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Dissolving interfaces in the presence of gravity
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~Received 27 July 1998!

Dynamic surface light scattering from dissolving interfaces in binary mixtures of tunable density contrast
shows that the surface tension of the interface between the upper and lower phases of the mixture dissolves
more slowly for a mixture of higher density contrast. Even for a lower density contrast mixture, the dissolution
is still slower than would be expected from naive application of equilibrium diffusion arguments. The factor
most likely to be responsible for this anomalous dissolution is gravity, through a mechanism based on the
competition between diffusion and sedimentation across the interface.@S1063-651X~99!02801-9#

PACS number~s!: 47.20.2k, 05.70.Ln, 68.10.Cr
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The process of dissolution of a liquid interface betwe
two miscible liquids should be a highly nonequilibrium an
nonlinear process and therefore is not well understood. H
ever, if gravity does not retard the dissolution, the slow
process we might think of is diffusion. Anything other tha
diffusion, and especially convective effects, should natura
speed the mixing process, so diffusion should set a lo
limit for the speed of dissolution. Analytic techniques bas
on the mean field dynamics of soft Ising spins, as well
molecular dynamics simulations@1#, agree with a diffusion-
like law for the decrease of the interfacial surface tensio

Surprisingly, a few years ago it was reported@2# that the
effective interfacial tension of the interface between
phases of an isobutyric acid and water binary mixture~made
miscible by rapidly raising the temperature into the on
phase region! disappears even slower than predicted by
naive use of diffusion. It was pointed out that the anom
lously slow dissolution might be caused by the stabilizi
effect of gravity. Simulations of the interfacial dissolutio
were carried out@3# in the presence of a gravitylike pinnin
field, without including an order parameter dependent mo
ity @4#, and at short times after it started, the dissolution w
not significantly different from the dissolution in the absen
of the field, unless the field was made so strong as to fre
the interface entirely.

In this paper we report the results of an experiment
signed to investigate the possible role of gravity in produc
the anomalously slow interfacial dissolution reported in R
@2#. In this experiment we tune the density contrast across
dissolving interface and observe its effect on the rate of
terfacial dissolution.

For our test system we have chosen a near-critical cy
hexane and methanol~CM! mixture @5#. The two compo-
nents are naturally well density matched; the density diff
ence between the phases at a temperature 225 mK beloTc
is 231023 g/cm3. The density contrast can be tuned by m
ing in deuterated forms of the components. We have p
formed dynamic surface light scattering~SLS! experiments
to study interfacial dissolution in a CM mixture and in
cyclohexane and deuterated methanold4 ~CDM! mixture,
which provided a density contrast about 8 times larger t
the nondeuterated sample. We also prepared
cyclohexane1deuterated cyclohexane1methanol mixture@6#
~CDCM! of deuterated fraction 1.65%. Its density contra
PRE 591063-651X/99/59~1!/476~3!/$15.00
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obtained from the measurement of the capillary length a
Ref. @7#, is about 5 times smaller than the density contrast
CM. However, due to this very small density difference b
tween the upper and lower phases, the mixture started fl
ing along the walls of the cell when the temperature w
raised. The integrity of the CDCM’s interface was destroy
by the convection and we could not continue our dynam
surface light scattering experiments with this mixture.

The cells filled with CM and CDM mixtures were vertica
glass cylinders about 12 cm in height and 5 cm in diame
For the entrance and exit of our laser signals, two sm
regions of the cylinder’s lateral surface were replaced by t
facing optically flat glass windows. The cells were immers
in a thermally stabilized water bath whose temperature w
controlled to60.1 mK over time intervals less than 1 h and
to 61 mK over intervals of a few days. The critical temper
ture Tc , above which the system can attain one-phase e
librium, was determined at first by measuring the relat
volumes of the two equilibrium phases at several tempe
tures within 500 mK ofTc and then monitored by turbidity
measurements. In this method,Tc is determined to62 mK.

To prepare an initial state with an equilibrium interfac
we let each mixture reach thermal and composition equi
rium at a temperature 225 mK below the critical temperatu
Then to initiate interface dissolution, we abruptly raised t
temperature to a final state aboveTc . Before and after
changing the temperature we recorded the autocorrela
function of the light scattered by the capillary waves on t
interface between the phases of the mixture. For a bin
mixture near its critical temperature, due to the smallness
the interfacial tension, the capillary waves are overdam
and the autocorrelation function is well represented by a
caying exponential with the relaxation timet5 2(h1
1h2)/sq @8#, whereh1 andh2 are the viscosities of the two
liquids,s is the interfacial tension, andq is the wave number
of the scattered light. Thus the autocorrelation function m
surements provide the surface tension in a rather direct f
ion.

Immediately after raising the temperature the interfa
typically lost its flatness due to collective motions of the bu
liquid caused by temperature gradients. When the hea
time was of the order of a few minutes the gradients w
sufficiently small that the interface maintained its integri
The interface of CDM was typically less affected by th
476 ©1999 The American Physical Society
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PRE 59 477DISSOLVING INTERFACES IN THE PRESENCE OF GRAVITY
temperature gradients, presumably due to a larger interfa
restoring force caused by a higher density difference
cuts the long-wavelength deformations of the interface.
about 30 min the mixture typically reached thermal equil
rium and it became possible to resume measuring autoco
lation functions.

The relaxation times of the autocorrelation functions
CM and CDM at two-phase equilibrium had the same m
nitude and were in agreement with the known values of
surface tension@7# and viscosity@9# of CM. After the tem-
perature was raised, the relaxation times increased by tw
three orders of magnitude in approximately 20 min. The v
cosity is known not to differ significantly in the range o
temperatures covered by the experiment@9#, so for simplicity
we assumed it to be constant. Thus the increase in relaxa
time was taken to indicate an expected sharp decreas
interfacial tension. After the dramatic initial increase in r
laxation time, the two systems differed markedly in their ra
of further changes of relaxation time, with the CDM syste
exhibiting extremely slow dissolution.

Figure 1 shows the measured interfacial tension for C
@Fig. 1~a!# and CDM @Fig. 1~b!# obtained from the SLS ex
periments, over a time of 2 days for CM and 3 days
CDM. Some features of the data can be discussed in c

FIG. 1. Effective interfacial tension of the dissolving interfa
for binary mixtures of~a! cyclohexane and methanol and~b! cyclo-
hexane and deuterated methanol. The dotted lines show the in
cial tension in a naive diffusion model, expected to provide
upper limit for the interfacial tension in the absence of gravi
corresponding to the equilibrium diffusion constantD. The con-
tinuous lines show the best fit of the data with the naive diffus
model, corresponding to an effective diffusion constantDe f f . In ~a!
the initial temperature is 225 mK belowTc and the final tempera
ture is 35 mK aboveTc ; D54.731029 cm2/sec and De f f

5(4.862.2)310211 cm2/sec. In ~b! Tc2Ti5225 mK, Tf2Tc

5172 mK, D51.431028 cm2/sec, and De f f5(5.163)
310213 cm2/sec.
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parison with the expectations of a naive diffusion mod
whose one adjustable parameter, the diffusion constantD,
can be expected to capture a measure of the speed of i
facial dissolution. In Fig. 1 the dotted lines result from ca
culations in such a model using the known equilibrium d
fusion constant of the system. In this naive diffusion mod
of the interface@2#, the density gradient inside the interfac
of thicknessL5ADt can be considered to be constant. A
effective interfacial tension, which controls the excess f
energy for distorting the flat interface, can be defined ev
for a nonequilibrium dissolving interface@10,3#

s}E S dc

dzD
2

dz, ~1!

wherec is the local composition andz is the direction nor-
mal to the interface. Thus the interfacial tension can be ta
to be proportional toL21. We can calculate the interfacia
tension in this model by using the fact that the initial eq
librium interface thickness is of the order of the correlati
length ~which is 1.631026 cm for the initial temperature in
our experimentsTi5Tc2225 mK).

The interfacial tension clearly disappears even m
slowly than predicted by this diffusion model. If we no
extend the model, using the diffusion constant as an adj
able parameter to quantify the data, we obtain the so
curves shown in Fig. 1. The best fit for CM yields an effe
tive diffusion constant two orders of magnitude smaller th
the equilibrium diffusion constant. For CDM the differenc
is even larger, roughly four orders of magnitude. In additio
the fit is bad: The continuous line goes down liket21/2 while
the data do not. A comparison betweenDe f f andD for both
mixtures is shown in Table I. In all casesDe f f is significantly
smaller than the equilibrium constant with a much more p
nounced effect for the deuterated mixture.

Since the only major difference in the properties of C
and CDM is a different density contrast between the up
and lower phases, we assume that the drastic differenc
the rate of dissolution of the interface is caused by gravity
is known that gravity can induce equilibrium concentrati
gradients in binary mixtures near the critical temperat
@11#. Even though in some cases these concentration gr
ents may not be neglected, the magnitude of these effec
much too small to explain our experiments.

fa-
n
,

n

TABLE I. Comparison between the equilibrium diffusion con
stantD and the effective diffusion constantDe f f , obtained by na-
ively fitting the experimental data with the diffusion model. In a
experiments the initial temperature isTc2225 mK.

Mixture
Tf inal2Tc

~mK!
De f f

(cm2/sec)
D

(cm2/sec)

CM 35 ~4.862.2!310211 4.731029

CM 52 ~3.761.7!310211 6.031029

CM 95 ~1.460.7!310210 9.131029

CM 173 ~1.861.3!310210 1.431028

CDM 35 ~1.861.2!310212 4.731029

CDM 61 ~3.963.0!310213 6.731029

CDM 172 ~5.163.0!310213 1.431028
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Gravity could slow down the interface dissolution throu
a mechanism based on the competition between diffus
and sedimentation over the width of the interface. This co
petition can be explored with dimensional arguments: Le
consider a domain of radiusR, of the order of the interface
thickness. We can define a sedimentation timets as the time
in which the domain travels a distance equal to its rad
under the influence of the gravitational field. Neglecting
multiplying numerical geometrical factor that depends on
shape of the domain,

ts5
h

RDrg
, ~2!

whereg is the gravitational acceleration andDr is the den-
sity difference between the liquids. A diffusion time can al
be defined; it is the time in which the domain disappears
diffusion

td5
R2

D
. ~3!

At the beginning of the dissolution process the interfa
thickness is small and the diffusion time is much shorter th
the sedimentation time. As a result, any fluctuation will
dissolved rapidly and gravity will not have time to sedime
the fluctuation. The process will be dominated by diffusio

TABLE II. L, the interface thickness extracted from the resu
obtained in the surface light scattering experiments, vsR* , the
thickness selected by the competition between diffusion and s
mentation across the interface.

Mixture
Tf inal2Tc

~mK!
L

(1024 cm)
R*

(1024 cm)

CM 35 9.065.0 4.9
CM 52 9.965.6 5.3
CM 95 11.665.8 6.0
CM 173 8.366.5 6.8

CDM 35 4.061.6 2.5
CDM 61 1.560.7 2.8
CDM 172 1.760.7 3.5
k,
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However, as the interface thickness increases, the sedim
tation time decreases and the diffusion time increases. W
the two characteristic times become of the same orde
magnitude, gravity might begin affecting the dissolutio
Setting the two times equal, we obtain a length scale for
interface thicknessR* at which gravity could slow down the
dissolution,

R* 35
hD

Drg
. ~4!

For our experiments, this initial diffusion dominated sta
should last 1–2 min for CM and about 15–30 sec for CD
This is a huge time compared to the time scales involved
the simulation@1,3# of the process.

In this picture we have just suggested, fluctuations mu
smaller thanR* are dissolved in a very short time whil
those much larger are sedimented before being dissol
fluctuations of the order ofR* will hang on at the interface
and will create a high-density-gradient, inhomogeneous la
of thickness of the order ofR* . An experiment by Vailati
and Giglio @12# showed that ‘‘giant fluctuations’’ at the in
terface in binary mixtures exist under conditions that mig
plausibly be related to those of our system.

Our diffusion/sedimentation competition argument
quite compatible with the results from our surface light sc
tering experiments. Table II shows thatR* and the average
thickness of the interface obtained from the experimen
data (L) have the same order of magnitude. The magnitu
of the thickness of the inhomogeneous region was extra
from the surface tension data by using Eq.~1! and the sim-
plifying assumption that the concentration difference b
tween the upper and lower planes of the inhomogeneous
gion does not change in time. To eliminate the influence
thermal conduction effects, which might affect the results
the beginning of the experiments before the sample reac
thermal equilibrium, the results obtained in the first tw
hours were not considered in the calculation ofL.

We are indebted to Professor D. Jasnow for many help
discussions on the theoretical aspects of the dissolution
cess. This work was supported by NASA under Grant N
NAG3-1833.

s

i-
ler,
@1# Wen-Jong Ma, Pawel Keblinski, Amos Maritan, Joel Kopli
and Jayanth R. Banavar, Phys. Rev. Lett.71, 3465~1993!.

@2# S. E. May and J. V. Maher, Phys. Rev. Lett.67, 2013~1991!.
@3# D. Jasnow~private communication!.
@4# K. Kitahara, Y. Oono, and D. Jasnow, Mod. Phys. Lett. B2,

765 ~1988!.
@5# D. C. Jones and S. Amstell, J. Chem. Soc. 1316~1930!; E. L.

Eckfeldt and W. W. Lucasse, J. Phys. Chem.47, 164 ~1943!.
@6# C. Houessou, P. Guenoun, R. Gastaud, F. Perrot, and D.

sens, Phys. Rev. A32, 1818~1985!.
@7# Connie Warren and W. W. Webb, J. Chem. Phys.50, 3694
y-

~1969!.
@8# See e.g., J. Meunier, inLiquids at Interfaces, edited by J. Char-

volin, J. F. Joanny, and J. Zinn-Justin~North-Holland, New
York, 1988!.

@9# J. S. Huang and W. W. Webb, Phys. Rev. Lett.23, 160~1969!.
@10# J. W. Cahn and J. E. Hilliard, J. Chem. Phys.28, 258 ~1958!;

H. T. Davis, inNumerical Simulation and Oil Recovery, edited
by M. Wheeler~Springer-Verlag, Berlin, 1988!, p. 105.

@11# Sandra C. Greer, Thomas E. Block, and Charles M. Knob
Phys. Rev. Lett.34, 250 ~1975!.

@12# Alberto Vailati and Marzio Giglio, Nature~London! 390, 262
~1997!.


