediction methods for viscosity are based on empirical and
semi-theoretical methods. The proposed empirical method employs a mod-
ified version of the Andrade equation [11-16, 23, 24, 26] to predict vis-
cosities of binary n-alkane mixtures. The semi-theoretical method has a
sound theoretical background. This method requires minimum and eas-
ily obtainable data as input. The proposed semi-theoretical method, based
on both the Enskog’s hard-sphere theory for dense fluids and the prin-
ciple of corresponding states, was successfully applied for predicting the
viscosity and thermal conductivity of pure organic liquids. In our previ-
ous studies, we considered viscosities of pure organic liquids (Cs—C»g) and
light petroleum fractions (Cs—Cjs). The average absolute deviations were
2% for 75 pure hydrocarbon and 42 petroleum fractions. Details are pre-
sented elsewhere [24-27]. The viscosity measurements of binary n-alkane
mixtures were performed with the vibrating-wire instrument by Assael
et al. [4, 5]. The uncertainty of the viscosity data was estimated to
be £0.5%. In this work, predicted viscosities of binary n-alkane mix-
tures would be compared with the accurate experimental measurements
mentioned above.

2. EMPIRICAL AND SEMI-THEORETICAL METHODS

In this study, empirical and semi-theoretical methods are presented
for predicting the viscosity of binary mixtures of n-heptane with n-hexane
and n-nonane at four different compositions and temperatures.
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2.1. Empirical Viscosity Method

In this work, the viscosity of mixture was calculated via the following
equation:

77mix=2xi77i (1

The critical properties (7¢,P.), the molar mass (M), and the normal boil-
ing point (7},) were calculated according to simple combination rules.

To=>) xiTu 2
Pe= xiPe ©)
M=Y"x;M; (4)
To=) x;Ty %)

x; is the mass fraction for component i. Here, the empirical viscosity
method, developed for binary n-alkane mixtures and based on the And-
rade [11] equation utilizing 7 and n* instead of 7 and 7, respectively, is
used.

lognx=—A+B/T; (6)

n* is the reduced dynamic viscosity, converted to the dynamic viscosity via
the following equation:

—1/6 —2/3
n=nxT M 2p;% €

where T; is the reduced temperature, 7/7¢. The parameters 4 and B were
calculated for 75 organic liquids separately using as many experimental
viscosity-temperature data points as available. Details are presented else-
where [26].
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2.2. Semi-Theoretical Viscosity Method

The semi-theoretical method based on Enskog’s hard-sphere theory
for dense fluids and the principle of corresponding states was proposed
and successfully applied for predicting the viscosity of pure organic liquids
and petroleum fractions. Details of the methodology are presented else-
where [24-27].

This work is based on the following model for the dynamic viscos-
ity of liquids: at a given reduced temperature and pressure, the reduced
dynamic viscosity n* can be calculated by adding a correction term
to the reduced dynamic viscosity of a simple monatomic liquid at the
same reduced conditions. At low and moderate pressures, the effect of
pressure on the liquid dynamic viscosity can be neglected. According
to the proposed method [24-27], the reduced dynamic viscosity of lig-
uid mixtures (n*) at a given reduced temperature (7;) and 0.1 MPa,
can be calculated by adding a correction term (n*;) to the reduced
dynamic viscosity term of pure organic liquids (n*y,). n*is determined as
follows:

nx (T, 0) = nm * (Ty) +n *¢ (Tt, 0) ®)

where n*; is the reduced dynamic viscosity of a monatomic liquid and
n*p 1s a correction term which employs the 6 parameter. 6 was selected as
the best choice for all organic liquid groups where 6 is the reduced tem-
perature at the normal boiling point. 6 is calculated for mixtures as fol-

lows:
0= xiToi/ Y xiTe )
In our work, n*pwas determined for n-alkanes;
nmk=1072[6.799 — 8.760T; +2.816T 2] (10)

Although it is developed for n-alkanes, Eq. (10) proved to be satisfactory
for other kinds of organic liquids and their mixtures as well. The n*; (T,
0) function was determined for alkanes according to the following equa-
tions:

0 (T, 0) =} (Tn! (0) (11)

¢ (Ty, 0) =0.02717,7>28[=130.5 4 720.50 — 132962 4+ 825.16°]  (12)

The reduced dynamic viscosity (n*) of pure organic liquids is calcu-
lated using Egs. (8)-(12). The reduced dynamic viscosity is converted
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to the dynamic viscosity via Eq. (7). Finally, the dynamic viscosity of
binary n-alkane mixtures is determined according to Eq. (1). In this
work, predicted viscosities of binary n-alkane mixtures were compared
with accurate experimental data measured by Assael et al. [4]. The per-
cent average absolute deviations were obtained by the following equa-
tion:

100 <l |77‘calc_77i exp|
AAD (%) =— E e el 13
R ( Misexp ) (1

i=1

3. RESULTS

Table I summarizes the calculated average absolute deviations with
empirical and semi-theoretical methods. The average absolute deviations
were 1.25 and 0.87%, respectively, for 27 data points. Figure 1 shows com-
parisons of the calculated viscosity values of mixtures using the empirical
method with experimental viscosity values. Figure 2 shows comparisons
for n-alkane mixtures for the calculated viscosities using the semi-theoret-
ical method with experimental viscosities.

The empirical viscosity results from this study are as accurate as the
other empirical methods covered in Table II. Table III summarizes the
average deviations of selected organic liquid mixture viscosities according
to several semi-theoretical methods. When compared with others published
recently, the proposed empirical and semi-theoretical viscosity correlations
yield highly satisfactory results for mixtures.

4. CONCLUSION

In conclusion, for predicting viscosities of binary n-alkane liquid mixtures
over a wide temperature range at atmospheric pressure, the correlations
developed in this study have some advantages over other such correla-
tions. Utilization of both the principle of corresponding states and En-
skog’s hard-sphere theory for dense fluids has led to practical and accurate
viscosity predictions for mixtures.
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Fig. 2. Comparison of the calculated semi-theoretical viscosity
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