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The Transport Properties of Ethane. I. Viscosity 
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A new representation of the viscosity of ethane is presented. The representative 
equations are based upon a body of experimental data that have been critically 
assessed for internal consistency and for agreement with theory in the zero- 
density limit, vapor phase, and critical region. The representation extends over 
the temperature range from 100 K to the critical temperature in the liquid phase 
and from 200 K to the critical temperature in the vapor phase. In the super- 
critical region, the temperature range extends to 1000 K for pressures up to 
2 MPa and to 500 K for pressures up to 60 MPa. The ascribed accuracy of the 
representation varies according to the thermodynamic state from _+ 0.5 % for the 
viscosity of the dilute gas near room temperature to +3.0% for the viscosity at 
high pressures and temperatures. Tables of the viscosity, generated by the rele- 
vant equations, at selected temperatures and pressures and along the saturation 
line, are also provided. 
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1. I N T R O D U C T I O N  

Recen t  d e v e l o p m e n t s  of  so f tware  packages  for process  des ign and  thei r  

subsequen t ,  w idesp read  use have  gene ra t ed  a grea t  deal  o f  ac t iv i ty  in a 

n u m b e r  of  c h e m i c a l - e n g i n e e r i n g  fields. Such des ign  packages  inva r i ab ly  

requ i re  the t h e r m o p h y s i c a l  p roper t i e s  of  different  process  s t r eams  and  

recent  tests have  ind ica ted  tha t  the accu racy  of  t h e r m o p h y s i c a l  p rope r t i e s  
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are of paramount importance [1]. Thus, research and development of 
state-of-the-art representations of thermophysical properties as functions of 
temperature and pressure have gained renewed momentum. Under the 
auspices of IUPAC, a research program has been initiated to develop 
representations of the transport properties of industrially important fluids. 
The basic philosophy of the program is to make use of the best available 
experimental data, selected on the basis of a critical analysis of the methods 
of measurement. This information is complemented with guidance available 
from theory to produce accurate, consistent, and theoretically sound 
representations of the transport properties over the widest range of 
thermodynamic states possible. The first fluid studied in this program Was 
carbon dioxide [2], and we now present the results for ethane. The present 
paper deals with viscosity, while the results for thermal conductivity are 
presented in the following paper, part II. 

A number of correlations of the viscosity of ethane, based on com- 
prehensive reviews of the data available at the time, were published in the 
seventies [3-5]. Since then, new experimental measurements have been 
performed and our understanding of the theory of transport properties has 
improved considerably. In the late eighties two more correlations were 
published [6, 7]. Unfortunately, the accuracy and usefulness of either of 
them are very difficult to judge because little indication of the development 
of the viscosity correlation was given. Specifically, either no critical analysis 
of the experimental data was undertaken [6] or no description of the data 
selected as a basis for the correlation was presented [7]. Recently a new, 
critical evaluation of the available data for viscosity of ethane has been 
carried out [8]. The resulting representation covers a wide range of ther- 
modynamic states. Nevertheless, it was felt that, owing to the developments 
in the last 2 years, improvements are already possible in certain regions of 
the thermodynamic space. First, new viscosity data became available at low 
and high temperatures in the low-density range [9, 10] which, as our 
subsequent analysis shows, greatly improve the viscosity correlation in that 
region. Second, a novel way of predicting and correlating the data in the 
vapor phase at low densities has been developed [11 ] and incorporated in 
the present correlation. Third, in practice equations for transport proper- 
ties need to be used in conjunction with satisfactory equations of state; for 
ethane a nonclassical equation of state valid in an appreciable range 
around the critical point is now available [ 12]. Finally, in order to analyze 
the thermal-conductivity data which are the subject of part II, a representa- 
tion of the viscosity which is as accurate and as self-consistent as possible 
is essential. 

The following sections briefly summarize the theory and procedures 
used to develop the representation of the viscosity of ethane as well as 
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presenting the coefficients and functional forms of the resulting correlation. 
Since some of the methodology is the same as that used in our earlier 
work, the reader is referred to the publication on carbon dioxide for further 
details [2].  

2. M E T H O D  

It is customary [2, 13], for both fundamental and practical reasons, to 
decompose the viscosity, q(p, T), of the fluid as a function of the density, 
p, and the temperature, T, into the sum of three contributions, 

q(p, T) = qo( T) + Aq( p, T) + A cq(p, T ) =  ~(p, T) + z~q(p, T) (1) 

Here r/o is the viscosity in the zero-density limit, Aq an excess viscosity, and 
,Jcr/a critical enhancement. It is also useful to define the background con- 
tribution f /as the sum of the first two terms in Eq. (1). The advantage of 
this approach, in the development of the viscosity correlation, is that it 
is possible to use both theoretical and experimental information to treat 
some of the contributions independently. Thus, it is possible to examine 
some of the available experimental data in the light of the most modern 
theory and to confirm the internal consistency of various sets of experi- 
mental data. Furthermore, in the zero-density limit and around the critical 
point, theoretical studies have suggested acceptable functional forms for the 
representation of experimental data [2, 14]. 

In order to perform such an analysis one must make use of experimen- 
tal data over as wide a range of thermodynamic states as possible. 
Appendix I (Table AI) lists all the sources of data on the viscosity of ethane 
[9, 10, 15-46] and indicates the range covered and the method of measure- 
ment for each publication. A critical analysis of all these data has been 
undertaken to define the primary data sets for each contribution to Eq. (1). 
Ideally, the primary data set comprises those measurements performed in 
instruments for which a full working equation exists and for which a high 
precision in measuring the viscosity has been achieved. In practice, these 
constraints have to be relaxed in order to cover as much as possible of the 
phase space by including other data. Generally, it is legitimate to include 
only those data with a well-defined uncertainty level which cannot be 
demonstrated to be inconsistent with other data or with theory. 

For the purposes of the analysis the experimental viscosity data must 
be available at specified temperatures and densities. The measurements are 
usually performed at specific temperatures, T, and pressures, P. In order 
to be entirely consistent it is necessary to evaluate the density of the fluid 
from the temperature and pressure reported by experimentalists by the use 
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of a single equation of state (EOS). For this purpose we have employed 
the most recent classical EOS for ethane outside the critical region [8] 
and a new parametric crossover EOS in the critical region 1-12-1. The 
switching between the two EOS has been performed along the rectangular 
boundary in the temperature-density plane given by 302.5 K ~< T~< 316 K, 
3.82 m o l . L  -I  ~<p~<8.65 moi-L -I [12]. 

In subsequent sections we treat each contribution separately analyzing 
the primary data using the best available theoretical guidance. The 
independent representations are then developed for each term in Eq. (1), 
which, when combined, give the global correlation for the viscosity of 
ethane over a wide range of temperature and pressure. Throughout this 
work the temperature is in units of Kelvin in terms of IPTS-68, the 
pressure in units of MPa, the density in units of mol-L t and the 
viscosity in units of pPa.  s. 

3. THE ZERO-DENSITY LIMIT 

The viscosity of a fluid in the zero-density limit, ~1o, is an experimen- 
tally accessible quantity so that it is possible to analyze ~1o independently 
of other terms in Eq. (1) [47, 48]. Furthermore, the existence of a 
well-developed kinetic theory [49] in the same limit gives some guidance 
as to the form of the correlation. Thus, it would seem that the zero-density 
limit is a natural starting point for the development of any viscosity 
correlation. 

An analysis of the zero-density viscosity data was recently performed 
[50], and since no new experimental measurements have been carried out 
in the interim, a short recapitulation of the earlier correlation is all that is 
necessary here. The kinetic theory of dilute gases relates the viscosity of a 
pure gas to an effective collision cross section which contains all the 
dynamical and statistical information about the binary collisions. In a 
practical engineering form, the viscosity in the zero-density limit is given by 

0.021357 [ TM] t/2 
r/o(T) - ~ . (2) 

where ~,* is the reduced effective collision cross section, T is the tem- 
perature in Kelvin, M is the relative molecular mass, a is a length scaling 
parameter in nm, and r/0 is in units of #Pa .  s. The numerical constant in 
Eq. (2) was obtained by the use of the recommended values of fundamental 
constants [51 ]. 

In developing the viscosity correlation, experimental values of ~ 
( ~ , = n t z 2 ~  *) have been derived from each of the various primary data 
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sources, which are listed in Ref. 50. Then the complete set of primary data 
for ~ * ( T * )  was fitted, by the use of appropriate statistical weights, to the 
functional form 

In ~ *  = ~ ai(ln T*)  i (3) 
i ~ O  

where the reduced temperature T* is given by 

T *  = k T / e  (4) 

and e lk  is an energy scaling parameter in Kelvin. 
It has been found that the experimental viscosity data for ethane can 

be represented, within their estimated experimental uncertainty, by means 
of Eqs. (2) and (3) by the use of the coefficients a~ from a "universal" 
correlation [52, 53]. The advantage of this fortuitous finding is that the 
resulting correlation can be safely extrapolated to an upper temperature 
limit of T-- 1000 K, although the actual highest experimental data point is 
at T =  633 K. This upper limit represents a reasonable limit at which the 
properties of gaseous ethane might be required in practical applications. 
Table I contains all the relevant coefficients for the representation of the 
zero-density viscosity of ethane. The resulting correlation [50] is valid in 
the temperature range from 200 to 1000 K, and its uncertainty is estimated 
to be _+0.5% in the range 300K~<T~<600K, increasing to ___1.5 and 
+ 2.5 % at 200 and 1000 K, respectively. 

4. THE CRITICAL REGION 

The viscosity of a pure fluid shows a weak enhancement in a small 
region around the critical point and becomes infinite at the critical point 
[54]. The actual range of temperatures and densities where a critical 

Table I. Coefficients for the Representation of the 
Effective Collision Cross Section of Ethane, Eq. (3)" 

i a~ 

0 0.221 882 
1 -0.507 9322 
2 0.128 5776 
3 -0.008 32817 
4 -0.002 71317 

"e/k = 264.70 K; a =0.43075 nm; M = 30.069. 
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enhancement in viscosity is observed is quite small. For instance, at the 
critical density p = Pc the critical viscosity enhancement exceeds 1% of the 
background only at temperatures within 6 K from the critical temperature. 
Nevertheless, the critical enhancement has been observed experimentally 
for a number of fluids [43, 55-59] and its existence has been clearly 
established. 

Unlike the viscosity, the thermal conductivity exhibits a critical enhan- 
cement in a large range of temperatures and densities around the critical 
point 1,54]. A theoretical approach for dealing with the critical enhance- 
ment of the transport properties has been developed by Olchowy and 
Sengers 1-60]. Since the critical-enhancement effect is very important in 
developing a quantitative representation of the thermal conductivity, we 
postpone an explanation of this theoretical approach to part  II. For the 
analysis of the small critical viscosity enhancement in the present paper, it 
is sufficient to quote only the resulting equations. 

The critical viscosity enhancement, Z l d l ,  in Eq. (1) is represented by an 
equation of the form 1-14, 61] 

Act 1 = q [ e x p ( z H )  - 1 ] (5) 

where H is a crossover function specified in Appendix II and where z is a 
critical exponent [59, 62-64] given in Table II. The crossover function H 

Table 1I. Constants in the Equations for the 
Critical Viscosity Enhancement 

Critical parameters 

Tc 305.33 K 
Pc 4.8718 MPa 
Oc 6.87 mol • L - J 

Critical exponents 

z 0.063 
v 0.63 
)' 1.239 

Critical amplitudes 

R 1.03 
~o 0.19 nm 
/- 0.0541 

Cutoff wavenumber 

q~ 0.187 nm 
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depends on the thermodynamic properties of the fluid, which in turn are 
calculated from the available EOS as specified in Section 2. In addition, the 
crossover function H depends on the background contributions f /and 2 to 
the viscosity and to the thermal conductivity, the correlation length ~, and 
a system-dependent parameter qD, which represents a large wave-number 
cutoff for the critical fluctuations. The correlation length ~ is, in practice, 
calculated from a dimensionless susceptibility ,~ defined as 

= p(Op/OP) r P~ P~ 2 (6) 

where Pc is the critical pressure. Specifically we use 

= ~o(A~21r),/;' 

with 

(7) 

A ~  = ~(T, p)-,~(T~, p) T___~ 
T 

(8) 

Here v and "? are universal critical exponents, ¢o and F are system- 
dependent critical amplitudes that can be calculated from the asymptotic 
critical behavior of the EOS, and T r = 1.5To is a suitably chosen reference 
temperature far away from the critical temperature Tc 1-14, 61]. The cutoff 
parameter qo is determined from an analysis of experimental information 
for the critical enhancement in the thermal conductivity as discussed in 
part II. The values of all the relevant constants entering the description of 
the critical enhancement of the viscosity, Eqs. (5) and (8), are given in 
Table II. 

Detailed experimental studies of the viscosity of ethane in the critical 
region have been reported by lwasaki and Takahashi [43], who measured 
the viscosity and the density simultaneously as a function of pressure along 
four near-critical isotherms. We have accepted the experimental densities 
reported by Iwasaki and Takahashi [43]. These values depart considerably 
from those that we would calculate using our EOS [8, 12-1 from their 
reported temperatures and pressures. As in the case of carbon dioxide, we 
assume that there is an error in the pressures reported. 

Evidently, a comparison of the predicted critical enhancement of the 
viscosity of ethane with experimental data requires separation of the term 
Act/ from the experimental viscosity data. In practice, it is difficult to 
perform this separation unequivocally. Thus we have adopted, as before 
[2-1, an iterative approach in which a background viscosity is postulated 
on the basis of the data available in regions where the critical enhancement 
is negligible. In practice, as our work on carbon dioxide has shown [2], if 
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one starts with such a background viscosity, only a very small subsequent 
refinement is necessary. Here we use a background viscosity evaluated as 
described above to determine the critical enhancement of the viscosity of 
Iwasaki and Takahashi 's  data by subtracting ~ from their experimental 
viscosities according to Eq. (1 }. The results are shown in Fig. 1, where the 
predicted enhancement is shown as the solid line for four near-critical 
isotherms, while the points represent the experimental data. The uncer- 
tainty claimed for the viscosity measurements of Iwasaki and Takahashi 
implies an uncertainty in the critical enhancement of +_0.5 ~Pa-s .  It can be 
seen that, whereas some features of the enhancement are reproduced 
moderately well, there are large systematic deviations beyond the level of 
experimental uncertainty at densities below the critical density and, espe- 
cially, around 4.0 m o l - L - t  where the critical enhancement is expected to 
be small. 

It is therefore necessary to examine the comparison with the data of 
lwasaki and Takahashi [43] in more detail to establish the possible reason 
for this discrepancy. Noting the similar shape of the experimental results 
along the four isotherms in Fig. 1, we think it is plausible to assert that the 
background postulated in this region of densities is incorrect. One can 
therefore deduce a "local" background viscosity from the data of Iwasaki 
and Takahashi [43] alone, utilizing their results at temperatures away 

7 

I I l+1"++-f+ ÷ + ++.1t.++++++++ ++t" 

3 V - -&&& AA • &A 

1 ~'4~OO O O 0 0 0  Q O  • 

0 2 4 6 8 1 0  

E,EI ISIT , .  n',,-q • L - '  

Fig. i. The critical enhancement of the viscosity deduced from the 
data of Iwasaki and Takahashi [43] by the use of a "'global" back- 
ground viscosity: +, T= 305.65 K; A, T=305.85 K; O, T=306.15 K; 
II, T=306.45 K. The solid lines represent the values calculated from 
Eq.(5). To separate the isotherms the viscosity values have been 
displaced by 1.5/aPa. s each. 
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from the critical temperature. If this is done, the agreement between the 
predicted critical enhancement and the experimental one is much better, as 
shown in Fig. 2. However, it is still clear that the measured enhancement 
is greater than the predicted one for the two isotherms closest to the critical 
temperature, although the deviation in the total viscosity of ethane does 
not exceed + 1.3 %. Even better agreement with the experimental data can 
be achieved if the critical temperature of the fluid, which was not measured 
by Iwasaki and Takahashi [43], is shifted by -0 .1  K. However, there is no 
real justification for such a shift. 

In any event, as shown later, the local background viscosity, which is 
suggested by the data of lwasaki and Takahashi [43], is totally incon- 
sistent with the behavior found from the analysis of all other primary data 
in the same density range, as argued in the next section and illustrated in 
Figs. 3 and 4. The conclusion is therefore inescapable that it is not possible 
to reconcile the experimental viscosity data of lwasaki and Takahashi, 
within their estimated uncertainty, either with the data of other authors or 
with the predicted critical enhancement of the viscosity. This conclusion 
is analogous to that reached in the analysis of the results for carbon 
dioxide [2].  

As a consequence of this analysis we prefer to represent the critical 
enhancement of the viscosity, zlcr/, of ethane by Eqs. (5), (7), and (8) 

3.50 

2.50 

1.50 

0.50 

- 0 . 5 0  

+~-~.++ 

+ + +  ..: . , + +  + + 

2.50 5.00 7.50 10.O0 

DEI ISIT ~. tool. L-' 

Fig. 2. The critical enhancement of the viscosity deduced from the data of 
lwasaki and Takahashi [43] by the use of a "local" background viscosity: 
+, T=  305.65 K; A, T= 305.85 K; O, T= 306.15 K; IS], T= 306.45 K. The 
solid lines represent the values calculated from Eq. {5). The dashed lines 
represent the values calculated from Eq. 15) by reducing the value of the 
critical temperature by 0.1 K. To separate the isotherms the viscosity values 
have been displaced by 0.5 pPa-s  each. 
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Fig. 3. Deviations, ,J, from the final excess correlation, Eq. (9), of 
the excess viscosity deduced from lwasaki and Takahashi's data 1-43]: 
+, T=305.65K; , t  T=305.85K; O, T=306.15K; II, T=306.45K. 
zl = 100.0 ('J~l,~ - dtl~o~}hlco,. 

together  with the re la t ionships  presented in Appendix  II and the app ro -  
priate  numerical  coefficients given in Table  II ra ther  than  to rely upon  
the exper imenta l  data .  The equat ions  should  be used inside the region 
bounded  approx imate ly  by 302.5 and 311 K in t empera tu re  and 4.3 and 
8.6 tool - L -  l in density. Outs ide  of this region the relative crit ical viscosity 
enhancement ,  ~JcPlhl, is smaller  than 1% and, for engineering purposes ,  can 
be safely neglected. 

10 
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- a n e l ~ n n l  

_ ~ t t L 
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DEI,IStT,. tool,L-' 

Fig. 4. Deviations, ~ ,  from the final excess correlation, Eq. (9), of 
the excess viscosity deduced from lwasaki and Takahashi's data 
[43]: +, T=298K; &, T=308K; O, T=323K; II, T=348K. 
,3 = 10O.0 (Llt l ,~p - d~l~or)fil¢o~. 
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5. EXCESS VISCOSITY 

The excess viscosity contribution describes how the viscosity of the 
pure fluid behaves as a function of density outside of the critical region. 
There is, as yet, no satisfactory theory for the excess viscosity over the 
whole of the phase space. It has been customary [2, 5, 7, 8, 131 to base 
the representations of the excess viscosity on a power series expansion in 
density of the form 

t l  

Aq = Z bip i (9) 
i = l  

where bAT) are functions of temperature to be determined empirically. 
From observations on a number of fluids [13] it seems that, for super- 
critical temperatures, the coefficients bi are often very weak functions of 
temperature. However, for the first coefficient b~, recent theoretical work 
[11, 65-68] has established a temperature dependence which can be quite 
marked at subcritical temperatures. Indeed, the coefficient b t can change 
sign from positive to negative as the temperature is reduced. Thus, the 
viscosity in the vapor phase along an isotherm may first decrease owing to 
b~p and subsequently increase owing to the influence of higher-order terms 
as the density increases. This effect has been observed for a number of 
fluids [69, 70]. 

In order to obtain an accurate representation of the behavior of the 
viscosity in the vapor phase, the temperature dependence of the first den- 
sity coefficient of viscosity must be taken into account. In principle, when 
experimental data in this range of densities are available, they can be used 
to determine b~(T). For ethane there are no suitable data available so that 
it is necessary to use theoretical predictions to determine this coefficient. 
We therefore depart from the usual practice [2]  in this work and examine 
the initial dependence of the viscosity upon density separately from the 
behavior at higher densities. 

5.1. Initial Density Dependence 

As a result of both theoretical [11, 65-68] and experimental [10, 11, 
71] studies of the first density coefficient of viscosity, it has been possible 
to develop a corresponding-states representation of its behavior which is 
extremely valuable. We therefore confine our attention now to densities 
such that only the term linear in density, b~p, in Eq. (9) is significant. The 
coefficient b, can be written in terms of the second viscosity virial 
coefficient, B,, by means of the definition 

b~( T) = B.( T) qo( T) (10) 
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Following the assumption that a pure gas at low density can be modeled 
as a mixture of monomers and dimers, various contributions to the second 
viscosity virial coefficient can be identified 

(2) (3) (MD) B , = B ,  +B,  +B.  (11) 

Here B~,~ ) is a contribution from two monomer collisions and B °). is a 
contribution from three monomer collisions, while B~ M°) is a contribution 
from monomer-dimer collisions. It has proved possible, by the use of a 
Lennard-Jones 12-6 potential, to calculate B c2) exactly [66, 68] and also q 

to estimate contributi6n B4,; ~ [65, 68"]. Calculation of the monomer-dimer 
contribution Be,) M°~ has also been performed [-67, 68], but only under the 
assumption that the effective intermolecular potential for the monomer-  
dimer interaction is related to that of the monomer-monomer one by 
appropriate scaling. Under this assumption, and for small concentrations 
of dimers, a result for B~, M°~ is obtained which contains only two unknown 
parameters, 6 and 0, both pertaining to the scaling of the monomer-dimer 
potential relative to that of the parent monomers. 

The use of a single intermolecular pair potential, the Lennard-Jones 
12-6, enables a comparison between experiment and theory to be con- 
ducted on the basis of the corresponding-states principle, so that the results 
for a number of gases have been expressed on a common basis. The most 
recent analysis [11] of this kind indicates that adoption of the values 
6 = 1.04 and 0 = 1.25 leads to good agreement between the available data 
and the theoretical predictions. A particular advantage of the approach is 
that it is possible to evaluate the coefficient B,(T) for a gas for which no 
experimental viscosity data as a function of density exist given a knowledge 
only of the Lennard-Jones 12-6 parameters for the molecule. This 
procedure is valid only for the reduced temperature T * > 0 . 7  ( T =  175 K 
for ethane), because there are no experimental data at lower temperatures 
upon which to base the representation. 

For the purposes of developing the present representation of the 
viscosity of ethane in the vapor phase, this lower limit will not be exceeded 
since the range of validity of the zero-density representation of the viscosity 
is T =  200 K. Nevertheless, experimental data in the liquid phase are 
available at much lower temperatures, extending to T =  100 K. In order to 
use a single overall viscosity correlation, given by Eq. (1), over the whole 
of the phase space, one has to ensure that the initial density dependence 
contribution extrapolates satisfactorily at low temperatures. For this pur- 
pose, for temperatures below T* = 0.7, the second viscosity virial coefficient 
has been estimated by the use of the modified Enskog theory, which relates 
B,, to the second and third compressibility viriai coefficients [72]. While 
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the procedure  is rather  crude, its l imitations are of no practical significance 
in the liquid phase. 

Although the method described above enables B,  to be evaluated,  it is 
cumbersome  for practical applications. Therefore B,  is written in the form 

B,s = 0.6022137a3B* ( T* ) ( 12 ) 

where the reduced second viscosity virial coefficient, B*, is represented by 
a polynomial  in reduced tempera ture  of  the form 

B,~= ~ c,/T*' (13) 
i = 0  

where the reduced tempera ture  is given by Eq. (4). The  coefficients ci are 
listed in Table  II1. Here B,, is in units of L • m o l -  ~ and tr is a characteristic 
length in nm. For  the sake of consistency the scaling parameters  e and tr 
used in Eqs. (12) and (13) were chosen to coincide with those used for 
the zero-density viscosity representation. Equat ions  (12) and (13), with 
the scaling coefficients e and a listed in Table  I and the coefficients ci in 
Table  III ,  permit  evaluat ion of the second viscosity virial coefficient B, and 
thereby the initial density dependence of the viscosity [Eqs. (9) and (10)].  

5.2. Density Dependence 

In order  to evaluate the higher density coefficients (bi, i=2, n) in 
Eq. (9) and thus develop the representat ion for the excess viscosity, it is 
necessary to resort to fitting the available p r imary  experimental  data. 
For  this purpose  Eq. (9) can be rewritten in terms of the first-density 
contr ibut ion and higher-density contr ibutions,  zlhr/, as 

A~l=blp+Ah~l=btp+ ~ bip i (14) 
i = 2  

Table IlL Coefficients for the Representation of 
the Initial Density Dependence of Ethane, Eq. (13) 

0 -0.359 724 4 
1 4.525 644 
2 - 5.474 280 
3 3.396 994 
4 -4.986 360 
5 2.760 371 
6 -0.682 778 9 
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where the higher-order density coefficients are most conveniently repre- 
sented by the following functional form: 

hi= ~. e J T  *j, i = 2 ,  n (15) 
.i = 0 

and where the reduced temperature is again given by Eq. (4), and the units 
of the coefficients eii are (L.  mol -  ~ y. 

There exist 14 sets of independent measurements [20, 22-25, 29, 
32-36, 38, 43-46] of the viscosity of ethane at elevated pressures in the 
liquid or gaseous phases carried out over a period of 50 years in a number 
of different types of instruments. A critical review of all the available data 
has been carried out to establish the primary set. Only a small number of 
data fulfilled all of the requirements for primary data. Thus, in order to 
extend the range of the representation, a number of other sets of data have 
been included when it could be established that they were consistent with 
primary data in a region of overlap. In the process of data assessment 
a few rather large sets had to be classified as secondary. Two sets of 
measurements [25, 38] were carried out in instruments which do not 
conform to the criteria established for primary data and which covered a 
temperature and pressure range where more accurate data are available. 
Other measurements [22-24] were analyzed by the experimentalists in 
terms of simplistic working equations and, in any event, covered a limited 
range of temperatures at atmospheric pressure. The data of Meshcheryakov 
and Golubev [29], although measured by the use of a capillary viscometer, 
which is normally considered a primary instrument, showed large systematic 
deviations from the results of a number of other authors. The differences 
could not be reconciled without increasing the uncertainty of the final 
correlation by an unacceptable amount, so that these results were omitted 
from the primary data set. Figure A2 in Appendix III shows a posteriori the 
extent of the disagreement of this data set from our final correlation. 

The data of Iwasaki and Takahashi [43] should, in principle, owing 
to the inherent precision and accuracy of their experimental technique, be 
treated as primary data and were used in this way in developing the 
viscosity correlation for carbon dioxide [2].  However, as noted earlier, 
their data are incompatible with those of other workers and two-thirds of 
the points fall within the critical region. To illustrate the difficulties, Fig. 3 
shows the deviations of the viscosity along the four near-critical isotherms 
from the global correlation based on the excess function developed by the 
use of the results of other authors. The disagreement is very large and 
the deviations show a pronounced minimum, indicating a qualitatively 
different behavior of the excess. The analysis of the data of Iwasaki and 
Takahashi [43] farther away from the critical region has also been carried 
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out and Fig. 4 shows the deviations. Again, a pronounced  minimum is 
observed in the deviation plot, support ing the claim that the excess func- 
tion obtained from the data of Iwasaki and Takahashi  [43-1, even far from 
the critical region, is markedly different from the excess function obtained 
from any other data. The results shown in Figs. 3 and 4 indicate that the 
estimated error in the viscosity of Iwasaki and Takahashi ' s  data has to be 
increased by more than an order of magnitude to make it consistent with 
other results. For  these reasons it was decided to classify all these data  
points as secondary. 

The measurements  of  Diller and co-workers [44-46-1 have been 
carried out in an oscillating quartz-crystal viscometer, which does not 
satisfy the criteria of pr imary instrument because no complete working 
equation is available for it. Nevertheless, the majority of  the data has been 
included in the pr imary set in order to increase the temperature and the 
pressure range covered and because they are consistent with other results. 
Only 40 points comprising all of the data  determined in the gaseous phase 
[44, 45-1 have been classified as secondary and, as such, have been omitted 
from the fit. This is because the data were measured by the use of an instru- 
ment designed primarily for measurements in the liquid phase [44, 73]. In 
addition, these data show large deviations from the data of other authors  
as has been observed earlier for the supercritical viscosity data of carbon 
dioxide measured in the same instrument [2, 73]. 

The remaining data sets [32, 33, 35, 36, 44-46]  have been classified as 
primary. Table IV lists all the experimental data chosen as primary,  
together with our  estimates of their accuracy. The estimates of  accuracy 

Table IV. Primary Experimental Data for the Excess Viscosity of Ethane 

T P Number Ascribed 
Ref. No. Method" (K) (MPa) Phase t' of points accuracy (%) 

Baron et al. [32] C 325-408 0.7-55.1 S 40 2.0 
Swift et al. [33] FC 193-303 0.2-4.8 L 13 2.5 
Eakin et al. [35] C 298 4.5-55.1 L 16 1.5 
Eakin et al. [35] C 311-444 0.7-55.1 S 61 1.5 
Carmichael & Sage [36] RC 300-305  4.4-35.8 L 35 1.5 
Carmichael & Sage [36] RC 300-305  0.2-4.0 V 27 1.5 
Carmichael & Sage [36] RC 311-478  0.1-36.0 S 164 1.5 
Diller & Saber [44, 45] OQC 95-290 1.3-32.1 L 125 2.5 
Diller & Ely [46] OQC 295 7.6-51.9 L 8 2.5 
Diller & Ely [46] OQC 319-500 1.7-55.0 S 63 2.5 

FC, falling cylinder; C, capillary; RC, rotating cylinder; OQC, oscillating crystal. 
h V, vapor; L, liquid; S. supercritical. 

840d5,1-2 
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were based primarily on the authors' reported values, with some modi- 
fications where consistency checks or an examination of previous 
measurements with the same apparatus on other fluids implied larger 
uncertainty bands. Although some of the instruments used are capable of 
higher accuracy, the analysis carried out does not justify accuracies better 
than + 1.5 % for any of the primary data sets. 

Following the practice established for carbon dioxide [2], the excess 
viscosity has been determined for each datum by using Eq. (1) and subtrac- 
ting the zero-density limit, r/o, and the critical enhancement, ztcr/, from the 
reported experimental value, q. In order to be consistent and minimize 
systematic errors in the individual measurements, we prefer to use qo 
reported by the experimentalists rather than the value obtained from 
Eq. (2). Unfortunately, only a few authors reported a r/o value since, as can 
be seen from Table IV, the majority of measurements have been performed 
at pressures above 0.7 MPa. In order to estimate the "experimental" 
zero-density viscosity of each isotherm, we have, in the first instance, used 
values of % and b~p obtained from Eqs. (2) and (I0) to generate the first 
guess of the higher-density contribution to the excess viscosity, which was 
subsequently fitted to Eqs. (14) and (15). Equation (9) was then used to 
extrapolate the experimental data from the lowest pressure reported to zero 
and thus generate experimental zero-density viscosity values for each 
isotherm. Although this is not a strictly correct procedure, it ensures that 
all the experimental excess data tend to zero at zero density. Furthermore, 
the correction introduced by the extrapolation to zero pressure is small 
and, in general, does not exceed +_0.5%. 

In the next iteration the experimental zero-density viscosity and the 
viscosity critical enhancement estimated by the use of Eq. (5) have been 
used in Eq. (1) to obtain a new excess viscosity. Once the excess viscosity 
data have been generated, the initial density dependence is evaluated as 
blp and subtracted from the excess to obtain the higher-density contribu- 
tion, Ahr/. This quantity is then represented by Eqs. (14) and (15) to fit all 
of the available primary data. The fitting has been performed by the use of 
the SEEQ algorithm based on the stepwise least-squares technique [74]. 
The method requires initially a bank of power indices of temperature and 
density from which it chooses the statistically significant terms. The 
appropriate statistical weights have been generated from the experimental 
uncertainties given in Table IV for each data set and were taken to be 
inversely proportional to density. In order to achieve the best possible 
representation of the data, a further set of tests has been performed to 
examine any systematic deviations from the correlation. This process 
revealed that data of Eakinetal .  [35] in the vapor phase along an 
isotherm at 298K exhibited systematic deviations with the maximum error 
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Table V. Coefficients for the Representation of the Excess Viscosity of 
6 Ethane Eqs. (14) and (15): Ahq =~,i=,.Z]=oeopTT *j 

17 

j e,j e3~x lO t e4jx 10 2 esjx I0 3 ecl, x I0 s 

0 0.717 837 04 0.133 030 49 0.0 0.0 0.0 
1 -0 .975  049 49 - 3.933 419 9 1.941 579 4 0.0 0.0 
2 0.0 8.148 111 2 - 1 . 6 7 6 8 1 2 2  - 2 . 6 6 3 5 9 8 7  7.7495402 
3 ! .1573719 - 6 . 1 3 2 0 9 4 0  0.0 3.3513388 - 9 . 7 8 3 9 3 3 4  
4 0.0 0.0 1.527 033 9 - 1.489 140 5 3.593 518 3 

more than three times the estimated accuracy of the data. These data were 
eliminated from the primary set and thus have not been included in 
Table IV. The remainder of the primary data was refitted to Eqs. (14) and 
(15). The optimal values of coefficients eij are given in Table V. Figures 5-9 
display the deviations of the primary experimental data for the viscosity of 
ethane from the representation developed here. The deviations shown in 
Figs. 5-9 have been plotted along isotherms to ascertain any systematic 
trends. No such trends have been observed and the excess correlation 
developed fits the data within _+2.0-2.5 % or better over most of the phase 
space investigated. 
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6. THE OVERALL REPRESENTATION 

The final representation of the viscosity of ethane is given by Eq. (1). 
The zero-density term, tlo, is given by Eqs. (2), (3), and (4) with the coef- 
ficients in Table I. The excess viscosity, 3~1, is given by Eq. (14), where the 
coefficient bl is given by Eqs. (10), (12), and (13) with the coefficients in 
Table III. The coefficients bi ( i=  2 ..... n) are given by Eq. (15) with the coef- 
ficients in Table V. The critical enhancement term, 3or/, is given by Eq. (5) 
with the coefficients in Table II and the auxiliary equations defined in 
Appendix II. Appendix III contains a number of figures showing the devia- 
tions of the experimental viscosity data from that obtained by the use of 
the present correlation for the selected sets of data. Only primary data in 
the vapor and supercritical phase are shown in Fig. A1, since the final 
deviation plot for the primary data in the liquid is essentially the same as 
that in Fig. 8. 

Figure 10 indicates the range of applicability of the present representa- 
tion as well as the estimated uncertainty in various thermodynamic regions. 
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Fig. 10. The extent of the viscosity representation and its 
estimated uncertainty. No representation is available in the 
hatched region. 
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In the vapor phase and at low densities in the supercritical region, the 
correlation can be used between 200 and 1000 K. At higher densities in the 
supercritical region the upper temperature limit is lowered to 500 K owing 
to a lack of experimental data. Although the lower temperature limit in 
the gaseous phase is 200 K, the overall correlation can be used to estimate 
the liquid phase viscosities down to 100 K. The upper limit in pressure 
was set at 60 MPa. Any extrapolations to higher pressures can lead to 
a rapid reduction in the accuracy of the predicted viscosity and is not 
recommended. 

In Appendix IV the viscosity of ethane along a number of isotherms as 
a function of pressure is tabulated in Table All. Appendix V (Table AIII) 
contains the values of the viscosity along the saturation line. The values of 
viscosity' in both appendices were generated directly from the represen- 
tation given here by the use of EOS employed in this work as specified 
in Section 2. The values of viscosity as a function of temperature and 
density given in Appendix V can, in addition, be used to assist those 
programming the representative equations with checking of their coding. 

7. DISCUSSION 

As remarked earlier, a number of correlations have been proposed for 
the viscosity of ethane 1"3-8] in the past. In the interest of brevity a c o m -  
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Fig. 11. Deviations, A, from the final correlation, Eq. (1), of the 
viscosity evaluated by the use of the Friend et al. correlation [8]. 
zl = I00.0 (I~FIE - -  t lcor) / t ]cor .  
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parison has been made only with the one most recently published [8]  over 
the whole of the phase space. Figure 11 shows the deviations between the 
two representations along a number of selected isotherms. The isotherms 
were specifically chosen to be representative of the behavior in the vapor 
phase and at low densities, since it is here that the two correlations differ 
in their approach to the development of the representation. The inclusion 
of a new source of zero-density viscosity data at low temperatures I-9] in 
the present work is seen to have a significant effect. The deviations at zero 
density between the two correlations increase with decreasing temperature, 
leading to an overestimate of the viscosity of ethane of 3 % by the use of 
the correlation in Ref. 8 at 200 K. The results in Fig. 11 also show 
systematic deviations between the two correlations in the vapor phase. In 
this region there are no reliable experimental data, and whereas we based 
our correlation on the results of the theory of the initial density 
dependence, the correlation in Ref. 8 is based on equations fitted by the use 
of the supercritical and liquid viscosity data. Although the deviations 
shown in Fig. 11 are within the combined uncertainty ascribed to the 
correlations, we believe that in the vapor-phase region the present 
representation is an improvement on the previous one. In the supercritical 
and in the liquid phase, both correlations were based on the same set of 
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viscosity evaluated by the use of the Assael et al. [75] hard-sphere 
prediction scheme, zl -- 100.0 (~lns- ~lco,)/qcor. 
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experimental data so that it is not surprising to find that the deviations are 
small (of the order of + 1.5 %). In the critical region the present representa- 
tion includes a term describing the critical enhancement of the viscosity 
omitted in the earlier work [8]. 

In developing the viscosity representation, no theoretical guidance has 
been used for the behavior of viscosity in the liquid phase. It is therefore 
interesting to compare the present correlation with the results of predictive 
schemes available in literature which have some theoretical foundation. For 
this purpose we have chosen the scheme developed by Assael et al. [75]. 
Their method is based on the hard-sphere theory of the transport proper- 
ties of liquids. This theory indicates that among an entire series of similar 
molecules, the viscosity of the fluids can be reduced by means of just 
two system-dependent parameters to a Jingle universal curve. One of the 
parameters is a characteristic volume, Vo, which is a weak function of 
temperature, while the other is a roughness factor R,,  a constant for the 
particular liquid. From the study of a wide range of fluids, representations 
of the universal function and of R, and Vo(T) have been developed which 
make possible the prediction of the viscosity of a particular liquid at a 
prescribed temperature and density with an estimated accuracy of + 6 %. 

Figure 12 shows the deviations of the predicted viscosity from the 
values obtained by the use of the present correlation along four 
liquid-phase isotherms. Although systematic trends are observed which 
imply, at least for low temperatures, a density dependence different from 
that reported here, most of the deviations are within the accuracy claimed 
for the procedure. 

8. CONCLUSION 

The representation of the viscosity of ethane encompassing a large 
region of thermodynamic states has been presented. The formulation is 
based on a critical analysis of available experimental data guided by 
theoretical results. The uncertainty ascribed to the viscosity is nowhere 
greater than + 3 %, which for many engineering purposes will prove ade- 
quate. Nevertheless, it would be advantageous to have more measurements 
in the vapor phase, along the saturation line in the vapor phase, and in the 
immediate vicinity of the critical point in order to advance further our 
understanding of the behavior of the viscosity in these regions and also to 
decrease the ascribed uncertainties of the present correlation. 



24 

A P P E N D I X  I 

Hendl et aL 

Table AI, List of All the Available Data from 
Measurements of the Viscosity of Ethane 

T P 
Ref. No. Method" (K) (MPa) Phase ~ 

15 OD 195-273 0.1 ZD 
16 ODr 296 0. I ZD 
17 - -  195-273 0+1 ZD 
18 C 293-393 0,1 ZD 
19 C 290-523 0.1 ZD 
20 - -  126--169 0.1 L 
21 C 293-373 0.1 ZD 
22 C 101-167 0.1 L 
23 C I 11-164 0.1 L 
24 OC 173-288 0.1 L 
25 RB 288-473 0.7-35 V, S, L 
26 C 273 0.1 ZD 
27 OP 308-351 0.1 ZD 
28 - -  303 0.1 ZD 
29 C 258-523 0.1-81 ZD, V, S, L 
30 OP 308-351 0.1 ZD 
31 C 250-473 0. I ZD 
32 C 325-408 0.7-55 S 
33 FC 193-303 0.2-48 L 
34 C 302-311 4.4--5.9 V, S, L 
35 C 298-444 0.7-55 V, S, L 
36 RC 300--478 0.1-36 ZD, V, S, L 
37 OD 296-304 0.1 ZD 
38 OQC 305-322 4-6 S 
39 C 305--408 0.1 ZD 
40 C 373~573 0.1 ZD 
41 OD 301-476 0.1 ZD 
42 OD 298-468 0.1 ZD 
43 OD 298-348 0.1-13 ZD, S 
44, 45 OQC 95-320 0.6--32 V, S, L 
46 OQC 295-500 1.7-55 S, L 
9 C 213-393 0.1 ZD 
10 OD 290-630 0. I ZD 

" FC, falling cylinder; C, capillary; RC, rotating cylinder; OD, oscillating 
sionally oscillating quartz crystal: ODr, oil drop; OC, oscillating cylinder; 
OP, oscillating pendulum. 

~' ZD, zero density; V, vapor: L, liquid; S, supercritical. 

disk; OQC, tor- 
RB, rolling ball; 
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APPENDIX II 

Expressions for the Crossover Function H Entering the Description of the 
Critical Enhancement of the Viscosity, Eq. (5) 

H({yi})=h({) ' ,})+ F(vi, yD) ~ (c2v] +c'v '+c°)  (A1) 
,=,  TI;.'= , . . . ,  ( v , -  ~'j) 

,3 h( {Yi} ) = (3y,. y,  + 1.5y,, - ) , ,  -y , . )  YD 

+ ()'~ -- 2y.,.- 5/4) sin YD -- 0.25)', sin 2yD + (sin 3yD)/12 

+ [y~.(l + y~.)]3/2 arctg{ [y;./(l + y;.)] ~/' tg YD } (A2) 
(Y,.- Y~. Y,) 

3 

I-I (v + v,) = v3 + y ,  v2 +y;,v +y ,  . = 0  (A3) 
i = l  

co=y,y , , (y~-3y; , -2)+y~-y; .y , , ( l  +y;.)'-/iy,,-),;.y,) (A4) 

c, = ( y , -  y~. y,,)(y~ - 3y~.- 2)+) ,~(I  +y;.)"/(.v,.-y;.y,,) (A5) 

c_, =y~  - 2),~(2.v; + l ) +  2y, y,. + 3.,,~ + 4y~, + 1 (A6) 

Auxiliary functions 
1 [1 + x +  (1 - x2 )  u2 tg(.VD/2)] 

F(X' yD)=(1--X2)U21n I + X - - ( I  X2)U2tg(yD/2)J (A7) 

YD = arctg(qD ~) (A8) 

arctg[qD~/(l + q~2)1/_,] --YD 
Y6= (1 +q~,_)l/,- (A9) 

),, = 5.4935 × 10 -4 MpT (A10) 

M,~ 
"vt~ = (Cp - Cv)q (AI 1 ) 

.v;, = Cv/( Cp - Cv) (A12) 

)",7 = (.l,',s -FYlJT:,)/TD (AI3) 

Y,. = Y;. Y,s/YD (AI4) 

where T is temperature in Kelvin, p is density in rnol • L -  i M is the relative 
molecular mass, ~ is the background viscosity in #Pa. s, ,~ is the background 
thermal conductivity in rnW.m -~ .K-~ ,  Cp and Cv are isobaric and 
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isochoric molar heat capacities, respectively, in J .m o l  - t . K - t ,  ~ is a 
correlation length in nm, and qD is a large wave-number cutoff parameter 
in n m -  I 

The thermodynamic functions Cr, and Cv and (, which is related to 
the compressibility through Eq. (7), are to be calculated from the EOS as 
specified in Section 2. The background viscosity, i, is given by 

O(P, T) = qo(T) + zlq(p, T) (AI5) 

with qo(T) calculated from Eq.(2) and ,Jq(p, T) from Eq.(14). The 
background thermal conductivity, ,[, is given by 

,~(p, T) = 2o(T} + A),(p, T) (A16) 

with the dilute gas thermal conductivity, 2o(T), and the excess thermal 
conductivity, A;,.(p, T), to be calculated as specified in part II [76]. 

A P P E N D I X  III 

Deviation Plots  of the Selected Experimental  Data from the Correlation 
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Fig. Al. Deviations, A, from the final correlation, Eq.(1), of 
the primary viscosity data in the vapor and supercritical regions: 
+ [46]; • [36]; 0[35]; • [-32]. z t=  lO0.ODh:,,p-q,zor)#h:,,,. 



Viscosity of Ethane 27 

~e 

<] 

Z 
o 

<~ 

20 

1 5  + 

1 0  + + 

5 + + + 
+ 

o "+ + ~:++T + .~++t..¢ + ++ + 

1: ÷ + ~'-~ 
- 5  ~.ff++++ + 

- -  1 0  ++ "{" + + 

+ 

- 1 5  + 

- 2 0  t 

O.OC~ - 1 . 5 0  

4- 
++ ~+ ~ ~ + % n ~ , ~ -  

+ 
+ ~ 

+ 

i 

9 0 0  

D E r I S I T  , .  m o t .  L - '  

i 

13.50 18.00 

Fig. A2. Deviations, 3, from the final correlation, Eq. ( 1 ), of the viscosity 
data of Meshcheryakov and Golubev [29]. d = 100.0 (tlc,t  , - t h o , ) / t l c o , .  

1 0  

<j A It' • • + 

• • • • i t  < 

w • 
a 

- 2 0  • •  ~ •  

0 5 I 0 15 20 2 5  

C~E[ ] S I T ' , .  Fool • L - '  

Fig. A3. Deviations, d, from the final correlation, Eq. (1), of the 
selected secondary viscosity data: • [25]; + [22 ,23];  • [38].  
zJ = lO0.O (tlcxp -- tl,:or)ltl,:o,. 



Z8 Hend l  e l  al, 

I - m  

Z 

0 

c-. 
0 



Viscosity of Ethane 

APPENDIX V 
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Table AilI .  Viscosity of Ethane Along the Saturation Line 

T P P v,p. r/,~p. P liq. qliq. 
(K) (MPa)  (tool .L -I  ) (,uPa .s) (mol • L -~ ) (/IPa • s) 

100.0 1.1 x 10 -5 1.3 x 10 -5 - -  21.323 876.02 
120.0 3.55 × 10 - 4  3.56 x 10 -4 - -  20.597 486.51 

140.0 3.83 × 10 -3 3.30 x 10 -~ - -  19.852 322.16 
160.0 0,02145 0.01631 - -  19.081 232.45 

180.0 0,07872 0.05412 - -  18.276 175.74 
200.0 0.2174 0.1387 6.020 17.423 136.73 
220.0 0.4923 0.3001 6.684 16.498 108.24 

230.0 0.7005 0.4221 7.055 15.999 96.62 
240.0 0.9671 0.5810 7.472 15.467 86.27 
250.0 1.3012 0.7867 7.958 14.892 76.91 
260.0 1.7120 1.0534 8.544 14.261 68.29 

270.0 2.2097 1.4038 9.278 13.551 60.17 
280.0 2.8058 1.8787 10.25 12.723 52.28 
290.0 3.5144 2.5703 11.64 11.683 44.19 

295.0 3.9169 3.0723 12.67 11.010 39.77 
300.0 4.3560 3.8129 14.23 10.101 34.63 
302.0 4.5432 4.2616 15.23 9.5867 32.09 

304.0 4.7377 4.9547 16.91 8.8412 28.85 
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