
PHYSICAL REVIEW A VOLUME 36, NUMBER 8 OCTOBER 15, 1987

Growth of a wetting layer in a Rowing binary-liquid mixture at bulk coexistence
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Using reflectivity, we observe the eft'ect of steady fluid flow on the growth of gravity-thinned
wetting films in a binary-liquid system of nitromethane and carbon disulfide at bulk coexistence.
The substrate is a horizontal borosilicate glass surface. The growth process is driven by the
substrate-liquid interaction and opposed by a gravity-induced pressure gradient. We find that the
steady-state wetting-layer thickness increases with the stirring rate in qualitative agreement with
the hydrodynamic theory of Kayser, Moldover, and Schmidt [J. Chem. Soc. Faraday Trans. 2 82,
1701 (1986)] for wetting-layer development. We observe diffusion-limited exponential buildup of
the wetting layer toward steady state. The steady-stirring experiments presented here are com-
pared with earlier random stirring results. Finally, we find that at high stirring rate the bulk
liquid-liquid interface becomes unstable against the formation of liquid droplets. This instability is
responsible for a fast growth mode of the wetting layer.

I. INTRODUCTION

Recently growth phenomena and pattern formation at
surfaces have attracted attention. While considerable
progress has been made towards an understanding of nu-
cleation and spinodal decomposition in bulk systems,
we have much to learn about such processes as they
occur on surfaces. As will be shown here, a wetting sys-
tem at bulk coexistence can be exquisitely sensitive to
driving forces. It is believed that for a binary-liquid
mixture at coexistence, wetting-layer growth can be a
very slow process. We discovered, however, that for a
binary-liquid mixture of nitromethane and carbon
disulfide at coexistence, a thick (=500 nm) steady-state
wetting layer composed of the nitromethane-rich (X*)
phase grew on a horizontal borosilicate glass substrate at
the bottom of a sample cell in a few hours if the system
was randomly stirred at a rate on the order of 1 Hz.
The spectator phase [carbon disulfide —rich (C' )] is
denser than the N* wetting phase. Hence the wetting
film was thinned by gravity. Kayser, Moldover, and
Schmidt (KMS) suggested that such a thick wetting lay-
er might be understood by taking hydrodynamic flow
into consideration. In this article we report new experi-
mental results on how fluid flow can control wetting-
layer growth and steady-state behavior. In these experi-
ments stirring is steady (we will refer to this as regular
stirring) as opposed to random.

In order to control the fluid flow in our sample cells
(see Fig. 1), we constructed floating cylindrical stirrers
which were driven by a uniformly rotating system of
permanent magnets. The rotation rate f could be varied
between 0 and 5 Hz continuously. Because of axial sym-
metry of the sample cell and the small liquid gap be-
tween the glass substrate and the bottom of the stirrer,
the flow pattern can be well approximated by a planar
rotor parallel to a stationary, flat substrate. ' KMS
showed that an important feature of this stirring
geometry is that a well-defined diffusion boundary layer

(thickness =L DBL) is formed near the glass substrate.
Outside the diffusion boundary layer the chemical
stratification of the C* phase is eliminated by convec-
tion. In this region, the chemical potential is the same
everywhere and is equal to the value at bulk coexistence.
Inside this boundary layer, the bulk liquid behaves like a
quiescent C* phase, with diffusion driving molecular
transport. The chemical potential (field conjugate to
chemical concentration, the order parameter) at the sub-
strate therefore differs slightly from that at bulk coex-
istence by

where hp is the mass density difference between the
coexisting phases and g is the acceleration of gravity
(when there is no stirring, we expect to use the height of
the spectator phase in place of LDBL). From KMS we
have

LDBL (D/v) 5=(D/v) [v/(2trf )] f

Here D is the mutual diffusion constant, v is the kine-
matic viscosity, and 5 is the (viscous) boundary layer
thickness. We estimate that at the temperature of
greatest interest for the observations discussed here (=
10 K below the critical mixing point) and the maximum
stir rate employed (5 Hz) LDLL--13 pm. Under the
same conditions the viscous boundary layer thickness is
=100 pm. Thus, the diffusion boundary layer is not
drastically perturbed by fluid motion. KMS refers to
this situation as "gentle" stirring.

Inside the diffusion boundary layer, wetting layers
form as a result of the combined forces of gravity
(through 5p) and substrate-liquid interactions. We
define the substrate-liquid interaction potential (Refs. 8
and 9) V as the free energy of the wetting system as a
function of the thickness of the wetting layer l. For the
sake of simplicity, we hypothesize that V is a power-law
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FIG. 1. Sample cell schematic. Side view. V denotes vapor
phase, N* the nitromethane-rich phase, C the carbon-
disulfide-rich phase, S.S. the stainless-steel plates, I.G. the indi-
um gaskets (thickness exaggerated), and M the cylindrical
mixer. The rotation axis for the mixer is marked by f. The
side wall is a Pyrex glass cylinder. The mixer is magnetically
driven. The substrate (marked Glass) is a borosilicate glass
prism. The cell is held under compression by screws (not
shown) connecting the stainless-steel plates. The line indicates
incident and refiected light. 0;„„denotes the angle of incidence.

function of 1 (the approach taken in this paper can be
generalized if this is not the case)

V(l)= A/lP . (3)

Since this interaction favors the formation of the wetting
layer, 3 is positive. While experiments that are sensitive
to V(l) have been performed, most notably the measure-
ment of the equilibrium thickness of a wetting layer
upon approach to bulk coexistence, we feel that the
current knowledge of V(1) is not sufficiently precise to
quantitatively test the predictions made in this paper. '

Combing the substrate-liquid interaction potential
with the chemical potential contribution mentioned
above gives the free energy per unit area of the system as
a function of wetting-layer thickness

F (1)=1 5@+V( 1) . (4)

We therefore expect that for the present stirring experi-
ment the steady-state thickness of the wetting layer L„
depends on the stir rate according to

~ iz[z~p+ &)]
ss J (6)

EI. EXPERIMENTAL DETAILS

In this experiment (for aspects of the experiment not
discussed here, see Ref. 3), two different sample cells
were employed. They were filled with carbon disulfide
and nitromethane of 99+% purity" at the critical
volume fraction' [0.6014+0.006 (our measurement un-

If we minimize F with respect to I, we get the mean-
field thickness (as in Ref. 8)

)
—1/(p +1)

certainty) volume fraction of carbon disulfide]. The two
cells differed in the material used for the stirrer and the
glass-cleaning procedure applied to the glass substrate.
Cell 1 used a Macor' stirrer and was cleaned with
ethylenediamine tetra-acetic acid (EDTA) following a
procedure similar to H-3 described in Ref. 9).'" Cell 2
used a Pyrex stirrer and was cleaned with chromic acid,
as in our original random stirring work. For the first
two weeks of observation the two cells gave the same re-
sults. Over three months of observation, cell 1 showed a
remarkable aging effect. Although the critical tempera-
ture changed by only =1 mK per day over the three
month period, the measurements of the reflectivity as a
function of temperature just above the critical point sug-
gested that the surface had switched its preference in ad-
sorption from nitromethane to carbon disulfide. As ex-
plained in Ref. 15 this is indicated by a change in the
slope of the reflectivity as a function of temperature
from negative to positive, respectively. Cell 1 therefore
fortuitously provided an example of a substrate that was
not attractive to the material forming the wetting layer
of interest. It was used only for this purpose in this re-
port. Cell 2 showed no such aging effect over the same
duration of time —wetting by the N* phase persisted.
The critical temperature for cell 2 changed by approxi-
mately +3 mK per day. A third sample cell which had
been cleaned with EDTA did not show the aging effect
after more than a year of observation. We suspect that
the special aging behavior of cell 1 was a result of using
Macor glass. All sample cells were loaded under an in-
ert (Ar) atmosphere. For all experiments, the samples
were at liquid-vapor coexistence. '

III. SAMPLE SHEARING

Over the range of stirring rate (0 &f & 5 Hz) and tem-
perature (b, T = T, —T & 1 K—) employed our liquid system
was not drastically sheared. The reasoning is as follows.
We define ~z„, to be the relaxation time of concentration
fluctuations and S to be the shear rate. Using the veloci-
ty field for our system given in Ref. 5 we find that for
our system S &2.4)&10 sec ' overall (the greatest value
is inside the viscous boundary layer). According to Ref.
17

16'
fl.c —k Tk .

B

We find that a11 our observations were made with
Srfl & 2 X 10 ( « 1), i.e. , very weak shearing. We also
found that the bulk transition was hardly affected by the
shearing; bulk T, was lowered by about I mK at the
maximum shear rate, consistent with the theory of
Onuki and Kawasaki. ' From experiments on binary-
liquid mixtures, ' ' we find that in the weak shear re-
gime the flow birefringence should be very small. There-
fore flow birefringence should be of no consequence in
the interpretation of our reflectivity measurements of
wetting-layer thickness. This allows us to use data for a
quiescent mixture in the analysis of our stirred system.
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IV. OPTICAL PROBE VI. "BULK" INTERFACIAL INSTABILITY

We used frustrated total internal re/i'ection to measure
the thickness of growing wetting layers as in our earlier
random stirring work (see Ref. 3 for details not given
here). The wetting layer was modeled as a dielectric slab
consisting of N* phase sitting between two homogeneous
dielectrics, the glass substrate and the C' (spectator)
phase. ' Let 0, be the critical angle for the following
optical system: semi-infinite spaces of glass and N* in
contact. In this experiment we used an angle of in-
cidence (1.271 rad from normal) closer to glancing than
0, . At this angle, the reflectivity of the system with no
wetting layer was low ( =0.015). Under these cir-
cumstances, when a wet ting layer is present, the
reflectivity is a monotonically increasing function of the
layer thickness I, a great convenience in the analysis.
The incident light was s polarized. We used the follow-
ing values (see discussion in Ref. 3) for the refractive in-
dices for the N* phase, C* phase, and the glass sub-
strate (nv«, nc«, and ns&„, , respectively):

n ),s,
——2.2955,

~ =2.206+0.62t~,
t

where t (defined in Ref. 7) is the reduced temperature,
/3=0. 32, ' and the —and + signs correspond to the
N* and C * phases, respectively. The incident laser
beam (wavelength is 633 nm, beam diameter is approxi-
mately 1 mm) was attenuated to a power level of 300
pW in order to make the local laser heating eAect on
wetting-layer thickness (discovered in earlier work )

negligible.

V. SAMPLE PREPARATION: REMOVAL
OF THE WETTING LAYER

In visual observations of the sample, it was noticed
that at sufficiently high stir rates the bulk liquid-liquid
interface became unstable. At a fixed temperature, the
behavior as a function of stir rate can be divided into
four regimes.

(i) For 0 &f &fo, there was no evidence of breakup of
the interface. We found that for b, T ( =T, —T) =8 K,
0.56 &fo & 2. 2 Hz.

(ii) For f0 &f &f i droplets appeared in the bulk fiuid,
but the bulk liquid-liquid interface was well defined.

(iii) As f approached f ~
from below, the bulk inter-

face developed long-wavelength waves of increasing am-
plitude.

(iv) At f =f, , the bulk interface completely broke up
into jets of droplets.

We suspect that the appearance of droplets for
fo &f &f i may be associated with departures of the
motion of the mixer from steady rotation. Abrupt reori-
entations of the mixer may have contributed higher
shear to the Quid than which would have been present
had the mixer been noise-free in this regime of stirring.

The breaking wave phenomenon observed at f =f,
can be understood as a Helmholtz instability due to
shear along the bulk interface. It is expected that

Here p, is the mass density of phase x. Near the critical
mixing point o. (the surface tension) —t" and pc«
—p~ « —t . Since p = 1.26, we expect f, —t . Fig-P 23 0.40

ure 2 shows the threshold stir rate for this instability ob-
tained by visual observation at various temperatures. A
power-law fit gave f, —t +as pl—otted. This is a
smaller exponent than expected. We speculate that the
disagreement may be due to the fact that the stirred bulk

In order to observe the development of a wetting lay-
er, specimens were first prepared by burning oA the wet-
ting layer (while stirring) in the following manner. The
thermostat bath temperature was increased by a fraction
of degree Kelvin over a period of =10 min. This had
been found, as reported earlier, to give an abrupt drop
in reflectivity. The reflectivity remained at a low value
after continued heating. We interpret this to indicate
the complete (for the purposes of this work) removal of
the wetting layer. The physics of burning can be easily
understood as follows. Since the critical point is an
upper demixing point, a fast increase in cell temperature
results in an undersaturation of nitromethane in the C*
phase. Since the small amount of nitromethane in the
wetting layer is adjacent to the bulk C phase it disap-
pears quickly after burning. This idea can also be ap-
plied to the reverse process, temperature quenching (as
was also used in Ref. 3). By quickly lowering the ther-
mostat temperature, we produced a nonequilibrium wet-
ting layer of thickness ) 1 pm. Since this results in near
total reflection, this signal was used to normalized the
reflectivity data.
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FICx. 2. Stir rate for threshold of bulk liquid-liquid interface
breaking (Helmholtz instability) (f, ) vs reduced temperature.
Visual observation of the interface at a fixed temperature with
increasing stir rate gave the frequency at which the instability
appeared. Line is the power-law fit discussed in the text.
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liquid-liquid interface was not flat as was assumed in the
theory. Nevertheless, the observations are in qualitative
agreement with theory.

VII. WETTING-LAYER DEVELOPMENT:
LONG- TIME BEHA VIOR

In earlier (Ref. 3 and unpublished) work we had found
that random stirring gave wetting layers with a steady-
state thickness (statistical variation of + 6% with time)
for a single sample at a typical temperature over a wide
range of temperature (at least 4& 6 T &21 K). For the
regular stirring work reported here we performed
growth measurements at fixed temperatures and stir
rates. We chose to restrict the sample temperature to a
narrow band 7. 3 & AT & 9.4 K within the aforemen-
tioned range. For each run, the sample temperature
after the complete removal of the wetting layer by a
burn was constant to +&0.2 mK. It took =4 min to
stabilize the sample temperature after the end of each
burn. Samples were stirred at all times. Figures 3(a)
and 3(b) show growth observations of reflectivity as a
function of time for a wide range of stir rates. Time
zero is defined as the time at which the temperature sta-
bilized after a burn. The same observations, expressed
as wetting-layer thicknesses, are shown in Fig. 4. The
nonwetting reference substrate shows the expected low
value of reflectivity. For this system, the reflectivity in-
creased by a slight amount, 0.0035, over the course of
the observation. This is an insignificant increase com-
pared to that observed with the wetting sample. For the
wetting substrate, two different stirring regimes for
wetting-layer development with time can be clearly seen.
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(a) As discussed in Ref. 3, there is uncertainty in the
refractive index of the spectator phase. We find this
quantity by extrapolation of high-temperature (T &&T, )

reflectivity where the contribution of wetting layers is
slight. We also perform nonequilibrium background
measurements which permit the measurement of the
reflectivity of the spectator phase without a wetting lay-
er in the temperature range of interest. In these experi-
ments, we continuously heat the sample to eliminate the
wetting layer by burning while the bulk liquid was sub-
jected to random stirring. See Fig. 3(a) of Ref. 3 for an

A. Low How rate: Steady state

00
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For f &fo (no breakup of the bulk interface), the
wetting-layer thickness leveled off at a constant thickness
for sufficiently long times. In this case, the wetting lay-
ers were visually observed to be flat and mirrorlike. Ex-
amples of this steady-state behavior are shown in Figs.
3(a) and 4 for f &0.56 Hz. In this regime, the steady-
state wetting-layer thickness increased as the stirring
rate increased, as shown in Fig. 4. Over the range of stir
rate under discussion (0.05 &f &0.56 Hz) LDBL varied
between 132 and 38 pm and 5 varied between 1000 and
300 pm (respectively for the minimum and maximum
stir rate). Note that at the lowest stir rate the viscous
boundary layer thickness 5 was comparable to the height
of the spectator phase (2000 pm, see Fig. 1). We may
well expect the appearance of this new length scale to
alter the flow pattern and the consequent wetting behav-
ior.

Figure 5 gives a plot of wetting-layer thickness at long
times versus stir rate. We see that the statistical error in
wetting-layer thickness is small. The dominant uncer-
tainty in the absolute value of the layer thickness is sys-
tematic. It arises in the conversion from reflectivity to
wetting-layer thickness. There are five sources of this er-
ror.
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FIG. 3. Reflectivity vs time for wetting-layer formation and
growth. The observations are for fixed temperatures
[T, —T(—:AT) between 7.3 and 9.4 K] at difFerent fixed stir
rates (f). (a) Full tiine range (abscissa covers 50X 10' sec); (b)
early development. No droplets were visible in the bulk for
f &0.56 Hz. Droplets were visible for the f =2.2-Hz run (see
text for more discussion on the stability of the bulk liquid-
liquid interface). Symbols are as follows: solid circles, nonwet-
ting reference (aged cell 1, see text for preparation), f =0.18
Hz, ET=8.3 K; (all other symbols are for cell 2); open stars,
f =0.05 Hz, AT=9.4 K; open diamonds, 0.12 Hz, 8.4 K;
crosses, 0.28 Hz, 8.2 K; pluses, 0.56 Hz, 7.9 K; open triangles,
1.1 Hz, 7.6 K; and open circles, 2.2 Hz, 7.3 K.
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FIG. 4. Wetting-layer thickness as a function of time for
different stir rates. Companion to Fig. 3. Symbol designations
are the same.

example of such an observation. We conservatively ex-
pect from such work that the refractive index of the
spectator phase at the critical temperature is between
1.47 and 1.49. The variation of this quantity with tern-
perature is found in the same measurements, as dis-
cussed in Ref. 3. The uncertainty in the spectator phase
refractive index contributes an uncertainty of 10% in l.

(b) The second source of uncertainty in the absolute
wetting-layer thickness is due to uncertainty in the varia-
tion of the order parameter (P is the volume fraction of
carbon disulfide) with the refractive index of the liquid.
This matter is again discussed in Ref. 3. There we cal-
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1.00 1.25

FIG. 5. Wetting layer thickness vs stir rate. Measurements
are from Fig. 4 data at time =2.2&(10 sec. The triangle indi-
cates that the steady state may not have been reached. The er-
ror bars are statistical only. The error in converting
reAectivity to absolute wetting-layer thickness contributes an
uncertainty of less than +36%. The trend of increasing layer
thickness with increasing stir rate is independent of both er-
rors.

culated that dn Idg=B =0.77. From experiments we
find that 0.69&8 &0.87 by combining the published
values for the coexistence curve' with the nonequilibri-
um temperature ramp experiments discussed above.
This contributes an uncertainty of +8% to l.

(c) Strain birefringence in the substrate can change the
polarization of the incident light beam, adding a third
contribution to the uncertainty in absolute wetting-layer
thickness. As a worst case, we consider a shift from s-
to p-polarized light. s-polarized light reflected from a
120-nm-thick wetting layer gives a reflectivity identical
to that of p-polarized light reflected from a 129-nm-thick
wetting layer. We therefore estimate a maximum uncer-
tainty of +8% in I due to depolarization of the probe
beam in the substrate.

(d) Possible variations of the index of refraction near
the substrate surface are the fourth source of uncertainty
in the absolute wetting-layer thickness. Both polishing
and acid leaching of borosilicate glass increase the rela-
tive concentration of Si02 near the surface, changing the
index of refraction relative to its bulk value. We
choose three possible models for this surface film, in all
three cases assuming that the film is a slab of constant
refractive index nf and thickness df. Measurements far
from coexistence for a noncritical composition (see Ref.
3) gave a reAectivity of (1.0+0.2) && 10 when the bulk
substrate and the single-phase liquid had identical in-
dices of refraction. This reflectivity value was used to
determine df for each model.

Model 1. We assume that the surface film is
homogeneous-fused silica with nf ——1.457 (Ref. 28) and
df ——13 nm.

Model 2. Yokota et al. found that for polished
borosilicate glass, nf ——ng&„, —0.005. We fit df rather
than using Yokota's value and find df ——160 nm.

Model 3. Zhdanov measured a pore volume fraction
of roughly 0.13 in surface films formed by acid leaching.
We assume a surface film composed of 87% fused silica
and 13% air, and find nf ——1.441, df ——10 nm using a
Bruggeman effective-medium model.

Since we have not extensively characterized our sur-
face, we include a fourth model for comparison.

Model 4. We assume that the glass substrate is homo-
geneous, with no surface film.

The widest variation in wetting-layer thickness found by
comparing all four models is 10% for the range of
wetting-layer thicknesses given in Fig. 5. We take this
as our uncertainty in I due to substrate surface films.

(e) Finally, calculations of wetting-layer thickness by a
slab model neglect the substrate surface roughness.
Vedam and Malin ' found that silica polished with ceri-
um oxide had a surface roughness of 10 nm. We model
a rough glass surface by assuming that a 10-nm layer at
the glass-liquid interface is 50% glass and 50%
Again we use a Bruggeman effective-medium model to
compute the index of refraction. If we interpret
wetting-layer thickness as volume of N* per unit area,
the results of this model and for a smooth interface mod-
el differ by less than 0.1% for the wetting-layer
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thicknesses of Fig. 5. Therefore, we can neglect sub-
strate surface roughness.

We find that the small increase in wetting-layer thick-
ness (=25 nm) with increasing stir rate observed for stir
rates between 0.05 and 0.56 Hz (see Fig. 5) is not only
significant compared to statistical errors but also in-
dependent of the systematic conversion errors just dis-
cussed (we estimate less than +36%%uo). We interpret this
increase as that described by the KMS theory in Eq. (6).
Note that the singularity in Eq. (6) expected at f =0 is
unrealistic. In fact, as mentioned earlier, effects of finite
sample size may be expected to appear at the lowest stir
rate measured.

0
u)
1

O

C)

O

B. High flow rate: Sustained growth

For f & fo, we no longer observed a leveling off of the
wetting-layer thickness as a function of time in Fig. 4.
The wetting layer kept growing over the period of obser-
vation. See, as an example, the f =2.2 Hz curve in Fig.
3(a). It was noticed visually that such growth was due
to continuous deposition of X* phase droplets onto the
glass substrate. This gave an inhomogeneous appearance
to the wetting layer. This is in contrast to the growth by
the diffusion of nitromethane molecules across the
diffusion boundary layer observed at slow stirring rates.

VIII. EVOLUTION AND GROWTH

For sufficiently low stir rates [regime (i), f & fo], we
found that wetting-layer development with time towards
steady-state behavior showed at least two characteristic
periods.

(1) As seen from Fig. 3(b), [for regime (i) and regime
(ii) also] we found that rapid wetting-layer growth oc-
curred after an initial startup period of =3000—250 sec,
a time which decreased with stir rate. Recall that the
runs began =240 sec after the end of each burn. Fol-
lowing KMS, we can estimate the incubation time for
wetting-layer development, assuming that the diffusion
boundary layer is established

+DBL ~ DBL ~D2

Using this expression to find ~DBL at T —T, =9 K, we
get r;„,=24 and 2.2 sec at f =0.05 and 0.56 Hz, respec-
tively. This is about a factor of 110 shorter than what
we find in Fig. 3(b). We conclude that diffusion in the
diffusion boundary layer is not the controlling factor in
the early development of the wetting layer. We specu-
late that incomplete homogenization of the spectator
phase above the diffusion boundary layer after the burn-
ing has ended may play a role (the critical-point mixing
theory of Ref. 32 may be applicable). Whatever the ex-
planation, we can quantify this process by defining a
startup time ~„„,as the time it takes to increase the
reAectivity by AR =0.005 after the beginning of each
run. We arbitrarily chose AR to be comparable to the
increase in reAectivity seen for the nonwetting substrate
[see Fig. 3(b)]. Using the data from both stirring re-
gimes (i) and (ii) in Fig. 3(a), we find the power-law rela-
tion shown in Fig. 6, r„„,—f '. We find that the

—1.5 —1.0 —0.5
lo g 0[ Frequency, f (Hz)]

0.0 0.5

FIG. 6. Time for initial wetting-layer development {~„,„,) vs
stirring rate (f). See text for definition of r„,„, Line. is a
power-law fit.

CV

I

10 15
Time (10 sec)

20

FICz. 7. Fractional deviation of wetting-layer thickness (I)
from the steady-state value ( l„)vs time: demonstration of the
exponential growth of late stage wetting-layer development.
For this run, AT=8. 2 K, f =0.28 Hz (the data are the same
as the crosses in Fig. 3). The fit shown has /„=105 nm and re-
laxation time =rg„„=3.8X10' sec.

exponent in this relation depends crucially on the value
of AR used in the definition of the startup time, e.g. ,
AR =0.025 gives an exponent of 0.6. A theory of bulk-
mixing and wetting-layer formation that can explain this
behavior is needed.

(2) The approach (for f &fo) to the steady-state
wetting-layer thickness was exponential (see for example
Fig. 7, for time beyond 2. 5 X 10 sec). The relaxation
time 7g is seen from Fig. 4 to weakly depend on stir
rate for 0.05 &f & 0.56 Hz.

We can show that the wetting-layer interface is well
defined throughout this growth period (KMS calls this
quasistatic growth). From KMS, we expect that growth
will be quasistatic so long as Iq, (&l, where l is the layer
thickness at the time of interest, and Iq, is defined to be
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I ~DBL. In other words, the wetting layer cannot be
growing too fast. We can test this condition on the ex-
ample of Fig. 7, where exponential growth gives

1=(l„ling„„)e '"". Here, t is the time from the start
of the run. We see that I q, & 0. 1 nm for t beyond
2. 5&10 sec. Comparing this to the layer thickness, we
see that the quasistatic condition is well-satisfied
throughout this time period.

The driving force behind the growth of the wetting
layer toward the steady state is the unfavorably high free
energy for small 1 in Eq. (4) produced by the substrate-
liquid interaction [represented by V(l)]. The gravity
force gives a pressure gradient which opposes growth.

We can understand the role of diffusion in the ob-
served approach to steady state via thickening by consid-
ering the depletion layer concept discussed by Lipowsky
and Huse. ' They argue that there is a nitromethane-
deficient zone just ahead of the growth front of thickness
Ld, ~~„, which grows with time as Ld,„&„,=(Dt)'
From the earlier discussion, we find that Ld, pf t reaches
LDBL in a short time (rDBL &10 sec) compared to rs„„.
Thus we are not able to apply the final results of Lipow-
sky and Huse since they considered growth processes
when the depletion zone was much smaller than the
eff'ective sample size (LDBL in our experiment). Rather,
we have a wetting layer which is growing in a steady-
state manner toward a source of wetting material which
is essentially a fixed distance away (since I & l„«LDBL
always). Because the system is in steady state as it
grows, the concentration of nitromethane (xz) in the
spectator phase is a linear function of distance from the
substrate (DV x~ ——dx&IBt=0).

As shown in the appendix, the approach to steady
state is expected to be exponential, as was first predicted
by KMS. As was discussed earlier, this is indeed what
we observe. The time constant is expected to be

rs„~-LDBL(d V/dl )( 'I

The first factor is due to the diffusion bottleneck. Since
we are treating the stirred wetting system as an equilibri-
um system with 5p controlled by LDB„ in Eq. (1), we ex-
pect to approach a continuous transition as f~ oo [and
5@~0 from Eq. (2)]. This is signaled by an
infinitesimally curved minimum in F(l) about 1„ in Eq.
(4). The expected critical slowing down is reflected in
the second factor in Eq. (8). We can predict how rs„,
scales with stir rate by substituting Eqs. (6) and (2) into
(3) and (8)

~ ir[2[p+ i ~j
grow J

This result for p =2 (nonretarded van der Waals force)
can also be found in KMS by combining Eq. (6) with
KMS Eq. (3.31).

IX. RANDOM STIRRING: COMPARISON

In the random stirring experiments at bulk coexistence
we consistently observed very thick (400—600 nm)
steady-state wetting layers in the temperature range used
here. Despite variations in the shape and performance

of the inverted teardrop-shaped mixer used, this result
was the same for the three sample cells employed. The
motion of the mixer was chaotic, with a fundamental
frequency of = 1 —5 Hz, comparable to the rotation fre-
quency of the mixer in the regular stirring experiments
discussed here. In the temperature range under discus-
sion (b, T=10 K), the liquid-liquid interface was well-
defined in the random stirring experiments. In these ex-
periments, a steady-state wetting layer was achieved after
a complete burnoff of the wetting layer in behavior simi-
lar to the steady-state results for regular stirring
(f &fo) (90%%uo of the steady-state thickness for random
stirring was recovered within 1.4—2.9 X 10 sec for
AT=8 —10 K). These wetting layers are at least a factor
of 4 thicker than the thickest layer observed in the
steady-state regular stirring (f &fo ) experiments dis-
cussed here. We conclude that random stirring can be
more effective than regular stirring in transporting ni-
tromethane throughout the lower bulk phase.

X. SUMMARY

We find that the steady-state thickness of a regularly
stirred, gravity-thinned wetting layer in a binary liquid
at coexistence is enhanced by stirring, in qualitative
agreement with the hydrodynamic theory for wetting-
layer development given by Kayser, Moldover, and
Schmidt. We also find a high rate stirring regime in
which the bulk liquid-liquid is unstable and the wetting-
layer growth is unlimited over the observation interval
employed. The initial development period for a wetting
layer after it is removed by a rapid increase in thermos-
tat bath temperature is characterized but not under-
stood. We observe exponential decay of the wetting-
layer thickness with a well-defined liquid-liquid interface
toward the steady-state value in a manner that is
diffusion limited. A prediction is made for the competi-
tion between diffusion and critical slowing down as the
wetting system approaches coexistence by increased stir-
ring. We have found that random stirring, as practiced
in earlier experiments, can be considerably more efficient
than regular stirring in supporting wetting-layer growth
through convection. In summary, controlled stirring of
a sample at bulk coexistence gives a new look at
wetting-layer dynamics and steady-state behavior. The
challenge before us is to interpret these results quantita-
tively using descriptions for the free energy of the
substrate-liquid interaction such as that provided by
Kayser or phenomenologically through equilibrium ex-
periments which measure dV jdl through the observa-
tion of the wetting-layer thickness as a function of tem-
perature difference from coexistence.
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APPENDIX: EQUATION OF MOTION
FOR THE APPROACH TO STEADY STATE

Following the method of Lipowsky and Huse, we
can arrive at the growth law for the approach to steady
state. By mass conservation

P I = [1/(x~ —xc )]Dp(t)x~/Bz )

Here the subscripts C and N refer to carbon disulfide
and nitromethane, respectively. The superscripts m and
s refer to the wetting (N*) and spectator (C*) phases,
respectively. x denotes mole fraction at coexistence. p
is the number density of the spectator phase. z is the
distance from the substrate. The second factor on the
right-hand side of the equation is the number Aux of ni-
tromethane through the spectator phase. We have used
the fact that the perturbation in the concentration in the
spectator phase due to the diffusion of nitromethane to-
ward the wetting layer is slight compared to the equilib-
rium concentration difference between the spectator and
wetting phases. The position z =l+ is just ahead of the
wetting-layer growth front. Because the concentration

profile in the spectator phase relaxes quickly compared
to the motion of the wetting layer we have

where b,x =x~(z =1+)—x(z =L DaL). We also expect
that

b.x = (t)x /c)p), p„„„„b,p,
where Ap, the difference in the field conjugate to the or-
der parameter, is defined in a manner similar to Ax.
Following Ref. 33, we expect that

p(xg —x~ )b p = —t)F/t)l .

Note that we use a different definition for V than that in
Ref. 33. We combine these relations to yield (saving
only f-dependent terms)

1 —(1/L „)(t)F/Bl ) .

For l =l„we have

Therefore, we have exponential relaxation of I toward l,,
with a time constant

r-L (t3F/dl )

We can express the second factor on the right-hand side
of this relation in terms of V(l) by differentiating Eq. (4).
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