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A Correlation of the Existing Viscosity and Thermal
Conductivity Data of Gaseous and Liquid Ethane

H. J. M. Hanley
Cryogenics Division, Institute for Basic Standards, National Bureau of Standards, Boulder, Colorado 80302
and
K. E. Gubbins and S. Murad

School of Chemical Engineening, Olin Hall, Cornell University, Ithaca, New York 14853

Data for the viscosity and thermal conductivity coeficients of ethane have been evaluated and
represented by an empirical function. Tables of values have been prepared for the range 200-500 K,
for pressure to 75 MPa (= 750 atm). The tables include an estimate of the anomalous contribution
to the thermal conductivity in the neighborhood of the critical point. The estimated uncertainties of
the tabular values are + 5% and + 8% for the viscosity and thermal conductivity coefficient, respectively.

Key words: Critical point enhancement; data evaluation; ethane; thermal conductivity coefficient;’
viscosity coefficient.
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GV (i) (i=1,9) dilute gas viscosity equation parameters

A thermal conductivity coefficient

No dilute gas thermal conductivity

A1 thermal conductivity first density cor-
rection

AN excess thermal conductivity’

AN dense gas and liquid thermal con-
ductivity

AN critical region excess thermal con-
ductivity

k(i=1,7),D thermal conductivity equation param-
eters

GT (i) :=1,9) dilute gas thermal

equation parameters

conductivity

M molecular weight

N Avogadro constant

k Boltzmann constant

[} intermolecular pair potential

m,y',a,rm,d, € potential parameters

A,B,C, F first  deusily correction  equalion
parameters

0 viscosity and thermal  conductivity

equation variable
reduced variable superscript
c critical point variable subscript

*

%0, B, E1, Es, scaling parameters for the compres-
S, v sibility in the critical region
R length parameter in the critical point
equation
7 chemical potential
A' viscosity critical region parameter

1. Introduction

In reference [1]' we set up a procedure to evaluate
and represent the viscosity coefficient (n) and the
thermal conductivity coefficient (A) of simple fluids
which has bheen applied to argon (with krypton and
xenon), oxygen and nitrogen [1], and to methane [2, 3].
The object of this work is to include ethane; specifically

to present tables of values of the transport coeflicients

covering a broad range of experimental conditions.
Several correlations of the ethane transport coeffi-
cients have been published [4]. Most, however, are
restricted to one coefficient and most cover a limited
experimental range. One of the difficulties is that the
data base cannot be considered satisfactory by com-
parison with those of other simple fluids, such as the
fluids studied in references [1-3]. For example, there
are some gaps in the data coverage and the majority
of the data available was published more than ten years
ago. Data cannot, of course, be judged solely by their
publication date, but it is generally accepted that much
of the older data for many simple fluids are suspect.

1 Figures in brackets indicate literature references.
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(In the last ten years or so, the conventional experi-
mental procedures (e.g., the capillary flow and oscillating
disc methods for the viscosity, and the hot wire and
parallel plate methods for the thermal conductivity)
have been re-examined and new techniques and modi-
fications have been proposed [5].) -

In summary, we do not think it possible to present
authoritative tables, with a significant assessment of
accuracy, until more, and more accurate, data are
However there is considerable technical
interest in ethane at this time and it was felt worthwhile
to present tables of both the viscosity and the thermal
conductivity coefficients over a wide experimental range.
Guidelines for work which would lead to improved tables
are suggested.

In reference [1], criteria for evaluating data in the
literature were discussed, and an equation for the vis-
cosity and thermal conductivity coefficient was proposed.
This paper will follow closely the format of reference
[1], so the criteria and the correlating equations will be
used here with only minimal comments.

2. Correlating Equations

The correlation for ethane is based on the behavior
of the transport coefficients with respect to temperature
(T) and density (p) according to the equations

1(p, T) = 1o(T) +n1 (T)p + An' (p, T) + Ane(p, T),

o
Mp, T) = o (T) + M (T)p+ AN (p, T) + Ak (p, T)
@

for the viscosity and thermal conductivity, respectively.
In these equations, mo(T) and Ao(T) are the dilute
gas values; 7)1 (7') and A1 (T') represent first density cor-
rections for the moderately dense gas; while Ay’ (p, T)
and AN (p, T) are remainders. The term n:(T) is

given by the empirical expression

m(T)=A4A+B[C—In (T/F)]?, 3)

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

The terms An'(p, T) and AN (p, T) are expressed
empirically by the relations’

An'(p,T)=E exp [j1+jT] {exp
[p®1 (o +ja/ T32) + 0p®5 (js + jo/ T +j2/T?) ] — 1.0},

@

and
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AN (p,T)=D exp [ki+ ks T]{ exp
[P (ko + ks/T?2) + 0p05 (ks + ke/ T+ k,/T2) ] — 1.0}
)

The parameter 0 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, p.: - ‘

0= (p—pc)lpe (6)

The coeflicients, E, D, j; . . . ji, ky . .
obtained from experimental data. ,

Finally, equations (1) and (2) include the terms
Anclp, T) and Ar.(p, T), respectively, to account
for the known enhancement of the coefficients in the
_vicinity of the critical point, see section 3.3.

As the form of the equations suggest, the transport
coeflicients are correlated and evaluated by examining
their behavior with respect to density: thus for the
viscosity, (a) we first evaluate the dilute gas and (b),
with the critical region excluded, the experimental
quantity (Yexp{(p, Ty — no(7T")) is identificd with the
terms N (T)p + An'(p, T). Similarly for the thermal
conductivity. The critical point behavior is treated
separately.

. k7, are to be

2.1. The Equation of State .

Since the correlation of the transport coefficients
requires temperature-density coordinates, but the
majority of data are reported in temperature-pressure
coordinates, an accurate equation of state is essential.
The equation of state for ethane used here was derived
by Goodwin and discussed in reference [6].

3. Data

Our search of the literature produced the following
papers reporting experimental measurements for the
transport coefficients of ethane: viscosity, references
- [7-21], thermal conductivity, references [10], [13],
[22-30].

Ciriteria for selecting data for correlation are discussed
in section 2 of reference [1] and the ethane measure-
ments were evaluated according to these criteria as
“far as possible. For example, it was pointed ont that
a plot of the excess function Ay or AN (defined as
Nexo 0, T) —0o(T) and heyp (p, T) — No(T'), respective-
ly) versus density leads to a good first guess as to the pre-
cision and internal consistency of a given data set;
it is a convenient format to compare different data
sets; the plot also allows one to judge if the qualitative
behavior of the coeflicients for ethane is consistent with
that of other simple fluids.

We constructed figures 1 and 2 for the excess func-

tions of ethane. Dilute gas data were represented by the

empirical function discussed in section 3.1. Based on
the corresponding behavior of simple fluids other than
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FiGure 1. Plot of the excess viscosity coefficient versus density.

O [7), ¢ [19}, A (8], (1 {20].

ethane {Ar, Np, 02, CO,, F,, H;, CHy, etc.) one would
expect that both An and A\ for ethane would be es-
sentially temperature independent at a given density.
(See figure 1 of reference [1], however.) The plot for
the excess viscosity coefficient for several temperatures,
figure 1, is in fact a reasonably smooth curve, but the
plot for the excess thermal conductivity coefficient
shows considerable scatter.

The behavior of the excess thermal conductivity co-
efficient suggests that much of this data is of question-
able quality.

In summary, the data base for this correlation is refer-
ences [7-13], [15], [19] and {20] for the viscosity, and
references [13], [22-27], and [30] for the thermal con-

ductivity. Equal weight was given to the measurements
reported in these sources.

3.1. The Dilute Gas

It is convenient to consider the dilute gas, the dense
gas and liquid, and the critical region separately, as
suggested by equations (1) and (2).

Viscosity Coefficient

Data from references [7—15] were fitted to the

empirical function found suitable in our previous work

[1,2]):

J. Phys. Chem. Ref. Data, Vol. 6, No. 4, 1977
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Ficure2. Plot of the excess thermal conductivity coefficient versus density. V

[25-27], O[22],. A [23], ¢ [30), O, saturated liquid
values, see text, section 3.2.
ne=GV(1)T-1+ GV (2)T-23+ GV (3) T-13+ GV (4)
+GV(5)TB+GV(6)TR+GV(T)T
+GV(8)T¥3+ GV (9)T35s. (7)

Values of the coefficients, GV (1) . . . GV(9), are listed
in table 1 and a percent deviation plot is shown in figure
3. In this figure, and in subsequent figures, percent
deviation is defined as

n{expt) — nicalc)
__’L_—n(expt) x 100. (8)

Of the data fitted, those from reference [15] are judged
to be the most accurate with an estimate of inaccuracy
(uncertainty) of = 0.5% (see the discussion in reference
[1]). However, only two values at room temperature are
reported. An objective assessment of the uncertainty
in the data from the other authors is difficult since de-
tails of the experiments are often not available; some of
the data have been extrapolated to lower pressures; the
data of reference [11] can be expected to be slightly in
error based on our analysis of the apparatus used [31].
It turns out, however, as can be seen in figure 3, that
the data of all authors are within =2%. Overall, we esti-
mate that values of the viscosity coeflicient generated
from equation (3) are accurate to =+ 4%.

J. Phys. Chem. Ref. Data, Vol. 6, No. 4, 1977
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FicURE 3. Deviation plot between dilute gas viscosity data and values
calculated from equation (7): O[7], @ (8], V[101,03[9), { [15], w
{13], A [12], A [11}.

Thermal Condictivity Coefficient

Dilute gas thermal conductivity data from references
[13],[22-27],[30] were fitted to equation (9):

Ao=CT(1)T-*+ GT(2)T-3+ GT(3)T-18+ GT(4)
+GT(5)TV3 +GT(6) T3+ GT(7)T
+GT(8) T3 +GT(9) T3, (9)

which is of the same form as the dilute gas viscosity
equation (7). Values of the coefficients, GT (1) . . .GT(9)
are listed in table 1. A deviation curve is shown as figure
4. The thermal conductivity data cannot be considered
to be very accurate {(cf., figure 2); there is scatter be-
tween data sets and the internal consistency is often
poor for a given data set. An estimate of inaccuracy of
the values obtained from equation (9) is = 6%.

Theoretical Calculation of the Dilute Gas Transport
Coefficients

In our previous work [32], it has been shown that
kinetic theory and statistical mechanics can be useful
aids to assess the consistency and accuracy of data. For
several gases, carbon dioxide for example [32], it was
possible to show that the independently measured prop-
erties, the viscosity and thermal conductivity coeffici-
ents, the thermal diffusion factor, and the equilibrium
pressure and dielectric virial coefficients, were mutually
consistent. The potential function required to carry
out the calculations was the m-6-8 discussed extensively
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TABLEL. OILUTE GAS PARAMETERS FOR EQUATIONS

(7) AND (9)., UNITSS TEMPERATURE IN
Ky VISCOSITY IN MICRO=G/(CM®S) ANOD

THERMAL CONDUCTIVITY IN MILLI-R/{M*X)

GViL1)=~,1987890689E+08
GVI2)= ,1265234425E+08
GVI(Z)==-,2682L86613E+07
GV(L)= .1518198258E+06
GVI(5)= .2421166581E404
GVIB)I= +584L7272516E¢04
GVIT)*--15%797‘5175006
GVis)= -i37921blb9£003

GVI9)=~,4308581804E+01

6T(1)2=,1098251238E408
GT(21= ,9388820895E+07
GTE3)%=,2962175792E+07
GT(4)s +3125105169E+06
6TIS) = 4546887L52E+05
6TU6) ==, 1730924346E+05
GT(7)= ,2128092919E+04
GT(8)2-,1237626311E+03
6Tz ,2869768987E€+01

oo T ]

PERCENT DEVIATION
ro
t
[¢]
i

% i I | 1
150 250 350 . 450 550 650 750
TEMPERATURE, K

Ficure 4. Deviation plot between dilute gas thermal conductivity data and
values calculated from equation (9): 0[30), V[23], A [24], A[13},
01]25,27), @ [22].

in references [1, 2], [32] and elsewhere2? Following our

previous work therefore, we have obtained m-6-8 para-

2The m-6-8 potential is given by the expression
B 1
T mb
where d = rmjo and r* = rfo. The distance parameters o and r,, and the energy parameter,
€, are defined by the relationships () =—e and ¢(0) == 0 whiley' is a parameter represent-
. ing inverse eighth attraction in the potential.

[6+2y‘](d/r’)"‘-—"T:—(’[m—'y'(m—S)] (@Y= (djr)®,

1

meters for ethane from the viscosity data which are

listed in table 2.

TABLE 2. m-6-8 potential function [1j parameters and critical point

parameters for ethane

Critical point constants

T.=3054K

pe =0.2015 g/cm? (6.70 molfl)
P, =4.8755 MPa (48.117 atm)
M=30.07

Parameters for equation (15)

E =21
E, =0.287
x0=0.166
B =0.355
v =1.190
5 =4.352

m-6-8 parameters

€/k=240.0 K

o =4.38 X 10-10m
rm = 4.88 X 10-19 m
y' =3.0

m =11

3.2. The Dense Gas and Liquid

Having values for 1o(7), and with An%p, T) set equal
to zero, dense gas and liquid data were fitted by the
method of least squares [1] to the terms 7, (T)p+ An’
(p, T) of equation (1).

The data selected were those of references [7],[8],[19] -
and [20]. Equal weight was given 10 the data points.
The accuracy of the data was judged to be +5%.
Values of the coefficients A, B, C, F, and J, . . . Jr
are given in table 3.

Similarly for the thermal conductivity coefficient: the
data selected was extracted from references {22], [23],
[25~27] and [30]. As noted for figure 2, much of the
data must be regarded as suspect. It is difficult to justify
anything but to give equal weight to all data points.

One of the drawbacks of the thermal conductivity
data base is that no values for the saturated liquid are
available, but we have found by experience that equation
(5) for A)N' requires data at, or close to, saturation if
the equation is to represent properly the dense liquid.
To ensure, therefore, that equation (5) is well-behaved
at low temperatures and high densities, we considered
dummy saturated liquid points obtained from the excess
function graph, figure 2.

Sample deviation curves are given in figures 5—8
which indicate that the data have been fitted to within
their estimated accuracy.

3.3. The Critical Region

Thermal Conductivity

As remarked, the quantity A\ (p, T') of equation (2}
represents the anomalous behavior of the thermal

J. Phys. Chem. Ref. Data, Vol. 6, No. 4, 1977
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TABLE3. PARAMETERS FOR EQUATIONS .(3)-(5).
UNITSS TEMPERATURE IN K, VISGOSIYY
IN MICRO-G/(CM*S) AND THERMAL CON-

DUCTIVITY IN MILLI-H/{H¥K),

VISCOSITY
EQUATION 3 A=-3.911393979
Bx4.202777039
c=1.12
F=305.4
EQUATION & €x1.0
J1=-,1005826181E402
92 4 3T08L4T683E+00
J3= .1730063166E402
Jex .1214721698E405
J5+. 371598249064 04
| J6% +1934946036E+03

J7= . 8669596196£402

THERMAL CONDUCTIVITY
EQUATION 3 Ax,20556824905
B8=.91610917354
C=1.12

F=305.4

EQU"IO& 5 0=1.0

K12-,94345320091E+01
K2= +19662879028E401
K32 ,13089936918E+02
Kb= .14811587268E406
K52, 17755038676E+05
K6= o13738492230E+08
K72-. 910499433 756403

10 I I

I
SATURATED LIQUID vISCOSITY

PERCENT DEVIATICN
N
I
I

[ | I
0.32 0.40 0.48
DENSITY, g/cm®
Ficure 5. Deviation plot for the viscosity coefficient at saturated liquid
boundary. Data from reference [19] compared to equation (1).
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Fiure 6. Deviation plots for the viscosity coefficient for several isotherms:
top, @ [7]at 294 K, A[8] at 326 K; O[7] at 327 K; bottom, M [8] at
478 K, [0 [7] at 511 K.

conductivity coefficient in the neighborhood of the
critical point. There is no doubt that A\, can contri-
bute significantly to the value of the thermal con-
ductivity coefficient and has to be included in a
correlation [1]. Conductivity data, however, in the
critical region for ethane are nonexistent, hence A\, is
obtained by calculation. The procedure is discussed in
section 3.2 of reference [1] and in reference [33].
According to reference [33],

M )1/2 kT2 (6P)2

Ar(p, T) = —— il
(P, T) (p_NkT 6mnR

I( 1/2
3T (Kr)

P

exp (—18.66 AT?) exp (—4.25 Apt),  (10)
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Ficure 8.  Deviation plot for the thermal conductivity coefficient at 649 K, [J,
and 406 K, 0. Data from reference {22].

where

AT=|T=T]/T; Bp=|p=pcllpe, (11

with 7. and pc the critical temperature and density,
respectively. In equation (10), £ is Boltzmann’s constant,
N is Avogadro’s constant, Kr = p ' (3p/dP)r (the
compressibility), R is a length parameter and M is the
molecular weight. R is given by:

173
R=r (_Zy_p )1/2 (.2.3) {MM+1 ]1/2’
T* 3 m—6 3
(12)

where T*=T/(e/k), m, v', rm and €/k are the m-6-8
parameters of table 2. ;

One can see that the calculation of A\, at a given
density and temperature requires the viscosity, the
derivative (3P/9T),, and Ky. The viscosity is obtained
from our correlation, and (8P/6T), and Kr can be
obtained from the equation of state [6]. However, it
turns out that while the determination of (3P/dT),
presents no real difficulty, the determination of Kr
does: it is now well-kriown that the classical, analytical,
equations of state cannot describe the large compres-
sibilities in the critical region. The equation of Goodwin
used here, however, is nonanalytic and could, in prin-
ciple, be used for Kr. Nevertheless, we prefer to be
consistent with our previous work and introduce the
scaled equation of state:

p2KT=f,—°1Kg|l-8[h(x)—i—:h'(x)]“, (13)

where h'(x) = dh{x)/dx. The derivation of equation (13)

.18 based on the observation that the asymptotic behavior

of various thermodynamic properties can be described
in terms of power laws when the critical point is
approached along specific paths in the :&T—Z;; planc.
For example, the density along the gas and liquid branch
of the coexistence curve varies asymptotically as
|Ap| =< |AT|8; the chemical potential u(p, T) along the
critical isotherm varies as w(p, Tc) —u(pe, T«
{Ap|% the compressibility Kr and specific heat ¢, at
constant pressure vary along the critical isochore as
|AT|-7. The quantity x is given by the ratio:

x=AT/|Ap|v8, (14)

and A(x) is a function:

+ + 28 J{y—1)/28,
h(x)ZEl(x x())[1+Ez(x xo) ]
X0 Xo
(15)

This equation contains the critical parameters p. and
T (through the definition of x), two critical exponents
B and y[=RB(8—1)], and three constants x,, E, and
E,. Values of the constants and exponents are listed in
table 2. v

As an example, the total thermal conductivity coefhi-
cient A (p, T) has been calculated at three temperatures:
400 K, 310 K and 305.7 K. The appropriate excess
function AA[=A(p, T)—Ao(T)] has been plotted
versus density in figure 9. It is seen that the influence
of the critical point increases significantly the value
of AA.

J. Phys. Chem. Ref. Data, Vol. 6, No. 4, 1977



1174

150 |—
100 — 306.7K
=
E
=
e L
‘ .
< 310K
50
400K
| | - | |
0 2 4 6 8 10

DENSITY, mol/f

Ficure 9.  Plot of the calculated excess thermal conductivity coefficient, using
equation (10), at 305.7 K, 310 K, and 400 K.

Viscosity Coefficient

Although it has been suspected for a long time that
the viscosity coefficient of a pure fluid displays anoma-
lous behavior in the critical region, the magnitude and
quantitative features of the anomaly are still under
illvcaligulibu but it is  generally  cunceded  that
any anomalous behavior of the viscosity is much weaker
than the corresponding behavior of the thermal con-
ductivity. Recently, however, Strumpf, Collings and
Pings investigated experimentally the viscosity of
ethane in the vicinity of the critical point [21]. They
report an anomalous increase in the viscosity of about
16% if AT < 0.0025 and Kp < 0.25. Further, the results
agree with theoretical predictions [34] that An/f
n(back) = A'In AT, where n(back) is the viscosity in the
absence of anomaly, and A"is a constant which has a
numerical value of approximately 0.034. There seems
little doubt that Strumpf, Collings, and Pings have
verified guantitatively the existence of a critical point
anomaly in the viscosity of ethane. Unfortunately, from
our viewpoint, the absolute .values of the coefficients
are uncertain. It turns out that the coeflicients away
the critical point differ systematically by 5-10% from
those of Carmichael and Sage [8], and of the other
authors considered here. The latter results are higher
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at a given temperature and density. Possible reasons
for the discrepancies are discussed in reference [21].

Accordingly, in view of the discrepancies, and since
the data of reference [21] cover a limited experimental

_region, the data were excluded from the correlation.

- 4, Tables of Values

The viscosity and thermal conduectivity coefficients
of ethane have been calculated for 200-300 K for
pressures up to 50 MPa (=500 atm) and from 300—
500 K for pressures to 75 MPa. Tabular values are
presented as tables 4 and 5. We ensured that an entry
in the table would not require an extrapolation beyond
the range of data, with the exception that the low
temperature-high pressure thermal conductivity coefh-
cients required our generateéd saturated liquid values
from the excess function. Gaps in the tables at low
temperatures indicate that these P-T points correspond
to densities exceeding 17 mol/l: the upper density limit
for the data. For convenience saturated liquid values
have been listed sepa.ately as table 6. (The tables con-
tain more significant figures than the accuracy of the
data warrant. The extira figures are given to facilitate
reproduction and interpolation of the tables.)

4.1. Uncertainty of the Tables

We have been able to fit the data to within their
estimated accuracy. The tabular values are judged to
have an.uncertainty of ==5% for the viscosity coefficient
and *8% for the thermal conductivity coefficient.
These estimates of uncertainty refer to an estimate of
accuracy on a 20 basis. Here o is based on the following:
the scatter of the experimental data, deviations between
the data and our correlation, an assessment of the data
according to the criteria of reference {1] and, finally,
our experience of evaluating similar data for other simple
fluids. Close to the critical point, the estimated uncer-
tainties are increased to +10% for the viscosity coeffi-
cient, and :£20% for the thermal conductivity coefficient.

5. Conclusion

The viscosity and thermal conductivity coefficient
data for ethane over a wide temperature and pressure
range have been represented by an empirical function.
Tables of values have been prepared. Qur assessment
and evaluation of the results has been handicapped by
lack of reliable data. A significant improvement requires
(a) data for the dilute gas over a wide temperature
range, e.g., about 200—1500 K, particularly for the
viscosity coeflicient, (b) viscosity data for the saturated
ﬁq,liid from the triple point (90.35 K) to 200 K, and
(c¢) thermal conductivity data for the saturated liquid
over the whole temperature range. It would also be
helpful if the more recent techniques, e.g., those using
the torsional oscillating crystal for the viscosity [1],
and the transient hot wire method [2], could be applied
to ethane.
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K3 and pressures (MPa). The anics see jog/{cmms)

Tastk 4. Viscasity coefficient of ethane for variovs temperatu
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TasLe 4. Viscosity coefficient of ethane for various temperatures (K) and pressures (MPa). The units are pg/(cmes)—Continued

. P, MPo

T, K o1 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.8
300, 9,5 95.8 97.7 99,8 102, 4 105.6 109.7 115,46 124.7 395.9
310, 97.5 98.8 180.6 102.6 105.0 107.9 11t 115.8  121.9 19,5
320, 100.5 101.7 103. 6 105.¢  107.€ 110.2 113.3 117.1 121.8 136.5
330, 103.5 104.7 106.3 108,31 110.2 112.6 115, 4 118.7 122.8 133.5
340, 106. 4 107.6 109.1 110.9 112.9 115.1 117.7 120.6 124.0 132.9
350, 109.3 110.% 111.9 113.6 115.5 117.6 119.9 122.6 125.7 133.2
366, 112.2 113.2 1147 116.3 118.1 120.1 122.3 126.7 127.5 134,2
370. 115.¢ 116.90 U704 - 119.0 120.7 122.5 126.6 126.9 129.5 135.5
380, 117.8 118.8 120.1 121.6 123.2 125.0 127.0 129.1 131.5 137.0
390. 120.5 121.5 122.8 124.2 ©125.8 1275 129.3 131.4 133.6 138.6
406, 123.2 126.2 125, 4 126.8 128.3 . 129,9 131.7 133.6 135.7 168, 4
v, 125.9 126.8 128, ¢ 129.4 130.8 132.4 13601 135.9 137.8 142.2
w28, 128.5 129.4 130.6 131,9 133,3 134.8 136, 4 138.1 . 140.0 16401
430, 13141 132.0 133.2 13606 1357 137.2 138.7 1804 16242 16641
440, 133.7 134.6 13527 136.9 138,2 139.6 161.1 162.6 164.3 1680
450, 136.2 137.1 138,2 139.3 143.6 144.9 163, 4 164,9 14645 150,90
460, 138.7 139.5 160, 6 61,7 . 163,90 1043 185, 6 167.1 168.6 152.0
870, 161.2 162.0 143.0 Tedal 165.3 146.5 167.9 149.3 150.8  154.0
" use. 143.6 164.3 165.3 166.4 167.€ 168.8 150.1 151.4 152.9 156.0
«9¢, 165.9 186.6 17,6 168.7 149.8 151.0 152.2 153.5 154.9 157.9
500. 148.1 168.9 169.8 150.8 151.9 15341 156.,3 155.6 156.9 159.8

P, MPa

T, K 6.0 7.0 8.0 9.0 10.0 15.0 20.0 30.0 50.0 75.0
300, | e38.0 %68,5 493,64 515.0 EX 0.0 0.0 0.0 0.0 0.0
310, 324.8 | 382.0 “17.9 45,9 . 469.4 $56.5 8.0 0.9 9.0 0.0
320. 176.8 273.7 335.7 375.1 405.1 504.6 © 0.0 6.0 0.0 0.0
330, 152.5 192,5 258.7 303.2 341.6 45642 528.6 0.0 0.0 0.0
360, 146.0 167,5 201.8 2634 283,5 11,2 487.8 0.0 0.0 5.0
350, 163.6 158, 4 180.0 208.6 26044 370.2 450,5 561.3 0.0 0.0
360. 162.8 15443 169.8 190,0 214.1 333,9 %1646 529.1 8.0 0.0
371, 142.9 152.4 164.5 . 1798 198,2 - 303.2 386,08 93,7 9.0 0.0
380, 143,65 151.7 161.7 1746,0 188.6 278.5 359.8 72,9 0.0 0.0
394, 164, 6 151.8 1604 170.6 182, & 259.5 335.5 448,5 0.0 0.0
wag, 145, 9 152.3 159.8 168.6 17,8 245.1 315.4 426.3 577.4 0.0
10, 1e7.3 153.1 159.9 167.6 176.5 234.2 298.5 406.3 555.7 0.0
%20, 148.8 156.2 160, & 167.3 175.1 226.0 2846 388.3 535.7 0.0
%30, 150.5 155.5 161.1 167. % 1748 219.7 273.1 372.2 517.2 0.0
YY1 152, 2 15649 16Z.1 167.8 176.2 215.0 263.8 357.8 500.1 0.0
450, 15%.0 158.3 163.2 168.5 176, 21144 25641 385.1 84,3 0.0
460, 155.7 159.9 L 169, & 174.8 208.€ 249.9 333.9 469.7 596.7
u70, 157.€ 161.5 16547 1706 175.5 206.6 266, 7 323.9 456.2 581.2
480, 159.4 163,41 167.1 171.5 176.2 205.1 240.5 315.2 w3.7 566.6
%90, 161.1 166.7 168.5 172.7 177.1 204.1 237.0 307.6 432.1 552.9

£08. 162.9 166.3 169.9 173.9 178.1 203.3 234e 1 3400.8 42i.6 Se0.0
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TaBe 5. Thermal conductivity of ethane for various temperatures (K) and pressures (MPa). The units are mW/(meK)

P, MPa

T, K 1 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0

265, 12.78 ) .
205, 13.17

210. 13.56

215. 13.97 145.23 145,77 146.31 146.85 147,38 147.91 148,43 148,95 149.98
220. 14,40 138,50 139.08 139.62 14015 140,68 141,20 11,72 142.23 143,24
225. 16,83 17410 133.17 133.70 136,24 136,76 135,29 135.80  136.32 137.33
230, | ‘15.28 17.49 127.86 128,41 128,95 129,48 130401 130.53 131,05 132,06
235. 15,74 17.89 123.03 123.59 124,15 124,69 125.23 125.76 126.29 127.32
249, 16.21 18.31 “118.57 119.15 119.73 . 120.29 120.85 121,40 121,94 122.99
2us, 16.€9 18.73 20.65 114,98 115.59 116.18 116.76 117.33 117.89 118,99
250. 17.18 19.17 21.03 111.00 111.65 112.28 112.89 113.50 114,99 115,23
255. 17.68 19.61 21,42 107,14 107,83 108.51 109,17 109.82 11046 111,66
260. 18.20 20.07 21.82 23.58 104.07 104.81 105.53 106.23 106.91 108.21
265, 18.72 20.54 22,24 23.91 109,27 161.1€ 121,91 102.68 103442 104,83
270, 19.25 21.02 22.67 24.27 26.13 97.31 98.22 . 99.09 99.92 101.48
275. 19.79 21.51 23.11 24.65 26.38 93.34 94,40 95.40 96, 36 98.09
280, 20.34 22.00 23.56 25.04 26.67 28.78 . 90.37 91,55 92.64 Sk, 64
28¢, 20.90 22.52 24,02 25.48 27.00 28.69 31.86 " 87.50 88. 80 91.10
290, 21.48 23.04 20,50 25.88 27.35 29.08 31.52 36,48 04.82 87.48
295, 22.05 23.57 24,99 26,32 21.72 29,33 I1.68 34,85 60.85 83.87
s00. 22.64 2611 25,49 26478 28.11 29.62 31.50 3u.2t 39.25 80.40

. P, MPa .

T, K 640 7.8 8.0 9.0 19.0. 15.0 20.0 30.0 08,0 50.0

220, | 164,20 145,22 146,419 147,15 148409 000 0.0t 0.00 .00 0.00
a22%. 133.32 13%.29 140.25 1‘-1-1‘3. 142.42 146.58 0.09 0.00 0.00 0.00
230, | 133,0€ 134.03 136.99 135.93 136.85 141027 145.38 0.0 0.00 0.00
235, | 128.33 129.31 130,28 131.22 132.15 136.55 148,63 0.00 .00 .00
e, | 126002 125,03 126401 126.97 127.90 132.33 136,40 143,77 5.90 0.00
245, | 120.05 121.08 122,09 123.67 124,02 128.50 132.59 139.92 0.00 0.00
250, | 116.36 117,41 118,45 119.46 120,44 125.00 129.12 136,46 0. 00 0.00
255. | 112,82 113.95 115.03 116.07 117.09 121.76 125,95 133.32 139.80 0.00
262, | 109,45 110,63 111,77 112.86 113.92 118,74 123,01 130445 136.93 0.00
265. | 106417 107.43 108,64 109.79 110.90 115,90 120.27 127.80 136,31 140.14
270. | 102.93 104.29 195.58 106.81 107.98 113.20 117.63 125434 131.89 137.73
275. | 99.78 . - 101.18 162.58 163,89 105.13 110,64 115,24 123,04 129.65 135.51
280, | 96.u3 98,07 99,59 101.01 102,34 108,11 112.91 . 120.88 127.56 133.45
285, | 93.12 9,94 96.60 98.14 99,58 165.68 110.67 118.83 125.63 131,54
290. | 89.76 91.79 93.61 95.26 96.83 103.31 108,56 116.88 123476 129,74
295, | 86.42 88.65 90,64 92.45 94,11 100,99 106,61 115.01 122,00 128.05
300, 83.18 85.59 87.73 89.67 9t .4k 98.72 104,37 113.22 120.33 126,45
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TaBLE 5.. Thermal conductivity of ethane for various temperatures (K) and pressures (MPa). The uxﬁts are mW/{m*K)—Continued

P, MPa . .
T, K o1 -5 1.0 1.5 2.0 2.5 3.0 3.5 4.8 5.0
300. 22.64 k.11 25.49 26.78 26.11 29.62 31.50 34.21 39.25 80.63
310. 23.85 25.23 26,53 27.73 28.96 30.29 31.86 33.86 36,68 $1.35
320, 25409 26439 27.61 28,746 é9037 31.07 32,43 34,04 - 36.08 “2.73
330. 26.37 27 .60 28,75 29.80 30.85 3i.9§ 33.16 ‘ 36449 36.11 40.61
348, 27.69 28,84 29.93 30,92 31.89 32.89 . 33.96 35414 36447 39.89
350, 29.05% 30.13 31.16 32.09 32.99 33.92 36,88 35.92 37.06 39.81
360, 30,46 31.46 32.43 33.3¢ 36415 35.01 35.88 36481 3r.81 40.10
370. 31.86 32.83 33.75 34,57 35.37 36.16 36.97 37.8¢ 38,69 48 .66
386, 33.32 34.26 35.10 35.886 36.63 37 .37 38.12 38.86 39.68 Li.bl
33C. 34.82 35.68 36.50 37.24 37‘-9'0 | 38.64 '39.33 ©0.04 #.76 L2.31
L00. 36.34 37.16 37.9% . 38.64 39.30 39.95 40.60 41.26 41.93 43.33
W10, 37.89 38.67 39,41 40.07 “0.790 4134 41,92 42654 £3.16 babl
4«20, 39.47 46.21 48.91 41.54 42.14 h2.72 «3.29 £3.87 &, 65 » 45.64
433 41.07 41.78 L2.45 43.04 43.61 bhe16 “heT0 45.25 45.79 46.90
440, 42,69 ©3.37 “h.01 . k.58 45.12 45.64 46415 46.67 4T7.18 48,22
450, b3 L4,.98 45.59 46,14 46465 47,15 47.64 48.12 48.61 49.58
460, #6.00 46.62 47.20 “T.72 48.21 48.69 29.15 49,61 50.07 50.99
470, &7.68 “8.27 48.83 49.33 49.79 50.25 50.69 51.13 51.56 52.44
4BC. 49.37 49,94 5Q.67 150,95 S1.48 51.83 52.26 52.67 53.09 53.92
%90, 51.08 51.62 52.1b 52.59 53.02 53464 53.584 S5ke2b Ske bl 55.63
500, 52.80 53.32 53.81 54.25 S4.67 55.06 55,45 55.83 56.21 58.96
P, MPo

T, K 6.0 7.0 8.0 9.0 10.0 15.0 20.0 30.0 . 5040 75.0
309, 83418 85.59 07,73 es.er . LI - 0400 6e00 0400 0.00 ) e.00
31C. 77.C1 79.91 82,34 8ue? B88.41 S4e 34 0. 00 0,00 0.00 .00
32¢c. 58.30 72,47 76494 79.69 81.89 90.27 6.00 0.00 0.00 - 0.00
330. w8418 £9.12 b8.28 13470 77413 60461 43034 veDU g.00 0400
343, L W79 51462 59.19 £5.77 70.90 83,18 90.16 2.00 9.00 0.00
350. 63,2 “B.12 53.67 59,24 €4.31 79.62 87,24 98,20 0.00 0.00
360, L2.9% 46,65 50.58 £5.02 S§.39 75478 BuekD 95,76 0.9 0.00
371, 42499 45,75 8,94 52,46 56.09 71.90 B1.55 93,49 9.00 - 8400
380, L3.38 45.64 +8.21 €1.04 Cbalb €8, bl T8.71 91.36 0.00 0.00
390, L, 02 45.93 48.066 €0.39 52489 €5.710 76405 89,304 0.00 0,00
"400. heoBe 46450 “w8.32 50429 52460 63,72 73.71 874tk 104. 67 6.00
10, ' 45.81 47.28 48,86 €0.56 52438 62440 71.81 85,69 103.23 0.00
L2C. 46488 © kB.21 49.62 51432 52.71 61461 70,36 84,13 101.91 g.00
£30. 48.05 49.26 50.53 51.88 53.30 61,26 69,35 82,80 100.71 0.00
L40. 49,29. 50440 51.57 52,79 54407 61425 68473 - osLlTC 99,64 g.00
LSG. 50.58 51.62 52.70 53.82 €6 99 61451 68,02 80.84 98.69 0.00
660, 51.93 52.90 $3.90 S409% 56401 61498 63.38 80,21 97.86 113.60
70, 53.33 Ek .23 55417 56413 57.13 62.62 68456 ‘ 79.680 97.16 112,87
483, 5a76 55.61 56,09 57439 $8.32 63440 68.92 79.57 96.59 112.22
L9G. 6422 £7.03 57.86 58.71 53,58 64430 89,4l 79.53 9641k 111,67
00, 57.72 58.48 59.28 60.06 6_0.85 © 65.29 70,09 79.64 95,81 111.20
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TABLEG.

179

VISCOSITY AND THERMAL CONDUCTIVITY

COEFFICIENTS OF SATURATED LIQUID ETHANE,

TEMPERATURE DENSITY VISCOSITY THERMAL CONDUCTIVITY
KELVIN MOLES/L MICRO~G/(GH*S) WILLI-W/(H*K)
200.0 17.456 1359,9 172.0
205.0 17,235 1313.1 1614 €
210.0 17.009 124144 152.8
215.0 16.778 1174.3 145.3
220.0 16,541 1111.2 138.7
225.0 164296 1051.5 132.9
230.0 16,044 995,.1 127.7
23540 15,786 Sul.b 123.0
240.0 15,514 890.1 118.7
245.0 15,233 3410 1147
25040 16,939 793.8 110.9
255,0 16,631 T48.4 107.3
26040 14,306 703.8 103.7
265.0 13,961 66046 100.2
270.0 13,592 618,2 96.8
275.0 13.193 576.3 93.3
280.0 12,755 534.4 89.8
285.0 12,265 492.1 86,4
230.0 11.702 448,3 83.2
295.0 11,021 401.5 88,5
300.0 10,165 37,3 78.8
305.0 8.073 2547 85.1
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