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Viscosity Measurements and Predictions
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A vibrating-wire viscometer of very high precision was used to measure the
viscosity of methane and of two natural gases. The experimental data were,
in general, taken at temperatures of 260, 280, 300, and 320 K and at pres-
sures up to 20 MPa, and additionally in the case of methane at temperatures
of 340 and 360 K and at pressures up to 29 MPa. The estimated uncer-
tainty is ±0.3 and ±0.5% for methane and the natural gases, respectively.
The new experimental data for methane were used together with zero-density
or low-density viscosity values from this study and from the literature to
develop a viscosity equation for natural gas composed of two contributions.
The mixing rule of Wilke [J. Chem. Phys. 18: 517 1950] was applied for
the zero-density viscosity part which is based on zero-density correlations
for twelve components (methane, nitrogen, carbon dioxide, ethane, propane,
n- and isobutane, n- and isopentane, n-hexane, n-heptane, and n-octane) and
agrees with the values derived from experiment within ±0.3%. The density
dependence of the residual viscosity part was correlated with methane data
only, neglecting any temperature dependence, whereas the composition depen-
dence is characterized by a pseudo-critical viscosity value. For methane the
agreement between the correlated and experimental data is within ±0.5%.
The values predicted with the correlation and the experimental data agree
within ±1% for both the high calorific, H, natural gas and the low calorific,
L, natural gas.
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1. INTRODUCTION

Thermodynamic properties of methane as the main component of natural
gas and of natural gas itself have frequently been investigated because of
its industrial importance. The most recent equations of state for thermo-
dynamic properties were reported for methane by Friend et al. [1] and by
Wagner and de Reuck [2] and for natural gas by Jaeschke et al. [3,4] and
by Starling and Savidge [5]. These equations are now routinely applied in
energy billing. Particularly with the help of these equations, the volume
metered under varying actual field conditions is converted to well defined
reference conditions.

In addition to the thermodynamic properties, Friend et al. [1] corre-
lated the experimental transport property values, for the viscosity as well
as for the thermal conductivity, of methane. However, the transport prop-
erty data are not of the same high accuracy as the thermodynamic data.
Consequently, there has been a steady demand for new high-accuracy val-
ues and for their correlation connected with a critical assessment of the
available data.

A vibrating-wire viscometer designed by Wilhelm et al. [6] to perform
measurements of very high precision on gases was recently applied to deter-
mine the viscosity of argon, krypton, and propane between 298 and 423 K
up to a maximum pressure of 20 MPa [7,8]. The measuring program was
then extended to methane [9] and two natural gases [10] in a thermody-
namic range which is of particular interest for the gas industry. A suitable
experimental procedure had to be developed in order to minimize the influ-
ence of the retrograde behavior and the effects of adsorption and desorp-
tion that have to be expected in that thermodynamic range for natural gases.
This experience and a suitable measuring procedure starting from vacuum
followed by successive points up to the maximum pressure has been dis-
cussed [10]. In the present paper the experimental data for methane as well
as for both natural gas specimens are reported. The new experimental data
for methane are used together with literature data to develop a correlation
for a limited pressure and temperature range (up to 30 MPa and from 250 to
450 K) which allows prediction of the experimental viscosity data of natural
gases nearly within the experimental uncertainty.

2. VIBRATING-WIRE VISCOMETER

Since the details of the instrument have been given by Wilhelm
et al. [6] and Wilhelm and Vogel [7], it is sufficient to summarize only
the essential features here. The wire is placed in a magnetic field in such
a manner that even harmonics cannot be initiated due to the symmetric
arrangement of the wire and field and that the third harmonic mode of
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the oscillation is suppressed using a ratio of 1.5 between the lengths of the
wire and field. The wire material has been chosen to be Chromel instead of
tungsten conventionally used for measurements in liquids. The reason is that
the rough surface of tungsten causes systematic errors in measurements on
dilute gases and even dense gases. The oscillation is initiated by a sinusoidal
voltage pulse at a frequency close to the resonant frequency of the wire. The
oscillation following the pulse is detected by amplifying the induced volt-
age and measuring it as a function of time. To improve the signal-to-noise
ratio, a hundred runs are recorded and the measured oscillation curves are
averaged. Here it is assumed that the noise is asynchronous. An important
point is that comparably large displacements y of the wire compared with
its radius R are necessary in order to obtain reasonably large measuring sig-
nals. This is in contradiction to the requirements of the measuring theory
that the displacement should be only on the order of 1% of the radius of
the wire. Wilhelm et al. have shown that the parameters of the oscillation
curves, the logarithmic decrement � and the frequency ω, depend on the
square of the relative initial amplitude ε=ymax/R. Therefore, they used rel-
atively large and different values of ε in the oscillation runs and determined
the correct values of � and ω by extrapolation of the values for the different
runs as a function of ε2 →0.

The viscometer cell is suspended from the top closure of a pressure
vessel which is placed in a heat-pipe thermostat filled either with meth-
anol or water depending on the temperature range of the measurements.
The temperature is determined with an uncertainty of ±0.015 K by means
of a premium ITS-90 thermometer and a 6½ digit multimeter. The pres-
sure vessel is connected with four pressure transmitters supplied by Digi-
quartz, which are characterized by an uncertainty of 0.01% of reading and
of 0.01% of full scale.

The theory of the vibrating-wire viscometer developed by Retsina
et al. [11] relates the properties of the fluid, the density ρ and the vis-
cosity η, to the parameters of the damped harmonic oscillation � and
ω. The resulting working equations may be used to calculate the viscos-
ity from the measured values � and ω provided that the density ρ of
the fluid, the density ρs and the radius R of the wire, and the parame-
ters of the oscillation in vacuo are known. An accurate wire radius R can-
not be obtained by direct measurements. Hence, it has been determined as
12.765 �m by means of viscosity measurements on argon at room temper-
ature using reference values by Kestin and Leidenfrost [12] assuming the
density of the wire material Chromel to be 8500 kg ·m−3 as given by the
supplier. The reproducibility of the measurements is better than ±0.1%,
whereas the uncertainty is assumed to be ±0.2%. This is valid for gases
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for which the density can be reliably deduced from the temperature and
pressure values of the measurements.

3. MEASUREMENTS AND RESULTS

The viscosity coefficient of methane and of two natural gases, a low cal-
orific, L, natural gas and a high calorific, H, natural gas, were measured with
the high precision vibrating-wire viscometer at the University of Rostock.
The certified purity of methane supplied by Messer Griesheim (Germany)
was 99.994%. The densities ρ were calculated from the measured pressures p

and temperatures T with the equation of state by Wagner and de Reuck [2].
The uncertainty in calculated density is ± 0.03–0.07%.

The molar-composition analysis of the two natural gases was per-
formed with a gas chromatograph by Ruhrgas AG. The molar composi-
tions of the samples H and L including the relative uncertainties of the
components are listed in Table I. The densities of the natural gas samples
were calculated with an uncertainty of ±0.1% from the measured temper-
atures and pressures using the International Standard ISO 12213 [13,5],
assuming that the input variables temperature, pressure, and molar compo-
sition are known with negligible uncertainty. An additional uncertainty of
±0.1% is to be expected in the case that the uncertainties of the measured
temperatures and pressures are approximately ±0.15 K and ±0.02 MPa
and that the uncertainties in mole fractions are reasonably small. Hence,
the uncertainty of the calculated densities is estimated to be generally ±0.2
and ±0.3% at the higher pressures for low temperatures as discussed in
more detail by Vogel et al. [10].

Four isothermal series of measurements for methane as well as for each
natural gas were performed at nominal temperatures of 260, 280, 300, and
320 K and at pressures up to 20 MPa. In addition, two isothermal series of
measurements for methane were carried out at nominal temperatures of 340
and 360 K and at pressures up to 29 MPa. Each series comprises about 60
data points. The individual points were not measured exactly at the nom-
inal temperatures, but were corrected to isothermal values by means of a
Taylor expansion restricted to the first power in temperature. In this proce-
dure the densities directly derived from the experiments and those for the
isotherms are the same. Then the pressures at the nominal temperatures of
the isotherms were recalculated from the densities. The results for methane
are listed in Table II, whereas the experimental data for natural gases H and
L are summarized in Tables III and IV, respectively. The values at pressures
below 0.25 MPa are characterized by a tendency to be too low which may
be caused by the slip effect. Here, the fluid does not behave as a continuum,
since the molecular mean free path is comparable to the wire diameter. The
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Table I. Results of the Gas Analysis (in mol%) including its Relative Uncertainties (in %)

Component mol% Component mol% Component mol%

H natural gas (Molar mass M =17.993 kg ·kmol−1)
Helium 0.0137 Propane 1.2532 Heptanes 0.0340
Carbon dioxide 0.7740 n-Butane 0.1924 Octanes 0.0038
Nitrogen 1.5324 Isobutane 0.2857 Nonanes 0.0010
Oxygen, argon 0.0419 n-Pentane 0.0324 C10 plus 0.0009

higher
Hydrogen 0.0007 Isopentane 0.0565 Benzene 0.0021
Methane 89.5669 Neopentane 0.0032 Toluene 0.0009
Ethane 6.1464 Hexanes 0.0572 Xylenes 0.0006

L natural gas (Molar mass M =18.468 kg ·kmol−1)
Helium 0.0520 Propane 0.6023 Heptanes 0.0174
Carbon dioxide 1.4523 n-Butane 0.1282 Octanes 0.0041
Nitrogen 9.7520 Isobutane 0.1033 Nonanes 0.0021
Oxygen, argon 0.0100 n-Pentane 0.0350 C10 plus 0.0013

higher
Hydrogen 0.0005 Isopentane 0.0357 Benzene 0.0250
Methane 84.3322 Neopentane 0.0056 Toluene 0.0031
Ethane 3.4085 Hexanes 0.0388 Xylenes 0.0010

Relative uncertainties
Helium 2.0 Propane 2.5
Carbon dioxide 1.5 n-Butane 3.0
Nitrogen 1.5 Isobutane 3.0
Oxygen, argon 2.0 C5 plus higher 5.0
Hydrogen 2.0
Methane 0.2
Ethane 2.0

data influenced by slip are included in the tables, but marked. They were
excluded from further evaluation.

With respect to the large number of experimental points, only the pres-
sures, densities and viscosities are given in the tables. We are aware of the
fact that the densities should possibly be re-evaluated with an improved
equation of state that might be available in the future. The uncertainty of
the density propagates into the uncertainty of the viscosity in two ways.
First, the density is needed to calculate the viscosity according to the the-
ory of the vibrating-wire viscometer by Retsina et al. [11] using the param-
eters of the damped harmonic oscillation, � and ω. Second, the viscosity
is reasonably represented as a function of density. For such a re-evaluation
the exact experimental temperatures and pressures as well as � and ω, both
extrapolated to ε2 → 0, are needed. An uncertainty of 0.2% in the density
data contributes a change of only 0.1% in the viscosity.
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T
ab

le
II

I.
(C

on
ti

nu
ed

)

p
ρ

η
p

ρ
η

p
ρ

η

(M
P

a)
(m

ol
·L

−1
)

(µ
P

a
·s)

(M
P

a)
(m

ol
·L

−1
)

(µ
P

a
·s)

(M
P

a)
(m

ol
·L

−1
)

(µ
P

a
·s)

T
=

30
0

K
0.

10
06

4a
0.

04
04

30
11

.0
66

3.
49

88
1.

51
16

11
.6

82
11

.4
95

5.
77

39
15

.0
43

0.
19

96
1

0.
08

03
59

11
.0

88
3.

74
95

1.
62

87
11

.7
48

12
.0

01
6.

06
51

15
.3

54
0.

29
99

3
0.

12
10

0
11

.1
01

3.
99

97
1.

74
68

11
.8

11
12

.4
98

6.
35

02
15

.6
67

0.
40

00
4

0.
16

17
3

11
.1

16
4.

24
57

1.
86

41
11

.8
74

13
.0

07
6.

64
04

15
.9

87
0.

50
00

1
0.

20
25

7
11

.1
31

4.
50

02
1.

98
67

11
.9

45
13

.5
03

6.
92

16
16

.3
18

0.
59

99
4

0.
24

35
7

11
.1

42
4.

74
92

2.
10

79
12

.0
18

14
.0

01
7.

20
11

16
.6

58
0.

69
97

8
0.

28
47

0
11

.1
54

5.
00

11
2.

23
17

12
.0

97
14

.4
66

7.
45

90
16

.9
77

0.
79

93
6

0.
32

59
0

11
.1

70
5.

49
43

2.
47

77
12

.2
52

15
.0

00
7.

75
08

17
.3

50
0.

89
99

2
0.

36
76

8
11

.1
82

5.
99

53
2.

73
23

12
.4

22
15

.4
93

8.
01

59
17

.6
98

1.
00

03
0.

40
95

8
11

.1
96

6.
49

89
2.

99
30

12
.6

04
16

.0
01

8.
28

38
18

.0
54

1.
25

01
0.

51
45

7
11

.2
36

6.
99

66
3.

25
51

12
.7

95
16

.5
08

8.
54

61
18

.4
25

1.
49

91
0.

62
03

5
11

.2
75

7.
49

91
3.

52
41

12
.9

95
17

.0
05

8.
79

79
18

.7
82

1.
74

97
0.

72
79

5
11

.3
19

8.
00

13
3.

79
70

13
.2

15
17

.4
89

9.
03

74
19

.1
34

1.
99

83
0.

83
58

3
11

.3
65

8.
49

82
4.

07
07

13
.4

39
17

.9
75

9.
27

25
19

.4
93

2.
24

96
0.

94
60

3
11

.4
13

8.
99

96
4.

35
02

13
.6

78
18

.5
00

9.
52

04
19

.8
79

2.
49

59
1.

05
52

11
.4

64
9.

49
46

4.
62

90
13

.9
24

19
.0

04
9.

75
16

20
.2

38
2.

74
60

1.
16

72
11

.5
06

10
.0

01
4.

91
68

14
.1

88
19

.3
50

9.
90

72
20

.4
86

3.
00

00
1.

28
22

11
.5

66
10

.5
01

5.
20

23
14

.4
69

19
.8

51
10

.1
27

20
.8

55
3.

24
86

1.
39

59
11

.6
20

10
.9

92
5.

48
44

14
.7

50



Viscosity Measurements and Predictions for Natural Gas 1637

T
=

32
0

K
0.

09
84

2a
0.

03
70

50
11

.7
17

3.
49

22
1.

39
02

12
.2

80
11

.5
00

5.
10

02
15

.0
46

0.
19

93
7

0.
07

51
79

11
.7

36
3.

75
08

1.
49

94
12

.3
41

12
.0

04
5.

34
68

15
.2

80
0.

30
02

5
0.

11
34

1
11

.7
49

3.
99

96
1.

60
53

12
.4

00
12

.5
00

5.
58

88
15

.5
29

0.
39

58
6

0.
14

97
6

11
.7

67
4.

24
78

1.
71

17
12

.4
58

13
.0

00
5.

83
28

15
.7

77
0.

49
59

1
0.

18
79

2
11

.7
78

4.
49

56
1.

81
87

12
.5

17
13

.5
02

6.
07

63
16

.0
31

0.
60

09
4

0.
22

81
2

11
.7

87
4.

74
66

1.
92

79
12

.5
77

14
.0

03
6.

31
80

16
.2

98
0.

69
91

0
0.

26
58

1
11

.7
99

4.
98

10
2.

03
06

12
.6

38
14

.4
97

6.
55

48
16

.5
60

0.
79

90
1

0.
30

43
0

11
.8

11
5.

48
54

2.
25

38
12

.7
77

14
.9

93
6.

79
04

16
.8

31
0.

90
00

1
0.

34
33

4
11

.8
28

5.
99

16
2.

48
09

12
.9

24
15

.4
99

7.
02

83
17

.1
12

1.
00

03
0.

38
22

4
11

.8
41

6.
48

29
2.

70
41

13
.0

71
15

.9
97

7.
26

00
17

.3
95

1.
25

16
0.

48
02

4
11

.8
76

6.
96

55
2.

92
59

13
.2

23
16

.4
96

7.
48

90
17

.6
76

1.
49

83
0.

57
72

8
11

.9
14

7.
49

70
3.

17
30

13
.4

04
17

.0
03

7.
71

86
17

.9
63

1.
75

03
0.

67
71

5
11

.9
54

7.
98

95
3.

40
44

13
.5

77
17

.4
96

7.
93

86
18

.2
63

1.
99

75
0.

77
59

7
11

.9
95

8.
49

02
3.

64
18

13
.7

64
17

.9
98

8.
15

93
18

.5
42

2.
24

91
0.

87
73

4
12

.0
42

9.
00

47
3.

88
78

13
.9

62
18

.4
94

8.
37

33
18

.8
43

2.
49

81
0.

97
84

4
12

.0
88

9.
50

60
4.

12
92

14
.1

65
18

.9
96

8.
58

61
19

.1
36

2.
74

74
1.

08
05

12
.1

27
9.

98
88

4.
36

30
14

.3
68

19
.4

99
8.

79
56

19
.4

43
2.

99
77

1.
18

38
12

.1
74

10
.4

95
4.

60
93

14
.5

85
20

.0
02

9.
00

07
19

.7
31

3.
24

49
1.

28
66

12
.2

24
11

.0
05

4.
85

83
14

.8
16

a
in

flu
en

ce
d

by
sl

ip



1638 Schley, Jaeschke, Küchenmeister, and Vogel
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The reproducibility of the measurements on methane was within
±0.02% at pressures up to 1 MPa and within ±0.05% at pressures up
to 20 and 29 MPa. But the reproducibility for the natural gases was
found to increase to ±0.2% over the complete pressure range. The uncer-
tainty for the measurements on methane is conservatively estimated to be
±0.3% [9], whereas that for the measurements on the natural gas speci-
mens is assumed to be ±0.5% considering the retrograde behavior and the
effects of adsorption and desorption [10].

The experimental results of each isotherm for methane and for the
natural gas samples were correlated as a function of the molar density
by means of a power series restricted to the fourth or a lower power
depending on the density range considered.

η(T , ρ)=η(0)(T )+η(1)(T )ρ +η(2)(T )ρ2 +η(3)(T )ρ3 +η(4)(T )ρ4. (1)

Weighting factors of η−2 were used in the multiple linear least-squares
regression to minimize the relative deviations. The coefficients are given in
Table V for methane and both natural gases.

Table V. Coefficients of Eq. (1)

T ρmax η(0) η(1) ×103 η(2) ×103 η(3) ×103 η(4) ×103 σ

(K) (mol· (µPa · s) (µPa · s· (µPa · s· (µPa · s· (µPa · s· (%)
L−1) L ·mol−1) L2 ·mol−2) L3 ·mol−3) L4 ·mol−4)

Methane
260 12.8 9.812 268.7 68.13 −2.435 0.1257 0.021
280 11.0 10.483 281.9 67.26 −2.479 0.1270 0.019
300 9.7 11.139 291.6 65.85 −2.454 0.1285 0.013
320 8.6 11.773 300.5 65.89 −2.788 0.1558 0.015
340 10.6 12.405 295.6 68.38 −3.060 0.1611 0.016
360 9.9 13.003 304.2 65.55 −2.700 0.1453 0.017

H natural gas
260 13.6 9.723 353.1 63.39 −1.448 0.1197 0.084
280 11.8 10.399 291.5 78.30 −2.635 0.1470 0.048
300 10.1 11.065 291.1 83.13 −3.571 0.1926 0.020
320 9.0 11.715 297.1 85.22 −4.238 0.2339 0.022

L natural gas
260 12.8 10.397 267.5 77.73 −2.843 0.1433 0.033
280 11.0 11.096 295.2 73.48 −2.711 0.1426 0.021
300 9.6 11.809 288.7 80.21 −3.974 0.2064 0.026
320 8.6 12.482 296.5 77.86 −3.915 0.2190 0.019
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4. CORRELATION AND PREDICTION OF THE VISCOSITY OF
NATURAL GAS

The viscosity η(ρ, T , x) of a gas mixture at molar density ρ, temper-
ature T and composition x may be composed of two contributions which
can be analyzed independently.

η(ρ, T , x)=η(0)(T , x)+�η(ρr, x). (2)

The viscosity in the limit of zero density η(0) is given as a function of tem-
perature T and gas composition x, whereas the residual part of the vis-
cosity �η has been considered to be a function of only the reduced molar
density ρr and composition x.

The viscosity in the limit of zero density η(0) for a gas mixture is
given according to Wilke [14] by

η(0)(T , x) =
n∑

i=1

xiη
(0)
i (T )∑n

j=1 xjφij

, (3)

φij =
[1+ (η

(0)
i /η

(0)
j )1/2 (Mj/Mi)

1/4]2

[8 (1+Mi/Mj)]1/2
. (4)

Here η
(0)
i (T ) is the viscosity in the limit of zero density for the individual

pure component i, xi is the molar fraction, Mi is the molar mass of com-
ponent i, and φij is the interaction parameter given by the mixing rule of
Wilke.

The composition analysis of the two natural gases (see Table I) shows
that, in principle, the zero-density viscosity of 21 components is needed to
predict the viscosity of natural gas mixtures. On the other hand, the mole
fraction of some components is very small and their contribution to the
viscosity of a natural gas mixture is insignificant. Therefore, the number
of components considered for the prediction of the zero-density viscosity
of natural gas has been reduced to 12: methane (+ hydrogen), nitrogen
(+ helium + oxygen/argon), carbon dioxide, ethane, propane, n-butane,
isobutane, n-pentane (+ benzene), isopentane (+ neopentane), n-hexane
(hexanes + toluene), n-heptane (heptanes), and n-octane (octanes + non-
anes+ C10 plus higher + xylenes).

The residual part of the viscosity �η(ρr, x) is given as

�η(ρr, x)=ηc,mix(x)�ηr(ρr). (5)

Here, the factor ηc,mix is used to obtain a dimensionless residual viscosity
�ηr(ρr). In contrast to thermodynamic properties, a critical value of the
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viscosity cannot be used as a reducing parameter, since its derivation from
the so-called background contribution is connected with a large uncer-
tainty due to the experimental scatter. To deduce a reliable and character-
istic value for the composition dependence of the viscosity of a mixture
the factor was chosen to be

ηc,mix(x)= (Mmix)
1/2(pc,mix)

2/3

R1/6N
1/3
A (Tc,mix)

1/6
, (6)

where R is the universal gas constant, and NA is Avogadro’s number.
The pseudo-critical properties for the mixture Tc,mix, Vc,mix, Zc,mix are
summed up from the critical properties of the pure components leading to
the pseudo-critical pressure pc,mix of the mixture.

Tc,mix =
n∑

i=1

xiTc,i , Vc,mix =
n∑

i=1

xiVc,i , (7)

Zc,i = pc,iVc,i

RTc,i
, Zc,mix =

n∑
i=1

xiZc,i , pc,mix = Zc,mix R Tc,mix

Vc,mix
.

(8)

The reduced density ρr and the critical density of the mixture ρc,mix follow
from the molar mass Mmix and the critical volume Vc,mix.

ρr = ρ(p,T , x)

ρc,mix
, ρc,mix = Mmix

Vc,mix
, Mmix =

n∑
i=1

xiMi. (9)

The density dependence of the dimensionless residual part of the vis-
cosity �ηr(ρr) has been derived by fitting it to the experimental data of
methane of this paper only and using

ηc,CH4 = (MCH4)
1/2(pc,CH4)

2/3

R1/6N
1/3
A (Tc,CH4)

1/6
. (10)

As the temperature range of the experimental data (260–360 K) is rather
limited, the temperature dependence of the dimensionless residual part of
the viscosity has been neglected.

4.1. Prediction of the Zero-Density Viscosity of Natural Gas

In principle, the temperature function η
(0)
i (T ) of the viscosity in the

limit of zero density of a pure polyatomic gas i can adequately be rep-
resented by the kinetic theory of dilute monatomic gases. The procedure
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described for methane in Ref. [9] uses in a first step a universal correla-
tion for the monatomics (Bich et al. [15]). In a second step the incomplete
knowledge concerning the intermolecular potential energy surface is taken
into account using an individual correlation. Individual correlations for
the greatest possible temperature range of the zero-density viscosity have
been derived for seven of the twelve pure components considered: methane
[9], nitrogen [16], carbon dioxide [17], ethane [18], propane [19], n-butane
[20], and isobutane [21]. Unfortunately, viscosity values at such low tem-
peratures needed for the natural gas mixtures could not be included in
the derivation of the individual correlations for the last three of the seven
components. The data situation is even worse for the remaining five com-
ponents so that an extrapolation to low temperatures is necessary for most
of the 12 components.

Consequently, for the limited temperature range of application (250–
450 K) a simpler approach using a quadratic or cubic equation should be
appropriate for the extrapolation to lower temperatures

η
(0)
i (T )=η

(0)

0,i

[
1.0+a1,i (T −T0)+a2,i (T −T0)

2 +a3,i (T −T0)
3
]
, (11)

where η
(0)

0,i
is the viscosity at T0 = 273.15 K. The values of η

(0)

0,i
, a1,i , a2,i ,

and a3,i were determined using viscosity values obtained by extrapola-
tion to zero density or values at very low densities. Most of the measure-
ments were performed in our laboratory by means of an oscillating-disk
viscometer or the vibrating-wire viscometer used in this paper. Informa-
tion about the experimental data sources used in this work is provided in
Table VI. The coefficients are listed for the 12 individual components in
Table VII.

The results for the representation of the zero-density viscosity with
Eq. (11) for the four main components of the natural gas mixtures are
illustrated in Fig. 1. The weights of the experimental data of other research
groups at low temperatures were chosen to be so small that, in principle, they
do not influence the results of the fit. Nevertheless, the data, particularly
those of Smith and co-workers [23,24,27,28,30,31] are represented within
±0.5% down to 200 K corresponding to the upper limit of the assumed
experimental uncertainty. Furthermore, in the case of nitrogen and carbon
dioxide the cubic form of Eq. (11) had to be used. Near 200 K deviations
of −2.2% for nitrogen [23,24] and of +0.9% for carbon dioxide [30] were
obtained with the quadratic form. Such large deviations are due to the cho-
sen form of the fitting equation. A comparison with values based on the
individual correlations for nitrogen [16] and carbon dioxide [17] as well as
with values calculated from the intermolecular potential energy hypersur-
faces using the classical trajectory approach for nitrogen [40] and carbon
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Table VI. Experimental Data Sources for the Viscosity of the Pure Components in the
Limit of Zero Density

Component Reference Experimental Temperature No. Weight in
i uncertainty range of fit of

(%) (K) points Eq. (11)

Methane This work 0.2–0.3 260–360 6 1
Johnston,

McCloskey [22] 1.0 200–300 8 0.01
Clarke, Smith [23] 1.0–0.5 200–299 4 0.01
Gough et al. [24] 1.0–0.5 200–300 6 0.01
Kestin et al. [25] 0.2–0.7 296–474 7 0.01

Nitrogen Vogel [26] 0.15–0.3 297–640 10 1 (0.2a)
Vogel et al. [16] 0.15–0.3 299–689 15 1 (0.2a)
Seibt, Vogel et al. 0.2–0.3 298–423 6 1
Clarke, Smith [27] 1.0–0.5 200–299 5 0.01
Matthews et al. [28] 1.0–0.5 204–298 4 0.01

Carbon
dioxide Hendl et al. [29] 0.15–0.3 297–625 13 1 (0.2a)

Harris et al. [30] 1.0–0.5 203–293 8 0.01
Hunter et al. [31] 1.0–0.5 213–301 5 0.01

Ethane Hendl, Vogel [32] 0.15–0.3 293–633 12 1 (0.2a)
Wilhelm, Vogel et al. 0.2–0.3 290–430 8 1
Meshcheryakov,

Golubev [33] 1.0 258–294 3 0.01
Hunter, Smith

(Pers. Commun) 1.0–0.5 212–252 4 0.01
Propane Vogel [34] 0.15–0.3 297–625 14 1

Wilhelm, Vogel [8] 0.2–0.3 298-423 7 1
n-Butane Küchenmeister,

Vogel [35] 0.15–0.3 298–626 14 1
Isobutane Küchenmeister,

Vogel [36] 0.15–0.3 298–627 14 1
n-Pentane Vogel, Holdt [37] 0.15–0.3 299–632 7+14b 1
Isopentane Golubev,

Gnezdilov [38] 1.0 260–360 10 1
n-Hexane Vogel, Strehlow [39] 0.15–0.3 299–630 9+14b 1
n-Heptane Vogel, Holdt [37]

0.15–0.3 318–632 7+14b 1
n-Octane Golubev,

Gnezdilov [38] 1.0 260–360 8 1

aweight for T >500 K.
bseries at the lowest density.
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Table VII. Coefficients for the Representation of the Zero-Density Viscosity of Pure
Components using Eq. (11)

Component i η
(0)

0,i
a1,i a2,i a3,i

(µPa · s) (10−3 K−1) (10−6 K−2) (10−9 K−3)

Methane 10.257 3.230 −1.613 0.0
Nitrogen 16.627 2.848 −1.940 1.372
Carbon dioxide 13.717 3.539 −1.007 −0.443
Ethane 8.487 3.607 −1.319 0.0
Propane 7.461 3.669 −1.052 0.0
n-Butane 6.814 3.613 −0.494 0.0
Isobutane 6.914 3.515 −0.682 0.0
n-Pentane 6.196 3.759 −0.698 0.0
Isopentane 6.384 3.531 −0.376 0.0
n-Hexane 5.735 3.731 −0.479 0.0
n-Heptane 5.335 3.732 −0.277 0.0
n-Octane 5.095 3.854 −0.014 0.0

dioxide [17] shows also that, in fact, the uncertainty of the experimental
data by Smith and co-workers is reasonably assessed. On the other hand,
the quadratic form of Eq. (11) has resulted in a satisfactory representation
in the case of ethane. Hence, this form was chosen for all other substances
because no low temperature data are available.

The results predicted for the zero-density viscosity of the natural
gases H and L using the Wilke formalism according to Eqs. (3) and (4)
can be seen in Fig. 2 for p → 0. The predicted values agree for both
natural gases within ±0.3% with the values derived from the experimental
data. This demonstrates that for a limited temperature range of applica-
tion (250–450 K) the zero-density correlations using Eq. (11) are appropri-
ate for a reasonably small extrapolation to lower temperatures necessary
for a number of the natural gas components.

4.2. Prediction of the Residual Viscosity of Natural Gas

As already mentioned above, the density dependence of the dimen-
sionless residual viscosity �ηr(ρr) has been deduced by fitting to only the
experimental methane data of this paper. The following polynomial in the
reduced density ρr has been used

�ηr(ρr)=
4∑

j=1

cjρ
j
r . (12)
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Fig. 1. Comparison of experimental zero-density viscosity data for methane, nitrogen,
carbon dioxide, and ethane with viscosity values calculated with Eq. (11). Deviations
[� = 100(η

(0)
exp − η

(0)

cal)/η
(0)

cal ] as a function of temperature. Experimental data for methane:
(•) present work, (�) Johnston and McCloskey [22], (�) Clarke and Smith [23], (�)
Gough et al. [24], (�) Kestin et al. [25]. Experimental data for nitrogen: (•) Vogel [26],
(�) Vogel et al. [16], (�) Seibt, Vogel et al. (�) Clarke and Smith [27], (�) Matthews
et al. [28]. Experimental data for carbon dioxide: (•) Hendl et al. [29], (�) Harris
et al. [30], (�) Hunter et al. [31]. Experimental data for ethane: (•) Hendl and Vogel [32],
(�) Wilhelm, Vogel et al. (�) Meshcheryakov and Golubev [33], (�) Hunter and Smith.

The coefficients obtained are listed in Table VIII. The results of the fit are
shown in Fig. 2 for the total viscosity value η(T ,p) of methane. The devi-
ations between the experimental data and the correlated values are within
±0.5% demonstrating that the temperature dependence of the residual vis-
cosity is negligible within this limit considering the temperature range of
application.

The critical constants Tc, Vc, and pc needed to calculate the pseudo-
critical viscosity values ηc [Eq. (6)] for the composition dependence of the
residual viscosity have been taken from a compilation given by Span and
Wagner [41] and the constants for isopentane by Das et al. [42]. All the
constants are summarized in Table VIII for convenient use together with
the ηc values for methane and both natural gases. Finally, the viscosities
for the two natural gases have been calculated using Eqs. (2), (5)–(10), and
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Fig. 2. Deviations [�=100(ηexp −ηcal)/ηcal] of experimental viscosity data of methane, of
H natural gas, and of L natural gas from correlated values according to Eqs. (2), (5)–(10)
and (12). (◦) 260 K, (�) 280 K, (�) 300 K, (�) 320 K, (�) 340 K, (�) 360 K.
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Table VIII. Coefficients and Constants for the Representation of the Residual Viscosity

Eq. (12) c1 c2 c3 c4

0.23961032 0.57790957 −0.24327596 0.12776597
Eqs. (5)–(10)

Component i Mi Tc,i 103 ×Vc,i pc,i ηc,i

(kg ·kmol−1) (K) (L ·mol−1) (MPa) (µPa · s)

Methane 16.043 190.564 98.63 4.599 12.149
Nitrogen 28.0135 126.192 89.41 3.396
Carbon

dioxide 44.010 304.1282 94.12 7.377
Ethane 30.070 305.322 145.55 4.872
Propane 44.097 369.825 200.00 4.248
n-Butane 58.123 425.125 255.10 3.796
Isobutane 58.123 407.817 259.06 3.640
n-Pentane 72.150 469.70 310.99 3.370
Isopentane 72.150 460.35 305.72 3.396
n-Hexane 86.177 507.82 369.57 3.034
n-Heptane 100.204 540.13 431.91 2.736
n-Octane 114.231 569.32 486.30 2.497

Mixtures Mi Tc,mix pc,mix ηc,mix

(kg ·kmol−1) (K) (L ·mol−1) (MPa) (µPa · s)

Natural gas H 17.993 201.38 103.85 4.605 12.758
Natural gas L 18.468 191.94 100.66 4.536 12.899

(12). Figure 2 shows that the maximum difference between the experimen-
tal and predicted viscosities is ±1% over the entire investigated tempera-
ture and pressure ranges.

5. CONCLUSIONS

A vibrating-wire viscometer of very high precision at the University
of Rostock was used to measure the viscosity coefficient of methane and
of two natural gases. The estimated uncertainties are ±0.3 and ±0.5% for
methane and the natural gases, respectively.

The new experimental data for methane were used together with liter-
ature data to develop a viscosity equation for natural gas. It is composed
of two contributions analyzed independently. The zero-density viscosity
part, given as a function of temperature and composition, uses the mixing
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rule of Wilke [14]. The zero-density viscosity correlations needed for the
pure components methane, nitrogen, carbon dioxide, ethane, propane, n-
and isobutane, n- and isopentane, n-hexane, n-heptane, and n-octane were
deduced from experimental values of this study and some literature data
using a simple quadratic or cubic equation. The density dependence of the
residual viscosity part was correlated with methane data only, neglecting
any temperature dependence, whereas the composition dependence is char-
acterized by a pseudo-critical viscosity value. For methane the agreement
between the correlated and experimental data is within ±0.5%. The val-
ues predicted with the correlation and the experimental data agree within
±1% for both the high calorific, H, natural gas and the low calorific, L,
natural gas.
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