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Simple hydrodynamic model of fast-mode kinetics in surface-mediated fluid phase separation
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We propose here a simple physical model of the fast surface domain growth witf?laégebraic law
observed for surface-mediated phase separation of symmetric fluid mixtures. This unusually fast coarsening is
likely caused by the hydrodynamic spreading of a more wettable fluid phase on a two-dimensional solid
surface via bicontinuous fluid tubes. The gradual change in the growth exponent from 1 to 3/2 with an increase
in the quench depth can likely be explained by the shape transition of wetting droplets from hemisphere to disk,
which is induced by the increase in the wetting power with the quench depth. We also discuss the slowing
down of the fast growth mode in the late stage. This slowing down is likely caused by the constraint that
domain growth velocity cannot exceed the viscous-dissipation-limit veld&®§063-651X96)12308-4

PACS numbgs): 68.45.Gd, 64.75:g, 64.60-i, 05.70.Fh

[. INTRODUCTION obtained the exponent of 3/2. Marko, on the other hand, con-
sidered the hydrodynamic effect and showed that even the
Pattern evolution in phase-separating mixtures has beefast mode should be slower than the hydrodynamic coarsen-
extensively studied from both the experimental and the theding [10]. Keblinski et al. also pointed out the importance of
retical viewpointd1]. Coarsening dynamics has largely beenthe hydrodynamic effect based on their simulatiaa].
clarified for phase separation in bulk. Since the finding of Among these models, only Troian’s model has a possibil-
critical wetting phenomen42], wetting phenomena have ity of explaining the exponent of 3/2. Although her model is
also attracted much attenti¢B]. Phase separation under an an interesting physical model, there have still remained
influence of wetting to a solid surface has recently been incounterargumentsl1,9]. Further, her model is based on the
tensively studied by many researchers both expenmentall?ssumptlon that small domains with the slow growth law of
and theoreticallji4]. This problem is important because any t** observed by Wiltzius and Cumminet al. [5,6] reflect
experiment on phase separation can never be free from sufe bulk phase separation. We have recently demonstrated,
face effects since we need a container to support a sample.hpwever, that the small droplet structure is not due to the
is also interesting from the fundamental viewpoint to revealPrimary bulk phase separation, but is due to the secondary
the effects of geometrical confinement and symmetryfhase separation likely caused by the interface quench effect
breaking surface field on phase-separation behavior. Becaus@ique to hydrodynamic coarsening of symmetric fluid mix-
of the complex nature of dynamic interplay between wettingtures[13]. Thus, we think that the precondition of Troian’s
and phase separation, however, coarsening dynamics und@&edel that phase separation proceeds with droplet morphol-
an influence of wetting has not been fully clarified yet. ogy is probably not appropriate. More importantly, we think
Here we focus our attention on one of the unsolved probthat the diffusional growth can hardly explain such quick
lems: Recently Wiltzius and Cummingt al. [5,6] have  growth of domains. We believe that the hydrodynamic coars-
found the existence of the fast and slow modes for phasening should be responsible for the phenomenon.
separation under an influence of wetting in a quasi-two- In this paper, we propose a simple physical model that the
dimensional configuration. The most striking feature of theirmore wettable phase quickly spreads over the surface by a
findings is the fast mode of domain growth with the time hydrodynamic mode via bicontinuous tubes. In Sec. I, we
exponent of 3/2. Sheét al. [7] and Harrisonet al. [8] dem-  describe the specific feature of hydrodynamic coarsening of
onstrated the universality of the fast mode in fluid mixturesbicontinuous pattern. In Sec. I, we propose a simple model
and further confirmed that the exponent increases from 1 tf fast domain growth which can explain the time exponent
3/2 with an increase in the quench depth. This surprisinghf 3/2. The predictions based on the model are compared
fast coarsening has attracted much attention since it is theith the experimental results. In Sec. IV, we discuss the
fastest coarsening ever known for phase separffipn spatial correlation between surface domains and the resulting
Since then, there have been a few theoretical effort§cattering pattern, based on the elementary fast coarsening
[9-11] to explain the fast-mode kinetics. Troian proposed amechanism of individual wetting droplets derived in the pre-
model which couples anisotropic diffusional growth to theceding section. In Sec. V, we discuss the remaining problems
process of domain coalescen@. She explained the phe- of our model. Finally we summarize our study in Sec. VI.
nomenon on the assumption that there are two length scales,
Rg and Rg (B and S stand for bulk and surface, respec-
tively). She derived the growth lawRg~t'® and Rg~t*>.
Further, the geometrical constraint of three-dimensi¢8a)
growth near a two-dimensiond&RD) surface increases the It is well known that a symmetric fluid mixture phase
effective exponent due to coalescence by a factor of 3 as iseparates while keeping a bicontinuous pattern and the coars-
the case of the coarsening of breath figure®]. Thus, she ening proceeds by hydrodynamic tube instabiliBiggia’s

II. HYDRODYNAMIC COARSENING
OF BICONTINUOUS PATTERN
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mechanism [1,14]. The phase-separation process under alosely related to the competition between the driving force
geometrical constraint also exhibits this growth behavior foffor spreading coming from the wetting energyy
symmetric fluid mixture$10,15-2Q. All the fluid mixtures  (=v,— v, v: the surface interaction energy fophase
showing the fast-mode kinetics have nearly critical compo-and the opposing force due to the liquid-liquid interface en-
sitions. Thus, the relevant late-stage coarsening mechanisergy o: The former favors a 2D droplet with the large con-
should be hydrodynamic coarsening caused by tube hydraact area with a solid surface, while the latter favors a 3D
dynamic instability[1,14]. droplet with a minimum liquid-liquid interface area. The
Our observation of phase-separation behavior in a oneeompetition between these two factors can be characterized
dimensional (1D) capillary strongly supports this fact by the so-called wetting powes, which is defined as
[15,16]: (i) For nonviscous fluid mixtures, the formation of S=Ay—o. Since Ay=Ay,e? (e=AT/T., the reduced
the wetting layer finishes within a few seconds. Such fastemperature; 8, the exponent of phase diagranmand
transport of material is possible only by a hydrodynamico=oye* (u=2v) [3], the wetting powelS increases with
process. Further, we have directly observed the pumpingn increase in the quench degtit (AT=T.—T, T a criti-
process that fluid is supplied via wetting tubes into the wetcal temperaturein the vicinity of T,. Thus, 2D droplets are
ting layer in the 1D capillary experimefgee Refs[15,16).  more favored for a deeper quench. Energetically 2D droplets
(i) Linear growth of the wetting layer thickneegh~t) has  are always favored in the complete wetting region, while
successfully been explained by hydrodynamic transport okinetically 3D droplets are favored because of less viscous
fluid from bulk to surface$16]. We believe that this elemen- dissipation. This point will be discussed later.
tary process of the hydrodynamic wetting mode observed in Under strong wettability, the growth of wetting droplets
a 1D capillary should be common for a 2D capillary since (spreading procegss likely two-dimensional and the thick-
the thickness of the 1D capillary is much larger than that ofness of a disklike dropleh is roughly constant with time.

a bicontinuous tube This 2D nature of the droplet growth has been experimen-
tally confirmed[5,6] (see, e.g., Fig. 3 of Ref5]). From the
IIl. A SIMPLE MODEL OF FAST SURFACE DOMAIN volume conservation under the constraint of conshgnive
GROWTH obtain the relationhRsdRs/dt~Q, where Rg is the
radius of a wetting droplet. Using Siggia’s growth law
A. Simple theory for the bulk tubes,ax(o/75)t, we obtain the relation

Based on this hydrodynamic coarsening mechanism, we
here propose a simple model of the fast surface domain
growth [16]. The pressure stemming from the interface ten- —_
sion o is lowest for a wetting layer because of the smallest Q.

o . ; 10 PEP-PI
curvature of its interface. Thus, there is a pressure gradient @ ol
between a bicontinuous tube and its wetting part, reflecting £ /,o"
Z
3

slope=3v=1.89

the difference in the transverse curvature of the tube between ol slope=3v=1.89
them. This causes a hydrodynamic flow from a tube to a -~
wetting droplet on the wall. Since the pressure gradient be- GGW _&
tween the tube with a radius ef and the wetting layer is /”
~ola over the distanca, the flux of this flow is estimated o7

asQ~(o/n)a® [15,16, wherey is the viscosity. Thus, the AT(K)

more wettable fluid is continuously supplied to a wetting

droplet via a bicontinuous tud@1]. There can be two kinds FIG. 2. Dependence of the prefactor on the quench depth

of wetting droplets depending upon wettabilityg) hemi- AT for two mixtures, PEP-PI and GGW. The dashed lines have a
spherical droplets antb) disklike droplets, as schematically slope of 3=1.89, wherev is the critical exponent of the correla-
shown in Fig. 1. The shape of wetting droplets is probablytion length andv=0.63 for the 3D Ising universality class.
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A bility of bulk tubes themselves. We speculate that the unidi-
transition in rectional background flow stabilizes selectively a pumping
growth dynamics tube near the wall, while the local flow driven by local cur-

vature gradients causes the coarsening of tubest). Fur-
éi material-supply- Rs=v1imit t ther theo.retical studigs are highly desirable for understanding
on limited growth 1 viscous-dissipation- the physical mechanism.
2 Y limited growth B. Comparison with the experimental results
i Next we discuss the prefacton defined byRg=mt*.
e 302 The dependence of the prefactor on AT is shown in
Rg=m t Fig. 2. The values ofm for the mixture of polyethylene-
propyleng and polyisoprene(PEP-P} and the mixture

10g t of guiaiacol and glycerol-watefGGW) are obtained from
Fig. 1 of Ref.[5] and Fig. 2 of Ref[7], respectively. The

dashed lines in Fig. 2 have a slope of 3~ 1.89). According
FIG. 3. Schematic figure of dynamic turnover from material- {5 oyr model, mthl/Z(o./ 7])3/2=h71’2(0.2kBT/ 7752)3/2

supply-limited growth to viscous-dissipation-limited growth. =h"Y40.%gT)¥HATIT)®I(7n"%)%. This relation, m
«(AT)%", is quite consistent with the experimental results
Rs~h~Y9 (a/5)t]¥2. This explains the fast mode naturally. (see Fig. 2 The difference in the amplitude @h between
Under weak wettability, on the other hand, the wetting drop-PEP-PI| and GGW can also be explained by our prediction
let shape cannot be purely two-dimensional and likely bethat me 77—3/25533 The bare correlation lengtlj, is more
comes more hemisphericédD) since the interface tension than several times larger for PEP{RP] than for GGW 23],
dominates the shape of a wetting droplet instead of the weteflecting the molecular size difference. The value of viscos-
ting force. For an exactly 3D droplet growth, for instance, weity # is about 4 poise for PEP-P6] and 3.5 poise for GGW
obtain Réd Rs/dt~Q. Including both the above coarsening [8]. These values ofy and &, lead to the amplitude ratio of
laws for 2D and 3D wetting droplets, we obtain the follow- several hundreds, which is comparable to the ratie-é00

ing general relation: obtained from Fig. 2. Thus, our model can explain not only
the time exponent of the fast mode, but also the behavior of
Rs~[ (o 7)t]%P, (1)  the prefactor of the power lay24].
whereD is the spatial dimensionality of a wetting droplet. C. Dynamic turnover of the exponent

This model can explain the exponent range from 3/2 to 1,
which has been experimentally observed for the fast mode
[7,8]. Next we discuss the dynamic turnover of the growth
The remaining questions a® why the bulk hydrody- mode of 3/2 to linear growth in the final stage, which has
namic growth mode of~t has not been reporté8—7] and  recently been experimentally found by Harrisenal. [8].
(i) how the bulk domains continuously grow as-t with This transition from a nonsteady to a steady state can prob-
supplying fluid to wetting droplets. On questi¢in, we be- ~ ably be explained by the existence of two dynamic stages of
lieve that the bulk mode is hidden in the scattering functiondroplet spreadingsee Fig. % (i) an initial stage where the
because of the following reason: The tube structure in buliUPPly of fluid is the limiting process and the velocity grows
can be directly seen, overlapped with wetting droplets, irfSv=dRs/dt~t"“and (ii) a late stage where the growth
Fig. 11 of Ref.[6], Fig. 4 of Ref.[7], and Fig. 8 of Ref[g] ~ SPeed is bound by a limiting interface veloctyy~oly
only in the early stage where the fast growth mode doe?etermlned by the viscous dissipation. In other words, this

exist. At the time when the fast growth mode loses its scat:- 0Ve" 's a result of the transition from a regime of con-
tering intensity, the bulk tube structure has already disap§t"’m.th to that ofh~Rg(t). . . .
Since the energy dissipation due to viscosity associated

peared and only fine droplets produced by double phas\%ith the hydrodynamic domain growth steeply increases
separation can be seen in bulk. It should be noted that theWith an incr)(/ease )i/n the speed of dgmain growtrﬁ),}t/here should
IS not m“g,g difference in peak wave numbers between thgg e maximum limiting speed to be allowed, as pointed out
mode oft™* and that oft (less than a factor of)2in the  ,y \arko [10]. Under strong wettability, a wetting droplet
limited lifetime of the fast mode. On questidin), the growth  p35 5 2D disklike shape with the largest energy gain due to
law of tubes @~t) is confirmed experimentally by the the wetting. However, this configuration costs the largest en-
cross-sectional observation of the bulk tube structure in a 1Rrgy dissipation from the velocity gradient required to satisfy
capillary[15]. We believe that there is no essential differencethe boundary condition at the solid surface. Thus, the balance
between 1D and 2D capillaries on the dynamics of the supamong the rate of fluid supply from bulk, the viscous dissi-
ply of fluid into wetting droplets via bulk tubd45]: In both  pation upon spreading, and the wetting power would select
cases, wetting dropletdayerg are formed by the hydrody- the wetting domain morphology including the thicknédss
namic flow via bulk bicontinuous tubdshis also supports _ _ _

the conclusion about questi¢h]. The velocity fields in bulk 2. Difference in bulk and surface hydrodynamic growth

tubes connected to wetting droplets could be composed of Finally, we consider why the spreading droplet can grow
the background, rather steady velocity fields directed fronmuch faster than the bulk tube, even though both grow es-
bulk to wetting droplets whose magnitude-iss/ » and the  sentially by the same mechanism of hydrodynamic coarsen-
weaker fluctuating velocity fields caused by capillary insta-ing.

1. Viscous dissipation
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Note that the prefactok of the relationR~k(a/ %)t is
different between the surface wetting domains and bulk do-
mains. For a bulk symmetric mixture, it is well known that
the phase separation proceeds by the hydrodynamics unique
to the bicontinuous pattern and the pattern coarsenR as
«(ag/n)t in the late stagd1,14]. For bicontinuous phase
separation, the tube flow is essentially caused by the fluctua-
tion of tube size. Siggia estimatéd-=k;, as 0.1 on the basis
that the pressure difference along the tube-ig/R [14]. As
he pointed ouf14], this pressure difference is probably over-
estimated for the tube-radius fluctuation. THysis likely

smaller thank,,. Wong and Knoblef25] estimatedk,, as @ q
0.001 from their experimental results. San Migaehl.[26]
theoretically reestimatekl, on the basis of the capillary in- P e B
stability and they obtained the relatig~ 0.04 for the two- = - - fmexs
phase fluids having similar viscosity. The recent experiments = | S10PE=3/2 ", 3
by Guenouret al.[27] and by Bates and Wiltziug8] sup- e 10} . o SRt
ported this evaluationk,~0.04). For surface wetting drop- < Do(1-Ds) Uo7 TNy
lets, on the other hand, the tube flow is caused deterministi- é R *
cally by a difference in the curvature between the tube and 4 10 '—,;?," ';x'%',s(q;,,;x);,, R b
the wetting droplet; and, thug=k,, is likely the order of 0 N A St
unity. & . I,r"— '

This difference betweek,, andk,, naturally explains why 10 1 10
the spreading droplet is wider than the tube which is supply-
ing it with material, even though both coarsen by the same () t
mechanism of hydrodynamic coarsening. The viscous dissi-
pation limit of the velocity is likely given byka/ 7, where FIG. 4. (a) Temporal change i§(q) obtained by the simulation.

The dashed curve with arrows indicates the change in the peak
position with time. Filled circles, growing process; filled squares,
decaying processib) Temporal changes i, S(dmad, and

d(1-dg). Solid line has a slope of 3/2 and dashed curves are
IV. THE BEHAVIOR OF SCATTERING FUNCTIONS: guides for the eye.

CORRELATION EFFECTS

k is likely the order of unity.

Finally, we discuss the evolution of the scattering patterdin the structure factdg(q) by circularly averaging the 2D
originating from individual growth of wetting droplets. The Power spectrun$(q). The spatial correlation effect is a pre-
fact that the scattering intensity of the fast mode stems fronfiequisite to producing a peak B(q) [6]. The spatial corre-
wetting droplets on a 2D solid surface is confirmed by Wilt- lation of wetting droplets likely stems from the periodicity of
zius and Cummingt al.[5,6]. This is also confirmed by the bulk phase-separation patterns. Here, this coherent effect is
recent experiment by Harrisoet al. [8], which shows that artificially introduced by imposing the linear-dependence
the Fourier transform of a 2D image of wetting dropletsOf S(q) for small g. This g-dependence produces a nearly
gives the scattering function of the fast mode. Wiltzius andGaussian shape &(q) experimentally observeld,7,8. We
Cumminget al. also reported that the scattering intensity ofalso calculate®g(1—®g) by using the surface coverage
the fast growth mode initially increases, then decreases, arflis of white droplets measured from an image. The temporal
eventually disappearsee Fig. 12 of Ref[6] and Fig. 1 in  change inS(q) is shown in Fig. 4a), and those ingmax,

Ref. [5]). This fact can be explained by the violation of the S(Qmay, and®g(1—®g) are plotted in Fig. é). The peak
local conservation law on the 2D solid surface: In the initialwave numben,. decreases as ¥2 and the peak intensity
stage, the surface coverag®4d) of the wetting domains is S(dmay €xhibits maximum, as expecte®(q,,.) behaves
negligible. In the final stage, on the other hand, the solicsimilarly with ®g(1—®g) and has the maximum at
surface is completely covered by the complete wetting layef® s=1/2. All the behavior is quite consistent with the experi-
(®s=1). The surface coverage changes with time becauseentally observed behavi¢,6].

of the supply of the more wettable fluid from bulk. Such a
temporal change in the surface coverage can be seen in Fig.
4 of Ref.[5], Fig. 4 of Ref.[7], and Fig. 8 of Ref[8].

To understand the above behavior experimentally ob- Although our hydrodynamic model intuitively explains
served, we have made a simple simulation on the evolutiomany features of fast surface domain growth, the theory is
of the structure factoS(q) for growing 2D droplets. We quite qualitative and there are some remaining unsolved
generate 50 white droplets with a value of 1 on a 2D blackproblems.
surface with a value of (size 256<256). The radii of drop- The most crucial one is the question of why the 2D drop-
lets are increased @s>t*2 Then we calculate the power let thicknessh is constant with time during the growth and
spectrum of 2D Fourier transformation of an image and obwhat physical factors determine. We speculate that the

V. REMAINING PROBLEMS OF OUR MODEL



54 SIMPLE HYDRODYNAMIC MODEL OF FAST-MODE ... 1713

balance among the rate of fluid supply from bulk, the viscous VI. CONCLUSION

d|SS|.pat|on upon spreading, a.nd thg wetting power select the In summary, we have proposed a possible model explain-
wetting domain morphology including the thickneSSAt g the fast mode of wetting droplet growth observed in a
this point, we think thah is determined mainly by the ki- phase-separating symmetric fluid mixture confined in a 2D
netic factors andh is not strongly affected by the thermody- capillary. Our model is based on the hydrodynamic tube in-
namic factors such as the interface thicknésslf h is  stability, and essentially differs from the model based on
strongly dependent upon the quench depth, however, the ddiffusion [9]. Dependences of the time exponent on the
pendence of the prefactar on the quench depth T can be qugnch depth and the phase-.separation time can also be ex-
altered. These problems about the wetting droplet thicknes@lained by our model. We believe that the fast mode should

seem to be most difficult to solve and further theoreticalP® 0PServed only in a symmetric fluid mixture, and neither in
studies are highly desirable asymmetric fluid phase separation having a droplet pattern
. nor in solid phase separation. The universality of the phe-

Our model simply treats the bulk and surface pattern EVOh omenon found so fdi7,8] is consistent with this prediction.

lution independently and assumes that a bulk bicontinuous Simulation is another promising way to study this fast
tube increases its radius Bs-t. We need to explain how the mode. Relating to this, it should be noted that hydrodynamic
pumping mechanism of a single tube continues to work withy,pe instability only exists in 3D, but not in 2[26]. This
hydrodynamic coarsening. Although this has been confirmeglkely explains why the fast mode has not been observed in
experimentally15,16), the development of a more analytical 2D fluid simulationg11]. Simulation of phase separation in
theory including both coarsening processes in a selfa 3D fluid mixture under a surface field is probably required
consistent way is highly desirable. to see this effect.

We also need to clarify the number density of tubes con- The study of liquid spreading dynamics has so far been
nected to a solid surface before the pumping mechanistimited to isolated dropletg3]. Further theoretical studies are
starts to work. Another guestion relating to this problem ishighly desirable for the deep understanding of the spreading
the spatial correlation between wetting domains. The spatidiinetics of a droplet under the supply of fluid from its out-
correlation is a prerequisite for producing a peak in the scatside.
tering function. The spatial distribution of wetting droplets is
probably dominated by the initial configuration of tubes per-
pendicularly connected to the wall before the beginning of The author is grateful to T. Araki for his help in the pro-
hydrodynamic coarsening. Thus, we speculate that the corrgramming of numerical simulations. This work was partly
lation originates from the correlation in the original bulk supported by a Grant-in-Aid from the Ministry of Education,
phase-separated structure, but there is no firm basis on th#cience, and Culture, Japan and a grant from Toray Science
speculation and this point also needs to be clarified. Foundation.
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