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Light-scattering measurements of nonequilibrium fluctuations in a liquid mixture
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We report results of small-angle Rayleigh-scattering experiments performed in an equimolar liquid
mixture of toluene and n-hexane that is brought out of thermal equilibrium by the imposition of a sta-
tionary temperature gradient VT perpendicular to the scattering wave vector. The experiments demon-
strate the presence of long-range nonequilibrium fluctuations in temperature, concentration, and
momentum and confirm that the strength of these nonequilibrium fluctuations varies with (VT)2/k*,
where k is the wave number of the fluctuations. It is suggested that nonequilibrium Rayleigh scattering
may provide an alternative technique for measuring Soret coefficients of liquid mixtures.

PACS number(s): 66.10.Cb, 66.20.+d, 05.40.+j, 44.50.+f

I. INTRODUCTION

The theory of fluctuations in fluids that are in macro-
scopic thermal equilibrium is well established. Fluctua-
tions in density that occur on hydrodynamic length and
time scales can be probed experimentally by light scatter-
ing. The light-scattering spectrum of one-component
fluids contains a central Rayleigh line, unshifted in fre-
quency, resulting from fluctuations in entropy or temper-
ature and whose decay rate is determined by the thermal
diffusivity [1,2]. With the addition of a second com-
ponent, local fluctuations in composition give rise to a
second Rayleigh component, whose decay rate is deter-
mined by the mass diffusivity [3,4]. Measuring the
linewidths of these Rayleigh components provides a use-
ful method for determining thermal and mass diffusivities
[5]

More recently, the theory of fluctuations has been ex-
tended to fluids in nonequilibrium steady states, as, e.g.,
reviewed by Schmitz [6]. Specifically, when a fluid is sub-
jected to a stationary temperature gradient, long-range
nonequilibrium fluctuations are present as originally
found from mode-coupling theory [7] and subsequently
from fluctuating hydrodynamics [8-11]. These none-
quilibrium fluctuations arise from a coupling between mi-
croscopic velocity fluctuations and the macroscopic tem-
perature gradient. The Rayleigh-line intensity is
enhanced by the nonequilibrium thermal fluctuations and
modified by a contribution from nonequilibrium viscous
fluctuations. These theoretical predictions have been
verified both qualitatively [12] and quantitatively [13,14]
in a series of recent light-scattering experiments with
liquid toluene.

In the present paper, we report results of Rayleigh-
scattering experiments in a liquid mixture of toluene and
n-hexane in the presence of a stationary temperature gra-
dient. In anticipation of our experiments, the theory of
nonequilibrium fluctuations was extended to fluid mix-
tures by Law and Nieuwoudt [15,16]. It is well known
that a macroscopic temperature gradient V7T induces in a
fluid mixture a macroscopic concentration gradient Vc
[17,18]. Hence, the microscopic velocity fluctuations not
only couple with the temperature gradient V7, but also
with the concentration gradient Vc. As a consequence,
the Rayleigh spectrum will be modified by the presence of
nonequilibrium thermal, viscous, and concentration fluc-
tuations. All these nonequilibrium fluctuations are pre-
dicted to be proportional to (VT')* and inversely propor-
tional to the fourth power of the wave number k of the
fluctuations. We have indeed observed these nonequili-
brium fluctuations and we shall demonstrate that the ex-
perimental results are consistent with the theoretical pre-
dictions.

II. THEORY

The intensity of light scattered by fluctuations with
wave vector k and frequency w is proportional to the
correlation function {8n, ,8nj ), which is a measure of
the fluctuations &n in the refractive index n. This corre-
lation function can, in turn, be related to the correlation
functions of the fluctuations 87 and &c¢ in the local tem-
perature T and the local concentration c, so that the Ray-
leigh component of the scattered-light intensity of a
liquid mixture is proportional to [4]
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where the derivatives of the refractive index with respect
to T and c are to be taken at constant pressure p. In Eq.
(2.1), we have neglected any contributions from pressure
fluctuations, since they only contribute to the propaga-
ting Brillouin lines and not to the diffusive Rayleigh lines
[15,16].

A concentration gradient develops in a liquid mixture
that is subjected to a temperature gradient VT [17,18].
The magnitude of this concentration gradient Vc is pro-
portional to the Soret coefficient S, which is defined
through the phenomenological relation

k
Vc=———;—VT= —S;c(1—c)VT 2.2)
where k is the thermal-diffusion ratio, and c is the mass

fraction of the heavier component 1, which in the present
case will be toluene. It will be convenient to define

on
dc
R,=—2c(1—c)+—2L | 2.3)
on
aT |,

so that S-R, is a dimensionless number representing the
ratio of the refractive-index gradients resulting from the
concentration and temperature gradients.

The correlation functions appearing in (2.1) have been
evaluated by Law and Nieuwoudt [15,16] for a liquid
mixture subjected to a stationary temperature gradient.
The light-scattering correlation function C(k,t) is then
obtained as the temporal Fourier transform of
(8ny ,0nf ) given by (2.1). The exact expression ob-
tained by Law and Nieuwoudt is rather complicated, but,
as justified in the Appendix, for the liquid mixture to be
investigated it can be simplified to the sum of a positive
heat-mode contribution, a negative viscous-mode contri-
bution, and a positive concentration-mode contribution:

C(k,t)=Cp{1+Cy[(1+ Ay )exp(—Drk?t)
— A exp(—vk?t)

+R(1+ A, )exp(—Dk?t)]} , (2.4)

where Cjp is an experimental background contribution
that is always present in light-scattering experiments
[13,14], while C, represents the strength of the heat-
mode contribution in the absence of a temperature gra-
dient. The decay rates of the three Rayleigh components
are proportional to the thermal diffusivity D, the kine-
matic viscosity v and the binary mass-diffusion coefficient
D. For a typical liquid mixture like a mixture of toluene
and n-hexane, the simplified expression (2.4) for the
light-scattering correlation function is estimated to yield
amplitudes accurate within a few percent, as discussed in
the Appendix. The coefficient 2 in (2.4) determines the
ratio of the scattering intensity from the concentration-
mode and heat-mode fluctuations in the absence of a tem-
perature gradient and is given by [19]

2
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Here ¢, . is the isobaric specific heat at constant concen-

tration and p=pu, —pu,, where p, and p, are the chemical
potentials per unit mass of the two components of the
mixture. The amplitudes A;, 4,, and 4, in (2.4)
represent the relative contributions from the nonequili-
brium fluctuations. These amplitudes are given by

(kXVT)? (kXVT)?
ATZA;: k4 ’ Av:A: k4 s
ExVT (2.6)
a,= 4 EXVIY
k

where k is the unit vector in the direction of k, while the
coefficients A, A¥, and A} are related to the local ther-

mophysical properties of the mixture by

Ar= ?(Vﬁ—'fD—%; —DY; {(1+S,R,(1—D /Dp)} ,
(2.7)
Ar=|—2 __ |(14+5,R,/2}?, (2.8)
T(v*—Dy7)
qr= Ry Cp.c Y oe2
c 4R | | T(+*—D*» || D |”T
X (142D /D[1+2/(S;R,)]} - 2.9)

The amplitudes A, 4, and A4, of the nonequilibrium
fluctuations vanish when VT =0. For VT#0, they reach
their maximum values when the scattering wave vector k
is perpendicular to VT; this is the configuration adopted
in our experiments, so that [k XVT|=|VT|. In the limit
¢—0 and, hence, St+—0, C(k,?) as given by (2.4) reduces
to the light-scattering correlation function previously in-
vestigated for a one-component liquid in the presence of a
temperature gradient [13,14]. The amplitudes A;, 4,,
and A, of all three nonequilibrium fluctuations are pro-
portional to (VT )?/k*.

The light-scattering correlation function C(k,?) in the
form given by (2.4) represents a sum of all hydrodynamic
correlation functions appearing in (2.1). To gain some in-
sight into the complicated structure of the expressions
(2.7)-(2.9) for the amplitudes of the nonequilibrium fluc-
tuations, we first note, as one might expect, that
heat-mode and viscous-mode contributions originate
from the temperature-temperature correlation function
(8T, ,8T¢ >, and concentration-mode contributions
from the concentration-concentration correlation func-
tion (8¢ 8¢y, ). The nonequilibrium amplitudes resul-
tant from these two correlation functions are represented
by the term of value unity in the curly brackets in Egs.
(2.7)-(2.9). It turns out, however, that important contri-
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butions also arise from the cross-correlation functions
(8¢, ,8T% ,? and (8T, ,6¢cy ) in Eq. (2.1). They lead
to the terms inside the curly brackets in Egs. (2.7)-(2.9)
that involve the product SpR,. From (2.7) and (2.8), we
see that the nonequilibrium heat-mode and viscous-mode
fluctuations will exhibit, for liquid mixtures with S50,
an additional enhancement over the values previously
found for a pure liquid. In addition, nonequilibrium con-
centration fluctuations with amplitude A4, should appear,
which are absent in pure liquids. It was the purpose of
the present investigation to observe these effects experi-
mentally.

III. EXPERIMENT

The experimental arrangement and sample cell are
identical to those used in our previous Rayleigh-
scattering measurements of pure toluene in the presence
of a temperature gradient [13,14]. To avoid any convec-
tion, the liquid layer is heated from above. The incident
laser-light beam is in the direction antiparallel to the tem-
perature gradient and the scattering wave vector k is lo-
cated in the horizontal plane perpendicular to the tem-
perature gradient. The light-scattering correlation func-
tion C(k,t) is obtained by heterodyning the scattered
light with residual stray light. Here we discuss only those
aspects of the experiment that pertain specifically to mea-
surements with a liquid mixture.

In practice, D /D =30, so that for longer delay times
the photon-correlation function is only determined by the
concentration fluctuations. The heat-mode and viscous-
mode contributions are then studied by observing the
photon-correlation function at shorter delay times.
These heat-and viscous-mode contributions are investi-
gated simultaneously, since v/Dy~6. To analyze the
longer-time and shorter-time correlation-function data,
we decompose the expression (2.4) for C(k,¢) into

C(k,0)=Cy (k,t)+C,(k,1) , (3.1
with
Cr,(k,0)=Cp 1,{1+Cq 1, [(1+ Ap)exp(—Drk?*)

— A exp(—vk?1)]} , (3.2)

and
C.(k,t)=Cp [1+C, (1+ A, )exp( —Dk?)]. (3.3)

The subscripts 7v and ¢ refer to the heat-viscous and
concentration-mode contributions, respectively, and the
equilibrium ratio & of the strength of the concentration
fluctuations and the temperature fluctuations is

C10 c

R=—". (3.4)
CO, Tv

When the correlator is set up to examine the slowly de-
caying concentration fluctuations, we eliminate any
influence of the more quickly decaying temperature and
viscous fluctuations by simply not analyzing the informa-
tion contained in the early time channels. When we sub-

sequently investigate the temperature and viscous fluc-
tuations by measuring the photon-correlation function at
earlier times, we need to correct for the contribution
from the concentration fluctuations. This is illustrated in
Fig. 1, where we show typical experimental photon-
correlation data as a function of time with and without
the contribution from the concentration fluctuations ob-
tained for the liquid mixture with VT =0. The correc-
tion for the contribution from the concentration fluctua-
tions is obtained by the following procedure. We first
determine the correlation function C,(k,?) arising from
the concentration fluctuations by measuring the photon-
correlation function at a long-time scale. We then sample
with the correlator the photon-correlation functions
C(k,?) at a short-time scale relevant for the temperature
and viscous fluctuations and then take the difference

Cr(k,1)=C(k,t)—C,(k,t) . (3.5)

In principle, the wave number k can be determined
from the scattering angle 6 through the Bragg condition
k =4m(n /X)sin(0/2), where A is the wavelength of the
laser light. However, as in our previous experiments with
pure toluene [13,14], an alternate and more accurate pro-
cedure is to deduce k from the experimental correlation
function obtained when the liquid sample is still in
thermal equilibrium. For VT =0, the expressions (3.2)
and (3.3) reduct to

Crk,t)=Cp r,[1+Cy r exp(—Drk?)] , (3.6)
C.(k,1)=Cy [1+C, .exp(—Dk?1)] . (3.7)

Since we use a liquid mixture with a known mass
diffusivity D, fitting the experimental long-time correla-
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FIG. 1. Normalized experimental photon-correlation func-
tions C (k,t)=C(k,t)/Cp obtained for an equimolar mixture
of toluene and n-hexane in thermal equilibrium (VT =0) at
k =2341 cm ™! without (0) and with (M) corrections for the con-
centration fluctuations.
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tion function C.(k,?) obtained with VT =0 yields k? in
addition to Cp, and C,.. From the experimental
correlation-function data obtained in thermal equilibrium
at shorter times, we also find Cp r, and Cy r, and, hence,
the ratio #=Cy . /Cy -

As discussed in our previous publications [13,14], a
complication arises, because the measurements are not
obtained at a single value of the wave number k, but over
a small range of k values due to the focusing of the beam
in the sample and the finite size of about 0.1° of the col-
lection angle. This effect is usually negligible in light-
scattering experiments, but becomes significant here, first
because of the small scattering angles needed for the ob-
servation of the nonequilibrium fluctuations, and second
because the intensity of these nonequilibrium fluctuations
varies with k*. We account for this effect by convoluting
the ideal correlation function (2.4) with a Gaussian beam
profile [13,14,20]:

(k'—k)?

—T ] (3.8)

— _ 1 prk+3s ,
Clny=— [ "dk'C(K',Dexp

with

Z =8V27d(3V2), (3.9)
where k is now the average wave number and & the error
function, while 8 is a measure of the spread of experimen-
tal wave numbers, which is related to the collection-
pinhole size. Hence the experimental correlation data are
fit to (3.8), with Egs. (3.1)-(3.3) substituted for C(k,1?).
In the present experiments, we continued to use the same
optical arrangement as in our most recent experiments
with pure toluene, for which =140 cm ™! [14].

Typical normalized experimental correlation functions
E*(k,t)=6(k,t)/CB obtained for an equimolar mixture
of toluene and n-hexane at k =2341 cm ™! are shown in
Fig. 2. The data labeled E correspond to the thermal-
equilibrium state with VT =0, and the data labeled N
correspond to a nonequilibrium state with |V7T|=63.3
K/cm. The concentration-fluctuation data in Fig. 2(a)
decay exponentially with time in accordance with Eq.
(3.3). The nonequilibrium (N) correlation-function data
associated with the thermal-viscous fluctuations in Fig.
2(b) show a deviation from a simple exponential decay at
very short times because of the negative contribution
from the viscous fluctuations similar to the behavior pre-
viously observed in a one-component liquid [13,14].

The selection of a liquid mixture for the experiment
was based on the following considerations. We have
shown previously that nonequilibrium fluctuations could
readily be observed in liquid toluene, for which excellent
agreement between theory and experiment was obtained
[13,14]. Hence we preferred to continue that work by
selecting a mixture with toluene as one of the liquid com-
ponents. In order to compare the experimental results
with the theoretical predictions, we need reliable values
of the relevant thermophysical properties. Of particular
importance is accurate information of the binary mass-
diffusion coefficient D, since our experimental determina-
tion of the wave number k depends on its value. Further-
more, a large difference in refractive indices is necessary
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FIG. 2. Normalized experimental photon-correlation func-
tions C,*(k,t)=C,(k,t)/Cy,. and Cr,*(k,t)=Cr,k,1)/Cs 1,
associated with the concentration fluctuations (a) and the tem-
perature and viscous fluctuations (b) obtained for an equimolar
mixture of toluene and n-hexane at k =2341 cm~!. The data la-
beled E were obtained with V7'=0 and the data labeled N with
VT =63.3 K/cm. The data corresponding to the very early
correlator sample times in (a), heavily influenced by the thermal
fluctuations, are not shown.

in order for the concentration fluctuations to be readily
observable. For these reasons, we selected a liquid mix-
ture of toluene and n-hexane. One would also like to
choose a mixture with a large positive Soret coefficient
Sr, but experimental information for the Soret
coefficients of liquid mixtures is limited and frequently of
very low accuracy [17]. We shall return to a discussion
of the Soret effect in the following section.

IV. EXPERIMENTAL RESULTS

We have measured the scattered Rayleigh light of an
equimolar mixture of toluene and rn-hexane as a function
of VT at five scattering angles ranging from 0.47° to 0.86°
and corresponding to the wave numbers kK =1613, 1983,
2190, 2341, and 2946 cm ™~ !. At each scattering angle, we
would start with the liquid mixture in homogeneous
thermal equilibrium at 25°C. Then various values of the
temperature gradient were applied by increasing and de-
creasing the temperatures of the upper and lower plate of
the optical cell symmetrically, so that all experimental re-
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TABLE I. Thermophysical properties of an equimolar toluene plus n-hexane liquid mixture at 25 °C.

Property

Value

Mass diffusivity?
Thermal conductivity®®
Density®

Isobaric specific heat™d
Thermal diffusivity®
Shear viscosity?®
Kinematic viscosity

Refractive index®

Refractive index derivative'

f

Refractive index derivative

Osmotic compressibility®

Rayleigh-factor ratio

D =2.757X107° cm*s~!
k=0.1262 Wm ™ 'K™!

p=747.8 kgm™>

¢, c=1.978 kI kg 'K™!
Dr=«k/pc,,=0.854X 107> cm*s™"
n=372 uPas
v=1/p=4.975X1073 cm?s™!

n=1.433
on | __ -4 g1
o7 5.497X107* K
b c
B 1 —0.1206
dc T
Oe | —q18.1x107% J1g
9 |, r
2
on
C dc
R= g_c B 2T —3.79
#olnr on
arT |,

2Reference [21].

*Reference [25].

®Denotes average of individual pure-component values. ‘Reference [26].

“Reference [22].
9References [23,24].

sults correspond to the same average temperature of
25°C. The equimolar mixture corresponds to a toluene
mass fraction ¢ =0.517. Values of the relevant thermo-
physical properties of this mixture, needed for the inter-
pretation of the experiments, are presented in Table I.
The derivatives of the refractive index n with respect to
temperature and concentration were especially deter-
mined in our laboratory for this purpose [26]. In princi-
ple, a temperature gradient induces spatial variations of
the thermophysical properties as a function of height in
the liquid sample. In our previous work with toluene, we
have demonstrated that effects of such spatial variations
of the thermophysical properties on the scattered light
are very small, even when temperature gradients as large
as 220 K/cm are applied [14]. Since the Soret coefficient
of liquid mixtures can be sensitive to temperature [27],
we limited the maximum value of the applied tempera-
ture gradient in the present experiments to 122.5 K/cm.
For accurate Rayleigh-scattering measurements, it is
imperative that the liquid sample be clean and free of any
dirt. Since the liquid sample would invariably deteriorate
somewhat in the course of time, especially after applying
large temperature gradients, the optical cell was refilled
with a clean, freshly filtered liquid sample every 24 h.
The sample liquid came from a large (=~0.5 L) reservoir

BReference [19,21].

of equimolar toluene + n-hexane made by weighing out
the individual components in the correct proportions.
The experimental concentration-fluctuation data
C,(k,t), obtained initially with VT =0, are fitted to Eq.
(3.8) with Eq. (3.7) and with D =2.757X107° cm?s™!
fixed at its known value [21] for the mixture. This pro-
cedure yields values of the coefficients Cp . and C . and
of the scattering wave number k. We subsequently fit the
experimental thermal-fluctuation data Cj.(k,t), obtained

TABLE II. Experimental results of the thermal diffusivity
Dy, the Rayleigh-factor ratio 2, and the Soret coefficient Sy-.

k D Sy

(cm™1) (1073 cm?s™}) R (1073 K™Y
1613 0.86+0.03 3.73+0.23 6.04+0.29
1983 0.83+0.03 4.02+0.23 6.23+0.24
2190 0.91+0.06 3.611+0.16 5.92+0.25
2341 0.83+0.03 3.8410.15 6.09+0.23
2946 0.81+0.02 3.72%0.13 6.08+0.20
Average: 0.84+0.03 3.77+0.14 6.07+0.10

“From light-scattering measurements in thermal equilibrium.
*From intensity of nonequilibrium concentration fluctuations.
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TABLE III. Nonequilibrium concentration-mode amplitude 4.

vr k (cm™})

(Kem™)) 1613£85 1983+16 2190+38 2341+32 2946+11
44.72 2.481+0.14 1.43+0.02 1.08+0.03 0.53+0.02
63.25 9.3+0.4 3.90+0.20 3.611+0.04 2.30+0.06 0.97+0.04
77.46 16.2+0.3 6.96+0.12 5.29+0.05 3.75+0.07 1.474+0.02
89.44 20.7+0.6 6.32+0.20 4.80+0.21 1.98+0.06

100.00 11.1£0.2 7.441+0.06 2.22+0.08
122.47 17.6x0.3 10.50+0.20 3.74%0.08

with VT =0, to Eq. (3.8) with Eq. (3.6), so as to obtain
the coefficients Cpr, and C; 7, and the thermal
diffusivity of the mixture. A normalization procedure,
necessary to account for variations in the incident light
intensity and of the local-oscillator strength, is applied to
Cy,. and C, 1, [13,28]. The Rayleigh-factor ratio 72 is
readily found from (3.4) with the separately determined
values of Cy . and Cj r,. The experimental results thus
obtained for the thermal diffusivity D, and the
Rayleigh-factor ratio /R are presented in Table II. Our
experimental values D;=(0.84+0.03)X 1073 cm?s™!
and #=3.77%£0.14 are in good agreement with the
values D7 =0.85X 1073 cm?s~! and /2 =3.79 found from
the literature, as shown in Table I.

We now turn our attention to the correlation-function
data C,(k,?) and Cy,(k,t), obtained in the presence of a
temperature gradient and fitted to Eq. (3.8), with Eqgs.
(3.2) and (3.3) substituted for C,(k,¢) and Cr (k,t). With
the values of Cy, . and C 7, found from the scattering in
thermal equilibrium, and with v=4.975X 1073 em?s™ ],
D=2.757X10"° cm?s”!, and D;=0.854X10"°
cm?s ! fixed at their known values for an equimolar mix-
ture of toluene and n-hexane [21], only the background
contributions Cp . and Cp 7, and the amplitudes 4., A,
and 4, of the nonequilibrium fluctuations are treated as
adjustable coefficients. In all cases, the fits yielded stan-
dard x? values close to unity, confirming that the experi-
mentally observed correlation functions indeed decay
with the three relaxation times associated with the heat-
mode, viscous-mode and concentration-mode fluctua-
tions.

The experimental results obtained for the amplitudes
A,., Ay, and A, are presented in Tables III-V. The er-
rors quoted in these tables represent standard deviations
when the results from the fits are averaged over four to

six individual correlation-function measurements taken
with correlator sample times of ~3 us for the heat-
viscous modes, and =90 us for the concentration mode.
Only data are included for which no sign of convection
was observed. An attempt was made to measure the light
scattering for each angle at the same ten values of the
temperature gradient V7. Because of slight variations, of
the order 0.1 K, in the temperature of the lower plate,
sometimes a small correction of up to a few percent was
needed to convert the measurements to the desired nomi-
nal value of VT.

The amplitude A, represents the strength of the none-
quilibrium concentration fluctuations relative to the in-
tensity of the concentration fluctuations in thermal equi-
librium. Similarly, the amplitudes 4, and A4, represent
the strength of the nonequilibrium thermal and viscous
fluctuations relative to the intensity of the thermal fluc-
tuations in thermal equilibrium. From Egq. (2.6), we note
that the amplitudes should be proportional to (VT)?/k*.
The experimental amplitudes 4., A7, and A4, are plotted
as a function of (VT')?/k* in Fig. 3 for the smaller values
of VT and in Fig. 4 for the larger values of V7. The ex-
perimentally observed intensities of the nonequilibrium
fluctuations indeed do vary with (VT)?/k*.

The values of the coefficients AX= A k*/(VT)?,
Ar=Ark*/(VT)?, A*=A,k*/(VT)* deduced from
our experimental data for each wave number k are
presented in Table VI, and we find

(A} )expy=(1.78%0.02) X 10" K "?cm ™2, 4.1)

(A7 )expr=1(2.60£0.05)x 10" K 2cm ™2, (4.2)

(A% )eyp=(0.453+0.026)X10° K 2cm ™2 .  (4.3)

TABLE IV. Nonequilibrium heat-mode amplitude 4.

vT k (cm™Y)

(Kem™) 1613+85 1983+£16 2190+38 2341132 2946+11
44.72 3.80+0.11 1.64+0.06 1.60+0.03 0.61+0.02
63.25 12.4%0.5 6.121+0.23 4.51+0.24 3.66+0.04 1.40£0.08
77.46 23.9%+1.0 10.7£0.2 7.11+0.07 5.59+0.18 2.00£0.03
89.44 31.0£1.0 9.27+0.10 7.05+£0.67 2.671+0.06

100.00 16.7+0.4 10.7+0.4 3.21+0.08
122.47 26.1%+0.3 15.0+0.5 5.16%+0.17
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TABLE V. Nonequilibrium viscous-mode amplitude 4.

vT k (cm™Y)

(K em™) 161385 1983416 219038 2341432 294611
44.72 0.61+0.05 0.26%+0.06 0.2710.06 0.06+0.02
63.25 2.03£0.16 '1.07£0.05 0.77x0.11 0.64+0.11 0.194+0.03
77.46 4.52+0.40 1.92+0.05 1.17£0.05 1.04+0.05 0.30%0.04
89.44 5.72+0.25 1.79+0.05 1.23+0.05 0.41+0.03

100.00 2.92+0.12 1.90%0.16 0.51%+0.05
122.47 4.76+0.17 2.71%0.15 0.83+0.08

The theoretical predictions for these coefficients are
given by Egs. (2.7)-(2.9). As discussed in Sec. II, there
are two mechanisms leading to the presence of long-range
nonequilibrium fluctuations in a liquid mixture. First,
there is a direct coupling between the velocity fluctua-
tions 8v and the temperature gradient V7, leading to the
presence of nonequilibrium thermal and viscous fluctua-
tions identical to those present in a one-component liquid
[13,14]. The strength of these nonequilibrium fluctua-
tions is given by Egs. (2.7)-(2.9) with S;=0, and is
represented by the dashed lines in Figs. 3(b), 3(c), 4(b),
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FIG. 3. Amplitudes A.,, Ay, and A4, as a function of
(VT)?/k*. The symbols indicate experimental data. The solid
lines represent the linear variation with (VT)?/k* in accordance
with fluctuating hydrodynamics. The dashed lines represent the
contributions to the nonequilibrium temperature and viscous
fluctuations when the effect of the induced concentration gra-
dient is neglected (S;=0).

and 4(c). In addition, there is a coupling between the ve-
locity fluctuations &v and the concentration gradient V¢
induced by the temperature gradient, leading to the pres-
ence of nonequilibrium concentration fluctuations, shown
in Figs. 3(a) and 4(a), as well as yielding an additional
contribution to the nonequilibrium thermal and viscous
fluctuations. To predict the strength of these nonequili-
brium fluctuations, we need a reliable value of the Soret
coefficient S. Ecenarro et al. have reported some exper-
imental data for the thermal-diffusion factor « for toluene
and n-hexane at 37.5°C, obtained with a conventional

m k=1613cm?
241 e 1983
a 2190 (a)
o 2341
181 5 2046

VT
_|_l_(_4l (10’10 K?cm?)

FIG. 4. Amplitudes A., Ay, and A4, as a function of
(VT)?/k*. The symbols indicate experimental data. The solid
lines represent the linear variation with (VT)2/k* in accordance
with fluctuating hydrodynamics. The dashed lines represent the
contributions to the nonequilibrium temperature and viscous
fluctuations when the effect of the induced concentration gra-
dient is neglected (S;=0).



TABLE VI. Reduced amplitudes 4, A7, and 4¥ of the
measured nonequilibrium fluctuations.

k AX Ax Ax
(cm™) (10" K™2cm™%) (10"° K™2cm™?) (10 K 2cm™?)
1613 1.77+0.03 2.57+0.03 0.440+0.018
1983 1.77+0.02 2.60+0.03 0.464+0.010
2190 1.78+0.01 2.65+0.03 0.475+0.015
2341 1.77£0.02 2.65+0.03 0.473+0.020
2946 1.82+0.03 2.53+0.04 0.413+0.026
Average: 1.78+0.02 2.60x0.05 0.453+0.026

thermal-diffusion column [29], from which we deduce
S;y=+3.70X1073 K~!. However, we find it difficult to
assess the accuracy of this determination [18], nor is it
clear how this result, obtained at a single temperature,
can be extrapolated to 25 °C. For a definitive check of the
theory of fluctuating hydrodynamics for the description
of nonequilibrium fluctuations in a fluid mixture, it is
desirable to have an accurate independent experimental
determination of the Soret coefficient S, and we hope to
perform such measurements in the future. However, in
the mean time we assume the validity of the theory of
fluctuating hydrodynamics and use the observed intensity
A} of the nonequilibrium concentration fluctuations to
deduce the Soret coefficient in accordance with Eq. (2.9).
The values thus obtained for the Soret coefficient are in-
cluded in Table II, and we find

Sr=+(6.07+0.10)X1073 K1 . (4.4)

The values of A4, corresponding to this Soret coefficient
are represented by the solid lines in Figs. 3(a) and 4(a).
With the values (4.4) of the Soret coefficient, we can now
predict from Egs. (2.7) and (2.8) the additional mixture
contributions to the nonequilibrium thermal and viscous
fluctuations. The values thus predicted for A, and 4,
are represented by the solid lines in Figs. 3(b), 3(c), 4(b),
and 4(c), which correspond to

(AF)eac=2.63X101° K 2cm ™2, (4.5)
(A% )ec=0.475X 10" K 2cm™2 . (4.6)

On comparing the predicted values (4.5) and (4.6) with
the experimental values (4.2) and (4.3), as well as from the
information provided in Figs. 3 and 4, we conclude that
our experimental results are fully consistent with the
theoretical predictions for the nature of the nonequilibri-
um fluctuations in a liquid mixture.

V. CONCLUSIONS

In a liquid mixture in the presence of an externally im-
posed stationary temperature gradient, new types of
nonequilibrium fluctuations, not present in pure liquids,
appear as a result of a coupling between the velocity fluc-
tuations and the concentration gradient induced by the
temperature gradient. This coupling leads to the pres-
ence of nonequilibrium concentration fluctuations and
also yields additional contributions to the nonequilibrium
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heat and viscous fluctuations over those previously ob-
served in a pure liquid. Rayleigh-scattering experiments
for an equimolar mixture of toluene and n-hexane have
confirmed the presence of these types of nonequilibrium
fluctuations. We have verified that the intensity of all
nonequilibrium fluctuations is proportional to the square
of the temperature gradient VT and inversely proportion-
al to the fourth power of the wave number k. The
strength of the observed nonequilibrium fluctuations ap-
pears to be fully consistent with the strength of those
fluctuations expected on the basis of the theory of fluc-
tuating hydrodynamics. Assuming the validity of the
theory of fluctuating hydrodynamics for nonequilibrium
liquid mixtures, we submit that it is possible to deduce
the Soret coefiicient of liquid mixtures by measuring the
strength of the nonequilibrium concentration fluctuations
with low-angle Rayleigh-scattering experiments. From
the information provided in Table VI, we estimate that
this technique can provide Soret coefficients with an ac-
curacy fully competitive with the best available experi-
mental techniques [17,18,30].
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APPENDIX: NONEQUILIBRIUM RAYLEIGH-
SCATTERING SPECTRUM OF LIQUID MIXTURES

The complete expression for the Rayleigh-scattering
spectrum of a liquid mixture in the presence of a temper-
ature gradient, derived by Law and Nieuwoudt [15,16],
contains three diffusive modes with the decay rates given
by

(D, +D)k?
A, =vk? A =-—t
* 2
2
i%[(DT+Z))2—4DTD]“2 , (A1)
where
D=D(1+€), (A2)
with
Src(l1—e)]?
ez[TC—C]_l_QIi _ A3
(cpc/T) dc T

For an equimolar mixture of toluene and n-hexane,
€=~0.028. Expanding the decay rates A, and A, in terms
of the parameter €, we obtain

A, =vk?,
A,=D(1+eD/Dy+O0((eD/Ds)*)k?,
A_=D(14+0(e?))k?.

(A4)



1034 P. N. SEGRE, R. W. GAMMON, AND J. V. SENGERS 47

The small differences of the decay rates A, =Dyk? and
A_=Dk? with the values given in (A4) have been neglect-
ed in (2.4). In addition, to obtain the three pure modes
represented by (2.4), we have also made use of the large
difference in time scales, since v/D =181 and
Dy /D =31, which are substantially larger than unity.
We estimate that the contributions neglected would con-

tribute no more than a few percent to the calculated am-
plitudes of the fluctuations. Velasco and Garcia-Colin
[31] have suggested that the Rayleigh-scattering spec-
trum should contain an additional term proportional to
(0u/0T), .. However, this term is a higher-order term
that, like many other higher-order terms, is negligibly
small in practice.
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