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Viscosity Prediction for Natural Gas Mixtures'

Z. Shan,?> R. T Jacobsen,>* and S. G. Penoncello?

The viscosity of multicomponent natural gas-mixtures containing hydrocarbons
(C1 through C7) is predicted by modifying a previously published dilute-gas
viscosity model and extending its applicability to a wide range of temperature
and pressure conditions including liquid and gas states. Nitrogen, oxygen,
carbon dioxide, and helium are also included among components of mixtures
for which published viscosity data are available. The approach takes advantage
of currently available formulations and models for the density and viscosity of
pure fluid constituents of natural gases. The predicted viscosity is compared
with available data in both gas and liquid regions. Comparisons of calculated
values to the available measurements of viscosity of natural gas mixtures and of
binary, ternary, and quaternary mixtures of constituent fluids are summarized
to illustrate the accuracy of the predicted values.

KEY WORDS: natural gas; prediction; viscosity.

1. INTRODUCTION

This paper reports a new development in a series of studies of comprehen-
sive models for transport properties of pure fluids and mixtures covering a
wide range of fluid states. The motivation for this study is the need for a
model for transport properties to serve as a companion to the generalized
mixture model for equilibrium thermodynamic properties reported by
Lemmon and Jacobsen [1]. The ultimate goal is a versatile package of
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computer programs capable of calculating all fluid properties of interest to
the design engineer over a wide range of temperatures and pressures includ-
ing liquid and gas states. The application to natural gas mixtures has been
stimulated by the continued increasing demand for natural gas as an
energy resource.

One-fluid corresponding-states methods are most often used to estimate
the viscosity of natural gases. Among the generally accepted methods,
reduced viscosity charts [2] have been used by natural gas engineers for
several decades. On these charts, the ratio of the viscosity of natural gas
to its viscosity at the same temperature and at 1 atm is related to the
pseudo-reduced temperature and pseudo-reduced pressure of the mixture.
The viscosity of gas mixtures at low pressures is obtained from the viscosity
of the constituent pure fluids by applying mixing rules. The format of
generalized charts is not compatible with modern computer process design
and analysis. The Herning and Zipperer [ 3] mixture viscosity equation has
long been used for dilute gas mixture viscosity. The extended correspond-
ing states (ECS) method [4] assumes the viscosity of a mixture can be
treated as that of a pseudo-pure fluid corresponding to a specified state of
a selected reference fluid. Shape factors are introduced to modify the
behavior of the fluid at the reduced states of the mixture and reference
fluid. The ECS method has been used for hydrocarbons and has been
extended to polar refrigerant mixtures. Other attempts to predict the
mixture viscosity over wide ranges of conditions include using equations of
state to represent the viscosity of mixtures.

In contrast to the one-fluid corresponding-states methods, this paper
reports a method for viscosity prediction for natural gases and constituent
mixtures based on the viscosity of the pure components. The dilute-gas
viscosity equation of Herning and Zipperer [ 3] has been extended to wide
temperature and pressure ranges. The viscosity of a mixture is obtained by
using the equation of Herning and Zipperer [ 3] with the viscosity of con-
stituent pure fluids at states corresponding to the mixture temperature and
pressure. Formulations for the viscosity and density of the pure fluid con-
stituents are required. Published equations of state for pure fluids are used
in this work to calculate the density of the pure fluids at the corresponding
temperature and pressure as defined in the following section. Published
formulations from the literature are used for the viscosity of pure methane,
ethane, propane, carbon dioxide, nitrogen, helium, and oxygen. The viscosities
of pure n-butane, isobutane, pentane, hexane, and heptane are estimated
using a two-reference fluid corresponding-states method given by Teja and
Rice [5]. The predicted viscosity for natural gases and constituent mixtures
is compared with available experimental data in both gas and liquid
regions to confirm the accuracy of the calculated values.
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A summary of comparisons of viscosity calculated using our approach
to available data sets is given. A brief analysis of the experimental viscosity
data for natural gas is also included.

2. VISCOSITY PREDICTION FOR NATURAL GASES AND
CONSTITUENT MIXTURES

2.1. Viscosity Model for Natural Gases and Constituent
Mixtures

Herning and Zipperer [3] proposed the following relation for the
viscosity of a gaseous mixture at low pressure:

’702 ?:lxi;/]?\/ M; (1)
" i1 Xi/ M,

where 72 is the viscosity of a gaseous mixture at low pressure, 7° is the
viscosity of component i at the pressure and temperature of the mixture,
and x; and M, are the mole fraction and molar mass, respectively, of com-
ponent i. Equation (1) has been used for viscosity estimation for natural
gases at atmospheric pressure by various authors including Carr et al. [6]
and Lohrenz et al. [7].

In the present work we extend this simple model to all temperature
and pressure ranges of natural gases for which viscosity data are available
from the literature. The viscosity of a natural gas at any temperature and
pressure is expressed as

2o Xi(T7 pi™) /M,
21X/ M,;

where #,,(T, P) is the mixture viscosity at temperature 7 and pressure P,
and #,(T$°, p$°) is the viscosity of pure component i at corresponding
temperature 7" and corresponding density p$°*. The corresponding tem-
perature 75, corresponding density p;°, and corresponding pressure P 7

13
are given as follows:

Nl T, P) = (2)

T?OIZTTc,i/Tc,m (3)
p5T = pT%, PE%E) (4)
P;:or:PPc,i/Pc,m (5)

where T, and P, ; are the critical temperature and critical pressure of

component i, and T, , and P, are the pseudo-critical temperature and
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pseudo-critical pressure of the mixture, which are obtained using the
mixing rules given by Teja and Thurner [8].

To obtain the mixture viscosity at any temperature and any pressure,
we first calculate the corresponding density p$° using an equation of state
for each pure component i. Then we use the individual viscosity representa-
tion for each pure fluid to obtain the viscosity of that fluid at the corre-
sponding temperature 7¢°" and corresponding density p$°*. The mixture

viscosity is then calculated using Eq. (2).

2.2. Density and Viscosity Formulations for Pure Components

For most pure components in natural gases, equations for the viscosity
dependence on density and temperature, and the density dependence on
temperature and pressure, are available in the literature. Table I lists the
sources of the formulations used for calculating the density and the viscosity
of pure fluids. Table II gives the statistical analysis of the viscosity repre-
sentations for the pure fluids compared to available viscosity data. Table II
shows that the viscosity formulations for the principal components in
natural gases, e.g., methane, ethane, propane, and nitrogen exhibit absolute
average deviations between 1 and 5 percent of measured values. The maxi-
mum deviations are as large as + 10 percent for some fluids. These values
are included here to illustrate the estimated accuracy of each pure fluid
correlation, and to establish a basis for estimating the accuracy of the
mixture correlation.

3. COMPARISON OF PREDICTED MIXTURE VISCOSITY
WITH DATA

3.1. Viscosity Data from the Literature

There is a paucity of viscosity data available for natural gases in the
recent literature. The compositions of the associated natural gases are listed
in Table III, as well as the compositions of other multicomponent mixtures.
The ranges of pressure, density, temperature, and viscosity for these
systems are listed in Table IV. Data on the viscosity of binary mixtures
have also been collected from the literature. The data ranges for the binary
systems are given in Table V, along with the results of viscosity predictions.

3.2. Comparison Results

The predicted mixture viscosities have been compared with literature
data. Tables IV and V show the statistical analysis of the comparisons
using the following parameters:
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% Dev = 100 <’7EXP_’7Pr6d> (6)
77Exp
1 n
AAD== Y |%Dev,| (7)
noi
. 1 2
B1as=; Z (%Dev;) (8)
Tz .
SD = 1 Y (%Dev,— Bias) (9)
n—1,1
1 " )
RMS = - Y (%Dev)) (10)
n—1;-4
MaxDev = max{|%Dev,|} (11)

where 7g,;, is the experimental viscosity and #p,q is the predicted viscosity.

Details of the available viscosity measurements including the estimated
accuracy are given in the references listed in Tables IV and V and are not
repeated here. These data are represented generally within an AAD of
0.2-5.4% with maximum deviations of +9.5%. These appear to be consis-
tent with the accuracies of the pure fluid representations given in Table II.
While we are aware that recent developments in kinetic theory have
resulted in a number of methods superior in accuracy to this approach,
particularly for moderate and high pressures, we have used this model to
establish a baseline for further analysis both of the experimental data and
of the model. The accuracy of this model for the calculation of viscosity of
hydrocarbon mixtures at low to moderate pressures is comparable to that
of other models available in the literature. We also recognize that the
current model does not include binary interaction parameters to account
for the presence of carbon dioxide and nitrogen. The comparisons in Tables
IV and V indicate that the uncertainties of calculated viscosities of mixtures
containing carbon dioxide and nitrogen are larger than those of other
mixtures. These deviations for mixture viscosity may be caused by the
relative simplicity of the model and its inability to represent the complex
behavior of these mixtures. However, the relatively large deviations of
calculated viscosities for pure carbon dioxide from experimental values, as
listed in Table II, are also a probable cause of inaccuracies in the calculated
viscosity for mixtures containing carbon dioxide.
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