
RAPID COMMUNICATIONS

PHYSICAL REVIEW E NOVEMBER 1997VOLUME 56, NUMBER 5
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 data.@S1063-651X~97!51611-4#

PACS number~s!: 64.70.Fx, 64.60.Ht, 66.60.1a
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It has been well established that the thermal conducti
of one-component fluids exhibits a strong enhancement
the critical point and ultimately becomes infinite at the cr
cal point @1,2#. This phenomenon has been confirmed
many experiments@3# and is in agreement with the theory fo
the effects of critical fluctuations on the transport propert
@4#.

The first theoretical predictions for the asymptotic critic
behavior of the transport properties of fluid mixtures ne
vapor-liquid critical points were already made in the ea
1970’s @5,6#. It was concluded that the thermal conductivi
of a fluid mixture should remain finite at the critical point,
contrast to the divergent critical behavior of the thermal c
ductivity of one-component fluids. More recently, this pr
diction has been confirmed by the dynamic renormalizati
group theory@7#. Measurements of the thermal conductivi
of mixtures in the critical region have been reported for m
tures of 3He and 4He @8,9#, for mixtures of methane and
ethane@10,11# and more recently, for mixtures of carbo
dioxide and ethane@12,13#. All these measurements showe
the presence of a pronounced thermal-conductivity enha
ment in the critical region comparable to that observed
one-component fluids and the expected finite asympt
critical enhancement of the thermal conductivity was not
served experimentally.

To interpret the experimental data it is necessary to c
sider nonasymptotic contributions to the critical behavior
the thermal conductivity@14–16#. A theory of the critical
behavior of the thermal conductivity of fluid mixtures, th
includes the crossover to the regular behavior of the ther
conductivity far away from the critical point, has been dev
oped recently@16–18#. When the nonasymptotic critical con
tributions to the thermal conductivity are incorporated, t
theory predicts that for mixtures of carbon dioxide a
ethane a crossover to a finite limiting thermal-conductiv
value does not occur unless the critical temperature is
proached to well within 1025, a range not readily accessib
experimentally for measuring the thermal conductivity@17#.

In an attempt to further investigate the critical behavior
the thermal conductivity of fluid mixtures we have measu
the thermal conductivity of an equimolar mixture of metha
and ethane in the vicinity of the critical point. Unlike carbo
dioxide and ethane, methane and ethane have apprec
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different critical temperatures, namely, 190.56 and 305.32
so that differences between one-component-like beha
and mixturelike behavior are expected to be more p
nounced. Moreover, an accurate equation of state for ca
lating the thermodynamic properties of mixtures of metha
and ethane has recently become available@19#.

We have measured the thermal conductivity with
guarded parallel-plate apparatus especially designed for m
surements in the critical region of fluids and fluid mixture
We have further improved the experimental apparatus pr
ously employed for measuring the thermal conductivity
mixtures of carbon dioxide and ethane in the critical reg
@20# and have recently used it to determine the thermal c
ductivity of methane in the close vicinity of the critical poin
@21#. The thermal conductivity of mixtures of methane a
ethane in the critical region has been investigated previou
by Roder and Friend@10,11#, but they were unable to ap
proach the critical temperature closer than 2 K, due to
limitations of their transient hot-wire method. With our im
proved guarded parallel-plate apparatus we have been ab
approach the critical temperature to within 20 mK and o
measurements do reveal a crossover of the apparent d
gent behavior of the thermal conductivity to a finite limitin
value at the critical point. Moreover, the observed crosso
behavior of the thermal conductivity is well represented
the theoretical equation recently developed by Luettm
Strathmann and Sengers@17#.

The methane-ethane mixture used for the therm
conductivity measurements was supplied by Praxair;
mole fraction of either component was 50% with a sta
accuracy of60.02%. The thermal conductivity was me
sured as a function of temperature along five isochores c
ering a density range fromr56.2 tor510.5 mol L21 and a
temperature range fromT5310.9 K down toT5257.4 K,
which is below the critical temperature. The density cor
sponding to each isochore was determined by measuring
filling pressure at the initial temperature of 310.9 K, which
far above the critical temperature and then calculating
density from the equation of state of Povodyrevet al. @19#.
The critical temperatureTc5263.62 K, as determinedin
situ, is 0.07 K higher than the value implied by the equati
of state mentioned above but well within the accuracy
critical temperature of methane-ethane mixtures is kno
R4943 © 1997 The American Physical Society



lu
v
ri
le

vit
ck

rv
n

is
in
r
of

it

ne
rit

is
en
ity
t

a
da
.
th
ite
e
n

or
n’
-

n
it

n

on

e

ons
s

mic
co-

e
er

of

n-

o-
ic

ibu-
e-

ta

h-

RAPID COMMUNICATIONS

R4944 56SAKONIDOU, van den BERG, ten SELDAM, AND SENGERS
@19#. For the critical density we continued to adopt the va
rc58.527 mol L21 implied by the equation of Povodyre
et al. @19#. The measurements at each isochore were car
out in descending order of temperature, while after comp
tion of the isochoric measurements the thermal conducti
was remeasured at the reference temperature as a che
the reproducibility of the measurements.

In Fig. 1 we show the thermal conductivityl of the
methane-ethane mixture atr5rc58.527 mol L21 as a func-
tion of the reduced temperature difference (T2Tc)/T. The
solid circles indicate the experimental data and the cu
represents values calculated from the theoretical equatio
Luettmer-Strathmann and Sengers, as further discussed
low. In our parallel-plate method the thermal conductivity
determined by measuring the heat flow needed to mainta
temperature differenceDT across a horizontal fluid laye
with a height of about 140mm and a cross-sectional area
11.5 cm2 @20#. The temperature differenceDT in the experi-
ments varied fromDT56 mK at T5310.9 K down to about
1 mK at temperatures within 1 K from the critical tempera-
ture. This temperature difference could be determined w
an accuracy of about 4mK. Further details will be published
elsewhere. While the thermal conductivity of the metha
ethane mixture initially increases upon approaching the c
cal temperature, from Fig. 1 we note that at (T2Tc)/T
.1023 a crossover to a finite limiting critical behavior
observed. Near the critical point experimental measurem
are in principle affected by gravitationally induced dens
and concentration gradients which can be estimated from
known equation of state@22#. The resulting corrections on
our measurements of the thermal conductivity are very sm
leading to a maximum possible correction of 2% at the
tum point closest toTc ~indicated by the open circle in Fig
1!. Hence, our experiments reveal for the first time that
thermal conductivity indeed crosses over to a fin
asymptotic limit. We have found a similar crossover ph
nomenon at two off-critical densities very close to the tra
sition temperature.

In order to analyze the critical behavior of the transp
properties it is advantageous to consider three ‘‘diffusio
coefficientsDcc , Dcs , andDss associated with the fluctua
tions in the concentrationc and the specific entropys @17#.
The coefficientDcc is to be identified with the mass diffusio
coefficientD, while Dss reduces in the one-component lim

FIG. 1. Thermal conductivity of an equimolar mixture of met
ane and ethane at the critical densityrc58.527 mol L21 as a func-
tion of temperature.
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to the thermal diffusivity. The coefficientDcs is not a diffu-
sion coefficient itself but is related to the thermal diffusio
coefficientkTD by kTD5rcP,cDcs , wherer is the density
andcP,c the isobaric specific heat capacity. These diffusi
coefficients are decomposed asDi j 5D̄ i j 1DDi j whereD̄ i j is
a regular background contribution, whileDDi j represents the
contribution from critical fluctuations. Asymptotically clos
to critical point DDcc and DDss satisfy a Stokes-Einstein
diffusion law of the formkBT/6phj where kB is Boltz-
mann’s constant,h the shear viscosity, andj the correlation
length, while any contribution fromDDcs can be neglected
in first approximation@17#. If one includes nonasymptotic
critical contributions, one obtains more general expressi
for DDi j in terms of so-called crossover function
Vcc(j,qDA ,qDB), Vcs(j,qDA ,qDB), and Vss(j,qDA ,qDB).
These crossover functions depend on various thermodyna
properties, on background contributions to the transport
efficients, on the correlation lengthj, and on two cutoff
wave numbersqDA and qDB . Detailed expressions for th
diffusion coefficientsDDi j and the corresponding crossov
function V i j have been presented elsewhere@17#.

The thermal conductivityl can be represented as a sum
three terms@17#

l5l̄1Dlc
~1!1Dlc

~2!, ~1!

wherel̄ is the background contribution to the thermal co
ductivity, while Dlc

(1) andDlc
(2) are given by

Dlc
~1!5rcP,cDDss, ~2!

Dlc
~2!5

r3cP,c
2

T~]c/]m!P,T
H D̄cs

2

D̄cc

2
Dcs

2

Dcc
J , ~3!

wherem is the difference between the specific chemical p
tentials of the two components, which is the thermodynam
field conjugate to the concentrationc. The background con-
tributions D̄cc and D̄cs to Dcc and Dcs are related to the
background contributionsā and b̄ to two Onsager kinetic
coefficients as

D̄cc5
ā

r S ]m

]c D
P,T

, ~4!

D̄cs5
T

r2cP,c
H āH ]m

]T D
P,c

1b̄J . ~5!

The viscosityh is expected to diverge as

h5h̄ exp~chzH!, ~6!

whereh̄ is the background contribution to the viscosity,ch
51.076 andz50.063 are universal constants@4#, while
H(j,qDA ,qDB) is an additional crossover function@17#. For
mixtures of methane and ethane the background contr
tions l̄ and h̄ have been calculated by Vesovic and Wak
ham @23#.

To compare our experimental thermal-conductivity da
with the theoretical expression~1! we have calculated the
correlation lengthj from the equation of state@19# by relat-
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ing it to the appropriate isomorphic susceptibility@17#. We
note thatqDA may be estimated from the cutoff wave num
bers of the pure components byqDA

215xqD
21(CH4)1(1

2x)qD
21(C2H6), where x is the mole fraction of methan

@17#. With the valuesqD
2150.217 nm andqD

2150.167 nm
found for methane@21# and for ethane@17# we obtainqDA

21

50.192 nm for a 50%-50% methane1ethane mixture, leav-
ing, in principle, qDB as the only adjustable parameter.
practice we have also used the background contributionā
andb̄ in Eqs.~4! and~5! as adjustable parameters due to t
lack of adequate experimental information forD̄cc andD̄cs ,
just as was done by Luettmer-Strathmann and Sengers@17#
for mixtures of carbon dioxide and ethane. The solid curve
Fig. 1 represents the values calculated from Eq.~1! with
qDB

2150.9 nm, ā51.0310211 kg s m23, and b̄50.1415
31028 Pa s K21. The actual value ofb̄ depends on the
equation of state adopted form @17#. Equations~1!–~6! re-
produce our experimental thermal-conductivity data with
standard deviation of 1.8%.

To further elucidate the behavior of the thermal cond
tivity of the mixture we have plotted the individual contribu
tions l̄, Dlc

(1), andDlc
(2) to the total thermal conductivity in

Fig. 2 as a function of temperature. In the original work
Mistura @6# the critical enhancementDlc was identified with
Dlc

(1), which led to the conclusion that the critical enhanc
ment would vanish at the vapor-liquid critical point of
mixture. However, near the critical point the contributio
Dlc

(2) becomes important which crosses over to a limiti
plateau value ofTc@ā(]m/]T)P,c1b̄#2/ā @14,15,17#.

In Fig. 3 we present a comparison of our therm
conductivity data of the methane1ethane mixture along the

FIG. 2. Individual contributionsl̄, Dlc
(1), andDlc

(2) to the total
thermal conductivityl as a function of temperature.
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critical isochore with the thermal-conductivity data obtain
in our laboratory for pure ethane@4,12# and pure methane
@21#. At t5(T2Tc)/T>1022 the thermal conductivity in-
creases upon approaching the critical temperature for
mixture as well as for the pure fluids. This led some previo
authors to the conclusion that the behavior of mixtures in
critical region would appear to be similar as that of on
component fluids@10#. However, while for pure fluids att
,1022 the thermal conductivity continues to increase up
approach of the critical temperature, our experiments cle
show that in the case of the mixture the thermal conductiv
crosses over to a finite limiting value at the critical point.

We are indebted to J. Luettmer-Strathmann and A.
Povodyrev for many valuable discussions and for their as
tance in the comparison of theory. We also acknowled
valuable comments from M. A. Anisimov. The research
the University of Amsterdam was supported in part by t
‘‘Stichting FOM’’ and the research at the University o
Maryland by the Division of Chemical Sciences of the Offi
of Basic Energy Sciences of the U.S. Department of Ene
under Grant DE-FG02-95ER-14509.

FIG. 3. Thermal conductivity at the critical density as a functi
of temperature for~a! pure methane,~b! an equimolar mixture of
methane and ethane, and~c! for pure ethane. The symbols indica
experimental data and the curves represent values calculated
the crossover theory.
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