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Data for the viscosity and thermal conductivity coefficients of dense gaseous and liquid methane
have been evaluated. Selected data were fitted to a function derived in our previous work and
tables of values were generated for temperatures from 95 to 500 K and for pressures up to 50
MPa (~500 atm). The uncertainties of the tabular values are estimated to be approximately
3% and 5% for the viscosity and thermal conductivity coefficients, respectively. The contribution
for the thermal conductivity enhancement in the critical region is included in the tables. Care
has been taken to ensure that the calculated values are consistent with reliable equation-of-state
data and also with dilute gas transport coefficients determined previously.
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1. Introduction

The viscosity coefficient () and the thermal conduc-
tivity coefficient (A) of several fluids—argon. krypton,
xenon, oxygen, and nitrogen—have been correlated over a
wide range of experimental conditions [1]%. The correla-
tion was recently extended to methane [2]. The object of
this paper is to expand on reference [2] by presenting
tables and to give some further details of the correlation.
We will follow closely the outline of reference 1] in which
criteria for evaluating systematically literature data were
discussed and in which an equation for the viscosity and
thermal conductivity coefficients was proposed. The criteria
and equations will be used here with only minimal com-
ments.

2. Correlating Equations

The correlations are based on the behavior of the trans-
port coefficients with respect to temperature (T) and
density (p) according to the equations

2o T) = 9o(T) + q(T)p + A7’ (pT), (1)

AMp,T) = A(T) + M(Thp + AN (p,T) + AN(p,T), (2)

. for the viscosity and thermal conductivity” coefficients,
respectively. In these equations, 5,(T) and X, (T) are the
dilute gas values, %,(T) and A;(T) represent first density
corrections for the moderately dense gas, while Ay'(p,T)

1 Numbers in brackets indicate literature references.
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and AM(p,T) are remainders. The term 7,(T) is given
by the empirical expression

nm(T) = A+ B[C —~1In(T/F)]2, (3)

and similarly for A,(T). The coefficients 4, B, C, and F
can be found from a fit of data but we set F = ¢/k where
e is the energy parameter of the methane pair potential
function and £ is Boltzmann’s constant. See section 3.

The terms Ay’ (p,T) and AN (p,T) are expressed empiric-
ally by the relations

An'(p,T) = E{exp [jr + jo/ T exp [o™* (ja + js/T*?)
+ 80%5 (s + js/T + j/TH] — 1.0},  (4)

and

AN(p,T) = D{exp (ki + ko/T] exp [p*! (ks + ks/T%2)

(5)
+ 8005 (ks + ke/T + k:/TH] — 1.0}

The parameter @ is included to account specifically for the
high density behavior of the transport coefficients and is a
function of the density with respect to the critical density,

pot
6 = (p — pe)/po {6)

The coefficients, E, D, j, . .. ji, k1 . . . ks, are all to be
determined from experimental data
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One sees that equations (1) and (2) are of the same struc-
ture 2 except that equation (2) includes the term AX;( p,T).
This is included to take into account the known en-

hancement of the thermal conductivity coefficient in the.

neighborhood of the critical point [3]. (The viscosity
coefficient also shows anomalous behavior close to the criti-
cal point [4]. The anomaly is small, however, and is not
included in the calculated values.)

We have remarked in reference [1] that the form of
equations (4) and (5) was independent of the nature of
the fluids considered. The behavior of methane [2] is
consistent with this characteristic. This apparent generality
is a useful feature of the equations but, since they are
empirical, each fluid should be treated on its merits with-
out prior prejudice.

Equation of State

The majority of transport coefficient data in the litera-
ture is reported in temperature-pressure coordinates but we
emphasized [1] that a correlation of the coefficients should
be preferably in terms of density rather than pressure. An
accurate equation of state is, therefore, essential to our pro-
cedure. The equation of state used here for methane is a
modified Benedict-Webb-Rubin (BWR), which was intro-
duced and discussed in reference [5]. The equation is, in
turn, based on the methane correlation of Goodwin [6].
The form of the BWR and values for its parameters are
given in the appendix of the present paper.

3. The Dilute Gas

The dilute gas coefficients appear separately in equations
(1) and (2). We have discussed the calculation of these
quantities from statistical mechanics [7, 8, 9] and have
shown, in particular, that statistical mechanics can give a
consistent representation of the transport properties and
the thermodynamic properties for a simple gas.

Dilute gas transport coefficient data for methane have
been listed and evaluated in reference [10]. Calculated
values were obtained via the standard kinetic theory equa-
tions [9] using the m-6-8 pair potential function of
Klein and Hanley {10]. This potential has the form

80 = 516+ 21 ()"

- aim - v-oi () -y (B @

where r is the intermolecular separation, ¢ the maximum
well-depth of the potential, and r,, is defined according to
the relation ¢(rm) = —e. Repulsive forces between mole-

2 Equation (5) here includes a contribution proportional to @, unlike the corre-
sponding equation {equation (9)) in reference [1]. In our earlier work with oxygen,

nitrogen, and the rare gases, however, the data were either not sufficiently precise,
or extensive to justify seven % coefficients.
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cules are represented by a 1/r™ contribution, while attrac-
tive forces are represented by —1/r¢ and —1/r® contribu-
tions; vy’ depicts the strength of the latter. Since we have
discussed the application of kinetic. theory to methane in
reference [10], details of the calculation procedure are
omitted here. m-6-8 methane parameters are given in
table 1. The dilute gas data were fitted to within their

TasLe 1. Potential function parameters (equation (7)) and critical
point parameters for methane.

m = 11

vy = 30

rm = 4101 X 10-¥ i (¢ = 3.68 X 10-1°m)
e/k= 1680 K

Te = 19055 K

P, = 45988 MPa (45.387 atm)
pe = 0.1628 g/gm? (10.15 mol /1)
molecular weight = 16.043

estimated accuracy (approximately *+ 2% for the viscosity
coefficient and approximately + 5% for the thermal con-
ductivity coefficient). Recent work [53] has suggested,
however, that the m-6-8 potential can lead to small syste-
matic differences between theory and experiment at very
low temperatures [T/(e/k) < 0.8] and at very high
temperature [T/(e/k) > 20]. Accordingly we revise our
estimate of accuracy for the dilute gas transport coefficients
of methane for temperatures less than 150 K to 3% and
6% for the viscosity and thermal conductivity coefficient,
respectively. Ely and Hanley have further discussed [9] the
approximations introduced when a nonspherical molecule,
such as methane, is regarded as spherical from the view-
point of the pair potential. For methane, we have verified
that this assumption docs not cffect the correlation of a
single property (e.g., the viscosity) but effects slightly
the consistency between calculated values of different prop-
erties.

For computational convenience we fitted the calculated
70 and A, to a polynomial in temperature

7o = GV ()T + GV(2)T-¥* + GV (3)T/* + GV (4)
+ GV (5)T3 + GV (6)T** + GV(T)T +GV (8)T?
+ GV (9)T%/3 (8)
and similarly for Ay, but with coefficients CT (£) (i=1 . . .
9) replacing GV (i) in equation (8). Values of the coeffi-
cients are listed in table 2.

4. Calculation of the Thermal Conductivity

Coefficient in the Critical Region

The quantity‘ A appears as a separate term in equation
(2) and represents the anomalous behavior of the thermal
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TaBLE 2. Parameters for the dilute gas equation (8). The unils
are: Temperature in K, viscosity in ug/(cm*s), and
thermal conductivity in mW/(m * K).

GV(1) = —2.090975 X 10° GT(1) = —-2147621 X 10°
GV(2) = 2647269 X 105 GT(2) = 2190461 X 105
GV(3) = —1472818 X 105 GT(3) = —8.618097 X 10*
GV(4) = 4716740 X 10¢ GT(4) = 1496099 X 10
GV(5) = —9.491872 X 103 GT(5) = —4.730660 X 102
GV(6) = 1219979 X 103 GT(6) = —2331178 X 102
GV (7) = —9.627993 X 10¢ GT(7) = 3.778439 X 10t
GV(8) = 4274152 GT(8) = —2.320481

GV(9) = —8.141531 X 10-2 GT(9) = 5311764 X 10-2

conductivity coefficient in the neighborhood of the critical
point [3]. There is no doubt that A), can contribute sig-
nificantly to the value of the thermal conductivity coeffi-
cient and has to be included in a correlation [1]. Conduc-
tivity data, however, in the critical region for methane
are scarce and we prefer to obtain A, by calculation.

The calculation follows a procedure suggested by
Sengers [3] and expanded by Hanley, Sengers, and
Ely [11]. Details are given in reference [11], in
section 3.2 of reference [1], and in reference [2]. Our
application to methane is given in appendix C of reference

[2].

5. Data Selection and Correlation

Since the dilute gas coefficients, 5, and A,, have been
calculated previously [10], we considered here data for
the dense gas and liquid regions only. A comprehensive
search of the world’s literature through 1975 turned up

reference [12] — [37] for the viscosity coefficient and

references [38] — [49] for the thermal conductivity. Much
of the data prior to 1970 are summarized in references
[50] — [52]. The data reported in these papers were exam-
ined ‘according to the criteria set out in section 2 of refer-
ence [1]. The data used for correlation purposes were
chosen on the basis of the procedure described in section
2.3 of reference [1], and table 3 gives the final choices with
our accuracjr assessments.

We have shown that it is essential to have reliable data
close to the saturated liquid boundary and for at least one
high temperature (about 2 T.) isotherm if equations (1)
to (5) are to give a reliable correlation. Such data are
available for methane. (Conversely, if data are available
for the saturated liguid boundary and for one high tem-
perature isotherm only, equations (1) to (5) are excellent
interpolation functions.)

The experimental coverage for the thermal conductivity .

coefficient of methane is perhaps the most extensive of any
fluid due to the measurements of Mani [39], using a
transient hot wire technique, and to those of Le Neindre
[38], using a concentric cylinder apparatus. In the region
of overlap, data from these two authors differ systemati-

TasLE. 3. Seclected references for mcthane.

Estimated
Approximate accuracy
Authors experimental .range * 9
Viscosity
Haynes [121 Saturated liquid 2%
: 95-190 K

Giddings et al. [13] 283-410 K 2%
Pressures to 54 MPa

Barua et al. [14] 223-423 K 2%
Pressures to 17 MPa

Kestin and Leidenfrost [15]] ~296 K 1%
Pressures to 15 MPa

Boon and Thomaes [16] Saturated liquid 3%
91-114 K

Thermal conductivity ‘

Le Neindre [38] 298-723 K 4%
Pressures to 100 MPa

Mani [39] 139-400 K 3.5%
Pressures to 60 MPa

Tkenberry and Rice [40] 98-235 K 5%
Pressures to 50 MPa

cally by about two percent, which is within their estimated

uncertainties.
5.1. Parameters for Equations (3)—(5)

The parameters for equations (3)-(5) were estimated
by the least squares procedure outlined in section 3.1 of
reference [1], using the selected data from table 3, and are
given in table 4. As remarked, however, thermal conduc-
tivity data close to the critical point (from references [39]1
and [40]) were excluded from the fit; rather Al. was
obtained by calculation {2].

5.2. Deviatien Curves

Representative deviation curves are shown as figures
1-4. In every example the percent deviation has been

defined as

(expt.—calc.)

percent deviation = X 100. 9)

expt.

The figures are self-explanatory and show that we have
been able to fit the data to within the estimated experi-
mental uncertainties with one possible exception: namecly,
the calculated viscosity coefficient appears too low close to
the critical point, see figure 1. Although it is possible that
experimental error and/or incorrect density values con-
tribute to the deviation, it is more likely that the deviation
is the result of a small enhancement in the viscosity close
to the critical point [4], which is excluded from the corre-
lating equation. This feature was also observed in our
previous work [1].

J. Phys, Chem. Ref. Data, Vol. 6, No. 2, 1977
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Tasie 4. Parameters for equations (3)~(5). The units are: Density
in g/cm3, temperature in K, viscosity in pg/(em - s),
thermal conductivity in mW/(m - K).

Viscosity
Equation (3) A = 1696985927
B = —0.133372346
. C = 14
F = 168.0
Equation (4) E = 1.0
j1 = —1.035060586 X 101
j2 = 1.7571599671 X 10t
js = —3.0193918656 X 103
ja = 1.8873011594 X 102
5 = 4.2903609488 X 10-2

je = 1.4529023444 X 102

1 = 6.1276818706 X 103
Thermal conductivity
Equation (8) A = —U0.25276292
B = 0.33432859
C = 112
F = 168.0
Equation (5) D = 1.0
k1 = -—7.0403639907
ks = 12319512908
ke = —8.8525979933 X 102
ks = 72835897919
ks = 0.74421462902
ke = —29706914540
kr = 22209758501 x 103

VISCOSITY' Saturated Liquid

o ° ® [12]
& T o [ie]
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> =
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= =
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& A Y
83 0 ' T t T.jM&_—I
a L ) ~
-2 { ] 1 l | l 1 |
1 2 3 4 5

DENSITY, g/cm®

Ficrer 1. Deviatinne hetwean evperiment and calenlation for the

viscosity of saturated liquid methane.

6. Construction of Tdbles

We constructed tables of values for the viscosity coeffi-
cient (table 5) and the thermal conductivity coefficient
(table 6) from equations (1)—(5) with the parameters of
table 4 using the equation of state in the appendix. The

J. Phys. Chem. Ref. Data, Vol. 6, No. 2, 1977
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Ficure 2. Viscosity deviations at several representative tempera-
tures.

temperature range is 95 to 500 K. The pressures extend to
50 MPa for temperatures less than 205 K, and to 75 MPa
for temperatures between 205 and 500 K. These ranges
sometimes correspond to a slight extrapolation of the data.
The correlations, however, are based on the temperature-
density behavior of the transport coefficients. Density is the
liniting variable. We therefore assured that a P-T entry
in the table did not correspond to a density exceeding
0.445 g/cm® (2(.8 mole/1), which was the upper experi-
mental limit.

For convenience we constructed table 7 which presents
values for the saturated liquid.

6.1 Uncertainty of the Tables and Extrapolation

Our assessment of the correlating procedure of reference
[17 led to the conclusion that the correlation does not give
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THERMAL CONDUCTIVITY!
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Ficure 3. Thermal conductivity deviations at low temperature.

rise to significant systematic deviations between calculated
and experimental values of the transport coefficients. This
conclusion is reinforced from this work with methane.
Hence, an estimate of the uncertainty of the tabulated
values is essentially the estimate of the uncertainty of the
input data. (We note that the percentage of uncertainty
given in table 3 and mentioned here is an assessment of
inaccuracy.) For temperatures below 200 K, we assign an
uncertainty of * 3% to the tabulated viscosity values,
+ 5% to the tabulated thermal conductivity values. For
temperatures above 200 K, the uncertainties are felt to be
slightly less: = 2% and % 4%, respectively. Close to the
-critical point, our viscosity values are probably too low by

about 5% and our values for the thermal conductivity have,

an uncertainty of 15%. Extrapolation of the tahles is not
recommended.

THERMAL CONDUCTIVITY:

b4 725K [38]
@
o
0 } e .
I °e®
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PERCENT DEVIATION
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Ficure 4. Thermal conductivity deviations at representative tem-
peratures above 300 K.

7. Conclusion

A general equation, identical in form for both transport
coefficients (excluding the critical point enhancement for
the thermal conductivity coefficient), has been used to
represent selected viscosity and thermal conductivity data
of methane from the dilute gas to the dense liquid. Param-
eters for the equation were determined by fitting experi-
mental data. Comprehensive tables of transport coefficients
are presented. '
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TasLe 7. Transport coefficicuts of saturated liquid methane.
Thermal
Temperature, - Density, Viscosity, conductivity,
K mol/1 ag/(cm *s) mW/(m - K)
95 21.189 1792 215
100 21.367 1563 206
105 26.934 1377 197
110 26.491 1223 189
115 26.035 1094 181
120 25.566 984 173
125 25.081 889 165
130 24.578 807 158
135 24.055 734 150
140 23.508 669 143
145 22.932 611 136
150 22.322 558 129
155 21.672 509 122
160 20.971 464 115
165 20.206 421 108
170 19.356 380 101
175 18.386 340 94
180 17.226 300 88
185 15.690 256 84
190 12.485 187 . 89
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Appendix
Methane Equation of State

The equation of state used in the work is that reported
by McCarty in reference [5]. The form of the equation.
and its parameters are reproduced in this appendix.

The equation of state is given by the following functional
form:

P = pRT + p* (N,T + N.T% + N; + N/T + N;T?)
+ p3 (NI + N, + No/T + No/T?)
+ 94 (NIOT + Nu + Ni'z/T) + Ps (N13)
+ Ps (NM/T + le/Tz) + P7 (NwT)
+ 08 (N1o/T + Nyg/T?) + p° (N1 T?)
+ p® (Nzo/T? + Noy/T?) exp (—yp?)
+ p° (Noo/T2 + Noo/T*) exp (—vp*)
+ p7 (Nyo/T? + Naps/T?) exp (—vp*)
+ P9 (N-ze/T2 + N27/T4) €xp (—’YPZ)
+ p** (Nas/T? + Napo/T?) exp (—7p°)
+ p'8 (N3o/T? + Nyy/T? + Nio/T*) exp (—vp®)

where, to be consistent with reference [5], P is in atmos-
pheres, p is in mol/}, and T is in kelvins.
The coefficients are

N, = —1.8439486666 X 10-2
N, = 1.0510162064

N, = —1.6057820303 X 10

N, = 84844027562 X 10°

'Ns

N
N,
Ny
N,
Ny,
Ny
Ny,
Nis

"Ny,

N15
NlG
N17
N18
N;o
Nz
NZ].
Nz,
Nes
N24
N25
NZS
No,
NZS
N29
NSO
N31
N;,

Y
R

= —4.2738409106 X 10*
= 7.6565285254 X 10~
= —4.8360724197 X 10
= 85195473835 X 10

= —1.6607434721 X 10*
= —3.7521074532 X 10-°
= 2.8616309259 X 10*
= —2.8685285973

= 11906973942 X 10-*
= —8.5315715699 X 10-3
= 3.8365063841

= 24986828379 X 10-°
= 5.7974531455 X 10-°
= —7.1648329297 X 10
= 1.2577853784 X 10~
= 22240102466 X 10*
= -—1.4800512328 X 10°
= 5.0498054887 X 10

= 1.6428375992 X 10°
—  2.1325387196 X 10
= 3.7791273422 X 10

= —1.1857016815 X 10-°
= —3.1630780767 X 10

= —4.1006782941 X 10-°

I

1.4870043284 X 10-2
3.1512261532 X 10-°
= —21670774745 X 10
2.4000551079 X 10-°
0.0096

0.08205616

I
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Errata

Erratum: Atomic Form Factors, Incoherent Scattering Functions,
and Photon Scattering Cross Sections

{J. Phys. Chem. Ref. Data 4, 471 (1975)]
J. H. Hubbell
Institute for Basic Standards, National Bureau of Standards, Washington, D.C. 20234
Wm. J. Veigele and E. A. Briggs
Kaman Sciences Corp., Colorado Springs, Colorado 80907

R. T. Brown and D. T, Cromer

University of California, Los Alamos Scientific Lab., Los Alamos, New Mexico 87544

and

R. J. Howerton

University of California, Lawrence Livermore Lab., Livermore, California 94551

P. 495: IN TaBLE I. Atomic form factor, F(x, Z), x, sin (6/2)/)\(1&) S(x, Z) (Smith et al. [4])
and incoherent scattering function, S(x, Z), the values . _
for S(x, Z) for 2 He (helium) for x = 0.005 through 5.00—03 8.376— 04
0.02 A-1 should be replaced as follows: 1.00—02 3.347—-03
h : 1.50 — 02 7.521—03
2 He 2.00—02 1.334—02
x S(x, 2) S(x, 2) obtained from the recent Smith et al. [4] analytic
Sin(theta/2) - (Pre’vious (Corr,ected approxumation
[lambda alues) al
vaes values) S(x, Z) = Z[1—(1+ax>+bat) (I+ex+dxt) 2],
5.00—03 2.1000—03 8.3186 — 04
1.00 — 02 5.0000 — 03 3.3274— 03 Osx=<w=, (2
1.50—02 8.8000—03 7.4867 —03

which has the correct asymptotic behavior for small [5]
as well as large [6] values of x, and in which a, b,'c,
and d are Z-dependent fitted parameters tabulated in
reference [4] for all Z’s 2 to 95.

P. 496: Also in TABLE 1, the value of S(x, Z) for 6 C
(carbon) for x=0.04 should be replaced as follows:

2.00—02 1.4100—02 1.3310—02

These corrected values take advantage of the asymp-
“totic form of S(x, Z) for small x [1]:

S(x, Z)=[M(Z)]* (dmaex)?, x <1, 1)
' 6C

given implicitly by Inokuti [2] (his equations 3.17 and
3.18), in which ao is the first Bohr radius 0.52917706 A s S(x, Z) S(x, Z)
and M(Z) is the total dipole-matrix-element. To obtain.. ‘ erla(thg(tia/ 2 (Previous (Corrected
the above helium S(x, Z) values for small x from the flambda value) value)
above eq (1) we used, as suggested by Gillespie [1], the 4.00—02 2.015 02 2.015—01
value [M(He)]2 = 0.752497553 calculated by Pekeris .
[3] (the quantity denoted S(—1) in his Table I). P. 515: In TABLE II. Coherent and incoherent scatter-
" The above corrected S(x, Z) values are in good agree- ing cross sections, barns/atom, the values of the inco-
ment with the comparable values of S(x, Z) for helium: herent scattering cross section “INCOH” for 2 He
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ERRATA

(helium) for photon energies 100 10 1000 eV should be The authors thank G. H. Gillespie and H. E. Johns
‘replaced as follows: for these corrections.
Photon INCOH INCOH
energy {Previous {Corrected
eV values) values)
1.0+02 1.524—03 7.194~04 References
1.5+02 2.559—03 ;1'618 = 03 {1} G: H. Gillespie, personal éommunication.
2.0+02 3.793—03 2.876—03 [2] M. Inokuti, Rev. Mod. Phys. 43, 297347 (1971).
3.0+02 7.081—03 6.438—03 [3] C. L.-Pekeris, Phys. Rev. 115, 1216-1221 (1959).
4.0+02 1.183 ;.;02 1.144—02 [4] V. H. Smith, Jr., A. J. Thakkar, and D. C. Chapman, Acta
i ) . o Crystallogr. A 31, 391-392 (1975). ’
2.0+02 1.796 0? 1.768—02 {5] R. Benesch and V. H. Smith, Jr., Chap. 21 of Wave Mechanics,
6.0+02 2.543—02 2.523—02 The First Fifty Years, Price, Chissick, and Ravensdale, eds.,
8.0+02 4.426 —02 4.413—02 (Butterworth, London, 1973), pages 357-377.
1.0403 6.767—02 6.759—02 [6] V.'H. Smith, Jr., Chem. Phys. Lett. 7,226~228 (1970).
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