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Finite thermal conductivity at the vapor-liquid critical line of a binary fluid mixture
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Experimental thermal-conductivity measurements, obtained for an equimolar mixture of methane and ethane
very close to the critical point, confirm that the thermal conductivity of a mixture does not diverge at the
vapor-liquid critical point but crosses over to a finite limiting behavior at the critical point. A recently devel-
oped extension of the mode-coupling theory for dynamic critical phenomena in mixtures gives a good quan-
titative description of the experimental thermal-conductivity dgfd.063-651X97)51611-4

PACS numbe(s): 64.70.Fx, 64.60.Ht, 66.66.a

It has been well established that the thermal conductivitydifferent critical temperatures, namely, 190.56 and 305.32 K,
of one-component fluids exhibits a strong enhancement neao that differences between one-component-like behavior
the critical point and ultimately becomes infinite at the criti- and mixturelike behavior are expected to be more pro-
cal point[1,2]. This phenomenon has been confirmed bynounced. Moreover, an accurate equation of state for calcu-
many experimentg3] and is in agreement with the theory for lating the thermodynamic properties of mixtures of methane
the effects of critical fluctuations on the transport propertiesand ethane has recently become availfb8.

[4]. We have measured the thermal conductivity with a

The first theoretical predictions for the asymptotic critical guarded parallel-plate apparatus especially designed for mea-
behavior of the transport properties of fluid mixtures nearsurements in the critical region of fluids and fluid mixtures.
vapor-liquid critical points were already made in the earlyWe have further improved the experimental apparatus previ-
1970’s[5,6]. It was concluded that the thermal conductivity ously employed for measuring the thermal conductivity of
of a fluid mixture should remain finite at the critical point, in mixtures of carbon dioxide and ethane in the critical region
contrast to the divergent critical behavior of the thermal con{20] and have recently used it to determine the thermal con-
ductivity of one-component fluids. More recently, this pre- ductivity of methane in the close vicinity of the critical point
diction has been confirmed by the dynamic renormalization{21]. The thermal conductivity of mixtures of methane and
group theory[7]. Measurements of the thermal conductivity ethane in the critical region has been investigated previously
of mixtures in the critical region have been reported for mix-by Roder and Friend10,11, but they were unable to ap-
tures of 3He and *He [8,9], for mixtures of methane and proach the critical temperature closer than 2 K, due to the
ethane[10,11 and more recently, for mixtures of carbon limitations of their transient hot-wire method. With our im-
dioxide and ethangl2,13. All these measurements showed proved guarded parallel-plate apparatus we have been able to
the presence of a pronounced thermal-conductivity enhancepproach the critical temperature to within 20 mK and our
ment in the critical region comparable to that observed fomeasurements do reveal a crossover of the apparent diver-
one-component fluids and the expected finite asymptotigent behavior of the thermal conductivity to a finite limiting
critical enhancement of the thermal conductivity was not obvalue at the critical point. Moreover, the observed crossover
served experimentally. behavior of the thermal conductivity is well represented by

To interpret the experimental data it is necessary to conthe theoretical equation recently developed by Luettmer-
sider nonasymptotic contributions to the critical behavior ofStrathmann and Sengdrk7].
the thermal conductivityf14—16. A theory of the critical The methane-ethane mixture used for the thermal-
behavior of the thermal conductivity of fluid mixtures, that conductivity measurements was supplied by Praxair; the
includes the crossover to the regular behavior of the thermahole fraction of either component was 50% with a stated
conductivity far away from the critical point, has been devel-accuracy of£0.02%. The thermal conductivity was mea-
oped recently16—18. When the nonasymptotic critical con- sured as a function of temperature along five isochores cov-
tributions to the thermal conductivity are incorporated, theering a density range from=6.2 top=10.5mol L't and a
theory predicts that for mixtures of carbon dioxide andtemperature range frori=310.9 K down toT=257.4 K,
ethane a crossover to a finite limiting thermal-conductivitywhich is below the critical temperature. The density corre-
value does not occur unless the critical temperature is apsponding to each isochore was determined by measuring the
proached to well within 10°, a range not readily accessible filling pressure at the initial temperature of 310.9 K, which is
experimentally for measuring the thermal conductiyity]. far above the critical temperature and then calculating the

In an attempt to further investigate the critical behavior ofdensity from the equation of state of Povodymtval. [19].
the thermal conductivity of fluid mixtures we have measuredThe critical temperaturel .=263.62 K, as determineéh
the thermal conductivity of an equimolar mixture of methanesity, is 0.07 K higher than the value implied by the equation
and ethane in the vicinity of the critical point. Unlike carbon of state mentioned above but well within the accuracy the
dioxide and ethane, methane and ethane have apprecialtyitical temperature of methane-ethane mixtures is known
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120 : : : . to the thermal diffusivity. The coefficiemd. is not a diffu-
CH,-C,H, 50/50 sion coefficient itself but is related to the thermal diffusion
Mo 6527 molL™! i coefficientk;D by kiD= pcp D, Wherep is the density
TM 100 - andcp  the isobaric specific heat capacity. These diffusion
~ g0 i coefficients are decomposed@g=D;; + AD;; whereD;; is
g a regular background contribution, whiteD;; represents the
g 80 o measured ] contribution from critical fluctuations. Asymptotically close
& 70} o corrected to_ cri;ical point AD.. and ADg, satisfy a Stokgs-Einstein
= 60 L ——caleulated diffusion law of the formkgT/67 ¢ where kg is Boltz-

mann’s constanty the shear viscosity, anélthe correlation
50 . . . ' length, while any contribution fromd D4 can be neglected

-5 -4 -3 -2 -l in first approximation[17]. If one includes nonasymptotic

log,o[(T~T,)/T] critical contributions, one obtains more general expressions

for ADj; in terms of so-called crossover functions
Qcc(€,9pa.dpe): Qes(£.0pa.0pe), and Qs4(£,dpa . ps)-
These crossover functions depend on various thermodynamic
properties, on background contributions to the transport co-
[19]. For the critical density we continued to adopt the valueefficients, on the correlation length and on two cutoff
p=8.527 mol L'! implied by the equation of Povodyrev wave numbersjp, and qpg. Detailed expressions for the
et al.[19]. The measurements at each isochore were carriediffusion coefficientsAD;; and the corresponding crossover
out in descending order of temperature, while after complefunction (};; have been presented elsewhgt@|.
tion of the isochoric measurements the thermal conductivity The thermal conductivitk can be represented as a sum of
was remeasured at the reference temperature as a checktbfee termg17]
the reproducibility of the measurements. _

In Fig. 1 we show the thermal conductivity of the A=A+ AP+ ANE), (1)
methane-ethane mixture at=p.=8.527 mol L' as a func- _
tion of the reduced temperature differenée«T.)/T. The  where\ is the background contribution to the thermal con-
solid circles indicate the experimental data and the curveluctivity, while AN{Y and AN are given by
represents values calculated from the theoretical equation of

FIG. 1. Thermal conductivity of an equimolar mixture of meth-
ane and ethane at the critical dengity=8.527 mol ! as a func-
tion of temperature.

Luettmer-Strathmann and Sengers, as further discussed be- AN =pep (ADs, (2
low. In our parallel-plate method the thermal conductivity is s

determined by measuring the heat flow needed to maintain a 2 p3c,23 c Dgs Dgs

temperature differenc&T across a horizontal fluid layer f: = ' i (€)
with a height of about 14@m and a cross-sectional area of T(9clop)pr | Dec Dec

11.5 cnt [20]. The temperature differenceT in the experi-

- whereu is the difference between the specific chemical po-
ments varied fromAT=6 mK atT=310.9 K down to about

tentials of the two components, which is the thermodynamic

1 mK at temperatures withi1 K from the critical tempera- |4 conjugate to the concentration The background con-
ture. This temperature difference could be determined Wm{ributions D. andD.. to D.. and D... are related to the
cc Cs cc *11¥ Cs

an accuracy of about AK. Further details will be published Lo N
elsewhere. While the thermal conductivity of the methanePackground contributions and 8 to two Onsager kinetic

ethane mixture initially increases upon approaching the critiCOefficients as

cal temperature, from Fig. 1 we note that &—T.)/T

=10"3 a crossover to a finite limiting critical behavior is Dcczf (&—’u) , (4)
observed. Near the critical point experimental measurements p\dC/ oy

are in principle affected by gravitationally induced density

and concentration gradients which can be estimated from the D..— T (23 n )
known equation of statf22]. The resulting corrections on cs pZCP,c N a7 o By

our measurements of the thermal conductivity are very small
leading to a maximum possible correction of 2% at the daThe viscosityz is expected to diverge as
tum point closest td' (indicated by the open circle in Fig. o
1). Hence, our experiments reveal for the first time that the n=7n exp(c,zH), (6)
thermal conductivity indeed crosses over to a finite o
asymptotic limit. We have found a similar crossover phe-where 7 is the background contribution to the viscosity,
nomenon at two off-critical densities very close to the tran-=1.076 andz=0.063 are universal constanfd], while
sition temperature. H(¢,9pa,0pg) IS an additional crossover functida7]. For

In order to analyze the critical behavior of the transportmixtures of methane and ethane the background contribu-
properties it is advantageous to consider three “diffusion”tions A and » have been calculated by Vesovic and Wake-
coefficientsD.., D.s, andD¢ associated with the fluctua- ham[23].
tions in the concentration and the specific entropy [17]. To compare our experimental thermal-conductivity data
The coefficienD . is to be identified with the mass diffusion with the theoretical expressiofi) we have calculated the
coefficientD, while D44 reduces in the one-component limit correlation length¢ from the equation of statel9] by relat-



RAPID COMMUNICATIONS

56 FINITE THERMAL CONDUCTIVITY AT THE VAPOR-. .. R4945
70 T T T T T 1000 I(a) T CII-14
_ oo |-® -
'T -
M 600 - p=n, -
1 I @
a 400 | -
= I
E .-'A
& . 200 | .
'< -
|
PR
logio[(T—Tc)/T] < o Lt I I 1
T T T T
600 (e) CZHB‘
FIG. 2. Individual contributiona, AN, andAA( to the total 400 I , |
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ing it to the appropriate isomorphic susceptibilftli7]. We |
note thatqp, may be estimated from the cutoff wave num- o Lu ! .
bers of the pure components hyyt=xqgp*(CH,)+ (1 -4 -3 -2 -1
—x)qgl(CzHﬁ), wherex is the mole fraction of methane log,o[(T-T,)/T]
[17]. With the valuesqy'=0.217 nm andgg'=0.167 nm
found for methand21] and for ethang¢17] we obtainq,;,i FIG. 3. Thermal conductivity at the critical density as a function

=0.192 nm for a 50%-50% methanethane mixture, leav- of temperature foKa) pure methane(b) an equimolar mixture of
ing, in principle, gpg as the only adjustable parameter. In methane and ethane, afg) for pure ethane. The symbols indicate

practice we have also used the background contributipns experimental data and the curves represent values calculated from

and in Egs.(4) and(5) as adjustable parameters due to the® crossover theory.

lack of adequate experimental information fog; andD.s,  critical isochore with the thermal-conductivity data obtained
just as was done by Luettmer-Strathmann and Ser{ddls in our laboratory for pure ethari@,12] and pure methane
for mixtures of carbon dioxide and ethane. The solid curve if21]. At = (T—T.)/T=10 2 the thermal conductivity in-
Fig. 1 represents the values calculated from Ei).with  creases upon approaching the critical temperature for the
dog=0.9nm, a=1.0x10" " kgsm?3 and B=0.1415 mixture as well as for the pure fluids. This led some previous
x 108 Pas K™ The actual value of3 depends on the authors to the conclusion that the behavior of mixtures in the
equation of state adopted fr [17]. Equations(1)—(6) re-  critical region would appear to be similar as that of one-
produce our experimental thermal-conductivity data with acomponent fluidg§10]. However, while for pure fluids at
standard deviation of 1.8%. <102 the thermal conductivity continues to increase upon
To further elucidate the behavior of the thermal conduc-approach of the critical temperature, our experiments clearly
tivity of the mixture we have plotted the individual contribu- show that in the case of the mixture the thermal conductivity
tions, A)\Ezl)' andA)\(cz) to the total thermal conductivity in CroSSes over to a finite limiting value at the critical point.

Fig. 2 as a function of temperature. In the original work of  \y/a 4re indebted to J. Luettmer-Strathmann and A. A.

Mistlura[6] the critical enhancemerih; was identified with  poyoqyrey for many valuable discussions and for their assis-
A)\(C ), which led to the conclusion that the critical enhance-tance in the comparison of theory. We also acknowledge
ment would vanish at the vapor-liquid critical point of a yjyaple comments from M. A. Anisimov. The research at
AN becomes important which crosses over to a limiting“stichting FOM” and the research at the University of
plateau value off [a(du/dT)p o+ B1% @ [14,15,11. Maryland by the Division of Chemical Sciences of the Office

In Fig. 3 we present a comparison of our thermal-of Basic Energy Sciences of the U.S. Department of Energy
conductivity data of the methanethane mixture along the under Grant DE-FG02-95ER-14509.
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