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High-Pressure (up to 140 MPa) Dynamic Viscosity of
the Methane + Decane System

X. Canet,' A. Baylaucq,' and C. Boned':>
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The dynamic viscosity of n-decane and methane mixtures containing 31.24,
48.67, 60.00, 75.66 and 95.75% (mol%) of methane has been measured using a
falling-body viscometer. The measurements (295 data points) have been per-
formed in the temperature range 293.15 to 373.15K and at pressures up to
140 MPa for viscosity. The data have been used to calculate the excess activa-
tion energy of viscous flow using a mixing law. Moreover, a self-referencing
model, previously developed in the laboratory, gives an average absolute devia-
tion of the viscosity of about 3% with a maximum deviation of 16%.
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1. INTRODUCTION

It is well known that the dynamic viscosity # of fluids is of great interest in
various research areas both applied and fundamental. A large number of
results are dedicated to the variation of # versus temperature, chemical
species, and composition for mixtures, but many of them are carried out
only at atmospheric pressure. Experimental studies as a function of pres-
sure are less frequent, although their number is increasing. Moreover,
recently, some models with a more or less physical basis have been
proposed. It is necessary to provide reliable input data for the development
of general valid models for the quantitative prediction of viscosity and
also to enhance an understanding from the point of view of physical inter-
pretation. An interesting aspect concerns hydrocarbon mixtures. From
an industrial perspective, the application is obvious (for example, the oil
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industry) and from a fundamental viewpoint, the data can be used in order
to test models for complex systems.

A review of the literature shows that there are few studies on binary
systems containing methane, which is generally combined with another
light hydrocarbon or gas such as hydrogen or carbon dioxide. Besides,
most of the measurements have been made at pressures lower than 50 MPa
(see Refs. 1-8, for example). However, the methane+ propane system has
been studied up to 55 MPa [9]. Results can also be found on the methane +
decane binary, but comparisons of the results of Knapstad et al. [10] and
Lee et al. [11] show differences of about 40%.

A three-year research program, supported by the European Commis-
sion, had the aim of filling this gap of data. Recently, in the framework of
this program, the methane + methylcyclohexane system has been studied up
to 140 MPa [12] but in a narrow composition range, near pure methane.
In this work, we have chosen to study the methane+ decane system, as
a function of pressure, temperature, and composition for several reasons.
The first is to have reliable data on this particular system, the second is
fundamental in nature as the data can be used to test models for systems
that are quite asymmetric (because methane and decane have two very dif-
ferent molecule conformations), and the last concerns mixtures containing
a gas like methane, such as found in the petroleum industry.

2. EXPERIMENTAL TECHNIQUES

2.1. Apparatus

The dynamic viscosity # has been determined with the aid of a spe-
cially designed isobaric transfer falling-body viscometer, details of which
are provided in Ref. 13. In this apparatus, a stainless-steel cylinder falls
through a fluid of unknown viscosity under selected conditions of temper-
ature and pressure. The viscosity is a function of the falling time, of the
density of both the cylinder and the fluid, and involves constants deter-
mined by calibrating the viscometer with substances of known viscosity and
density (decane, toluene, propane, and hexane). Moreover methane has
been used as calibration substance for the sample containing 95.75% (mole)
of methane. We used in that case the Younglove and Ely database [14].
Each measurement of the falling time was repeated six times at thermal and
mechanical equilibrium, and they are reproducible to better than 1%. The
final value is an average of these measurements. Values of the density p for
pressures between 0.1 and 65 MPa were measured with an Anton-Paar
DMAG60 resonance densimeter combined with an additional 512P high
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pressure cell. Details of the calibration of this type of apparatus, with
vacuum and water as reference fluids, have been described in Ref. 15.

The density measurements were extrapolated up to 140 MPa according
to the procedure described in Ref. 16, using a Tait-like relationship for the
variation of the density with pressure. The validity of this method is dis-
cussed in Refs. 16 and 17, which has been tested with values provided by
Dymond [18] for pure alkanes and binary mixtures up to 500 MPa. For
example, for isooctane at 7 =348.15 K, using two parameters adjusted
only with density values for pressures lower than or equal to 40 MPa,
a small difference of —0.4 kg-m > (i.e., —0.06%) between experimental and
calculated values at 105.2 MPa is obtained, and the error is only —0.08%
at 202.5 MPa which is higher than our upper pressure limit of viscosity
measurements. The maximum error [17] is —0.13% at 79.8 MPa. Also, in
Section 3 the extrapolated values are compared with corresponding values
estimated with an equation of state and the comparison shows good
agreement between the values.

For the viscosity measurements, the uncertainty in the temperature
was estimated to be +0.5 K and for the density measurements, the uncer-
tainty in the temperature was estimated to be +0.05 K. The uncertainty in
the pressure was estimated to be +0.05 MPa for the density measurements
(HBM manometer) and +0.1 MPa for the viscosity measurements (HBM
P3M manometer). The overall uncertainty in the reported density values is
less than 1 kg-m 3, while the uncertainty in the viscosity [13] is approxi-
mately 3% except at very low viscosities. For a viscosity of less than
0.07 mPa-s one can consider that the absolute uncertainty is approximately
0.002 mPa-s independent of the magnitude of the viscosity. Besides, for the
composition close to pure methane (mole fraction of methane x = 0.9575)
the accuracy is linked to the accuracy of the pure methane data used for
the calibration.

2.2. Preparation of Samples and Experimental Procedures

The substances used are commercially available chemicals with the
following purity levels: methane (CH,: AGA Scientifique 5.5, Purity >
99.9995%, molar mass M = 16.04 g-mol ') and n-decane (C,,H,,: Sigma-
Aldrich, purity > 99.9%, molar mass M = 142.28 g-mol ™). The mixtures
were prepared by very careful weighing (with a Mettler balance) in a high
pressure reservoir cell, following the procedure described in Ref. 17, to
obtain methane mole fractions x =0.3124, 0.4867, 0.6000, 0.7566, and
0.9575. The samples containing 75.66, 60.00, and 31.24 mol% of methane
were provided by TotalFinaElf and prepared very precisely using a
mercury cell in liquid nitrogen in order to do some comparisons with
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literature data. The phase diagram of the methane+decane system has
been given in Ref. 19, and we carried out the measurements in a
monophasic dense state according to this diagram, at least 10 MPa above
the saturation pressure.

The transfer of the sample from the preparation cell to the viscometer
has been carried out at high pressure (40 MPa). Measurements of viscosity
n and density p were carried out from 293.15 to 373.15 K in steps of 20 K.
Measurements of viscosity were made up to 140 MPa in steps of 20 MPa,
from the following lowest pressure (compatible with the phase diagram):
20 MPa for x = 0.3124, 30 MPa for x = 0.4867 and 0.6000, and 40 MPa for
x =0.7566 and 0.9575. Measurements of density were carried out in steps
of 5 MPa, up to 60 MPa from 20 MPa for x=0.3124, 25 MPa for
x = 0.4867 and 0.6000, 35 MPa for x = 0.7566, and 40 MPa for x = 0.9575.
A total of 295 experimental points was measured for viscosity, and 175
experimental points for density. Finally, 200 density values were extrapolated
to pressures above 60 MPa, up to 140 MPa.

3. EXPERIMENTAL RESULTS

The results are presented in Tables I to V. Figure 1 shows the surface
n(P,T) at x =0.7566 of methane. The variations of # and p with pressure
and temperature are smooth. For each composition both the viscosity and
density increase with pressure and decrease with temperature. Figure 2
shows the variations of density with composition at 7' =333.15K for
several pressures, and Fig. 3 shows the variation of viscosity at the same
conditions. Since we have used the methane values of Younglove and Ely
[14] (2% uncertainty in our pressure and temperature ranges), and the
decane values of Oliveira and Wakeham [20] (0.5% uncertainty), for cali-
bration of the experimental device, we show these values on Figs. 2 and 3.

Figure 4 shows comparisons at 293.15K and 30 MPa between our
values and those of Knapstad et al. [10] as a function of composition.
Other comparisons can be seen in Ref. 17. The comparison has always been
satisfactory in the small pressure range (P <40 MPa) corresponding to
Ref. 10. Moreover, at the beginning of the European project a cross-check
has been made for x =0.6 between our data (T’=373.15 K) and those
measured by the Department of Petroleum Engineering at Heriot Watt
University (Edinburgh/Scotland) [21] (T =377.55 K), and the Institut
Frangais du Petrole laboratory (France) [22, 23] (T’ = 377.15 K). As our
temperature is 4 K lower than the other laboratories, our viscosity values
should be a little higher. Consequently, we extrapolated our values up to
377.15K, and Fig. 5 shows the comparison up to 140 MPa. The compari-
son is still satisfactory. It is important to mention here that for Ref. 10 the
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Fig. 1. Surface #(P, T) at Xppane = 0.7566.
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Fig. 2. Variations of density with composition at 7= 333.15K for several pressures. Pure
methane data are taken from Ref. 14 and pure decane data from Ref. 20, possibly inter-
polated.
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Fig. 3. Variations of viscosity with composition at 7' = 333.15 K for several pressures. Pure
methane data are taken from Ref. 14 and pure decane data from Ref. 20, possibly inter-
polated.
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Fig. 4. Variations of viscosity with composition at 7=293.15K and P=30 MPa.
Comparison between our values (@) and those of Knapstad et al. [10] (©®).
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Fig. 5. Variations of viscosity with pressure for Xy = 0.6 near T =373.15 K. Com-
parison between our values, Heriot Watt University values [21], and those of Institut
Frangais du Petrole [22, 23].
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Fig. 6. Variations of viscosity with composition Xy near 7’=373.15K at P=70

MPa. Comparison between our values and the Lee et al. values [11]. Pure methane data
are taken from Ref. 14 and pure decane data from Ref. 20, possibly interpolated.
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Fig. 7. (a) Variations of AG® with composition and pressure at T = 333.15 K.
(b) Variations of 4G* with composition and temperature at P = 100 MPa.
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authors used an oscillation vessel viscometer (1% uncertainty at 293.15K
for pure decane to 4% uncertainty at 423.15 K for the mixture with the
maximum content of methane x =0.847). For Refs. 21 to 23 they used
a capillary viscometer (2% uncertainty). Finally, Fig. 6 shows, at 70 MPa
and T ~ 377 K, comparisons between the new results and Lee et al. values
[11]. Data for x =0 and x =1 can be found in Refs. 14 and 20. It seems
that there has been an overestimation of the viscosity of this binary as has
already been noted by Knapstad et al. [ 10] at lower pressures.

The experimental density values have been compared with those gen-
erated by the Lee and Kesler [24] equation of state using the coefficients
recommended by Mufioz and Ricardo [25], and using the mixing rules
proposed by either Spencer and Danner [26] or by Joffe [27] for the mix-
tures. The average absolute deviation between our results (including the
extrapolated values with the Tait-like equation) and the calculated values
from the equation of state is for both cases very close, about 3.3%, with a
maximum deviation of 19.5% using the first mixing rule (in some sense,
this result invalidates this mixing rule, at least, for this binary system) and
7.3% with the second one (both at x =0.9575). The influence on the
dynamic viscosity (calculating the viscosity with the experimental falling
times and the calculated densities) is less than 1%.

Finally, from the experimental values of viscosity it is possible to
evaluate simply the excess activation energy of viscous flow AG® defined
as In(gV) = x In(ne;Ve) + (1 —x) In(ne1oVero) + AGE/(RT) where R is the
universal gas constant, x is the mole fraction of methane, and V' =M /p
is the molar volume (for the mixture the molar mass is M =xM, +
(1—x) M¢y,). This well known relationship is theoretically justified by
Eyring’s representation of the dynamic viscosity of a fluid. Figure 7(a)
shows variations of AG* with mole fraction x and pressure Pat T = 333.15K,
and Fig. 7(b) shows AG* at P =100 MPa versus x and temperature. The
values of AG* at the maxima are important, and their positive values cor-
respond to attractive interactions. The interested reader can find examples
of variations of AG* with pressure, temperature, and composition for the
very associative systems water + diacetone alcohol and water + 2-propanol
in Refs. 28 and 29. For the water+diacetone alcohol system, 4G can
reach 5000 J-mol~, and for the water +2-propanol system, AG* can reach
3000 J-mol !, like in the case of the methane + decane mixture.

4. VISCOSITY MODELING

Taking into account the behavior of AG* which seems to indicate
attractive interactions, this system is consequently nonideal. Therefore, this
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system appears to be a good test system to evaluate the predictive perfor-
mances of various representative models. In the following, two models with
different semiempirical basis (mixing rules, self-referencing method) will be
considered. In the equations below, 7., is the experimental value of viscos-
ity and #,, is the value calculated using the considered model. For the
entire set of data considered, we define the following quantities:

Deviation = 100(1 —#¢q1 /exp)

Absolute deviation = |Deviation|

These quantities are expressed as percentages. For all the points
considered we define the three following characteristic quantities:

- 1 a o
Average Absolute Deviation = AAD =— > Absolute deviation(i)
b i=1
Maximum deviation = MxD = MAX(Absolute deviation(i))
i=N,
Average deviation = Bias=— )’ Deviation(i)
b i=1

Finally MxD characterizes the maximum deviation produced by the model.

4.1. Mixing Rules

In a study of predictive models for mixtures it is essential to consider
the use of various mixing rules. There are many such rules, and it is not the
purpose of this study to do an extensive survey of them. We will focus only
on two very well known and widely used without any adjustable param-
eters so that they can be considered as predictive. For pure methane and
decane we have used in the following equations the methane values of
Younglove and Ely [14] (2% uncertainty for viscosity in our pressure and
temperature ranges), and the decane values of Oliveira and Wakeham [20]
(0.5% uncertainty for viscosity), possibly interpolated. The first mixing rule
has been proposed by Grunberg and Nissan (GN) [30]:

In(n) = x In(77¢1) + (1= x) In(c10) (M

We obtained for the mixture AAD =45.6% , Bias =45.6%, and MxD =
64.9% (at x = 0.7566). The second mixing rule has been proposed by Katti
and Chaudhri (KC) [31]:

In(nV') = x In(nc,Ver) + (1 —x) In(mc10Ver0) 2
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This equation corresponds to the case AG® =0, and it is considered in a
certain sense to be representative of the viscosity of ‘““ideal” mixtures. We
obtained for our system with this equation AAD =49.8%, Bias =49.8%,
and MxD = 71.9% (at x = 0.7566).

These results are not acceptable because this system is not an ideal one
and the GN and KC rules do not take into account the interactions in the
system. In many cases adjustable parameters are then introduced but the
mixing rules lose their predictive feature.

4.2. The Self-Referencing Method

The self-referencing model [32] has been developed in our laboratory
in order to model the viscous behavior of petroleum cuts where their
complex composition is difficult to handle. For this kind of fluids, it is dif-
ficult to use equations based on physical properties such as molar mass,
critical parameters or acentric factor since, for a mixture, they have to be
known for each of the components. The formulation has the advantage of
only requiring one experimental determination at one pressure P, and one
temperature 7. This is the reason why this method is referred to as a self-
referencing model. The method involves neither molar mass nor any other
physical properties (including critical parameters). It can similarly be
applied without restriction to pure substances, synthetic mixtures and even
chemically very rich systems such as petroleum cuts for which the method
was originally developed. The method involves nine coefficients (a, b,..., )
originally determined by numerical analysis on a database containing linear
alkanes and alkylbenzenes. On the basis of knowledge of the values of
these coefficients, the method can be used directly without further adjust-
ment, and for this reason, it may be considered that it is general and
predictive. The formulation of this method is as follows:

np,T)y\ . (P—-Py)
o <n(Po,1?>)>_(ay Thy+e) ln<1+dy2+ey+f>
, /11
+(gJ’0+hJ/0+l)<f_7_z)> 3)

where y =y, +(gyi+hy,+i)(1/T—1/T,) and y, =In[5(P,, Ty)]. In this
equation P is in MPa, T and T in K, and #(P,, T;) in mPa-s. We have 295
experimental data for viscosity, from which we take one reference point for
each composition, i.e., the viscosity value at the lower pressure and at the
reference temperature 7; = 293.15 K. Therefore, we have 290 points in total
for viscosity calculation.
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First, we applied the model using the coefficients adjusted by Kanti
et al. [32] on linear alkanes and alkylbenzenes. The overall results on all
the 290 data (the five reference points are excluded for the calculation of
AAD), are AAD = 35.2%, Bias = — 35.2%, and MxD = 235% (at x = 0.9575),
which are unacceptable results. This is probably due to the fact that in the
database of Kanti et al. [32] the alkanes have carbon numbers greater or
equal to seven which are consequently very different from methane.

Second, we modified this self-referencing method. In the pressure-
temperature range considered, we have fitted [17] the nine parameters
a,b,...,i for each pure compound separately. For pure methane AAD =
0.38%, Bias=0.34%, and MxD =4.38%, and for pure decane, AAD =
0.23%, Bias =—0.02%, and MxD = 1.08%. Then, for each composition we
used a,, = x0tc; + (1 —x) ocqo(a = a,b, ..., i). For the mixture we have obtained
AAD = 3.77%, Bias =—2.80%, and MxD = 15.4% (at x =0.7566), which
is a satisfactory result for such a predictive method. This clearly shows, as
suggested in the original article, the use of a reference measurement point is
important as this measurement contains and provides useful information
on the system studied.

5. CONCLUSION

The methane+ decane system is interesting because the molecules of
the two pure compounds are very different and the system is asymmetrical.
This study provides data in an extended (P, T) range for various mole
fractions. The measured data for this system may prove very useful to
improve the predictive nature of more sophisticated models than the ones
considered here and also in an understanding of such a complicated
property as the dynamic viscosity of mixtures (and pure compounds).
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