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Contact line dynamics near the pinning threshold: A capillary rise and fall experiment

Erik Schdfer* and Po-zen Wong
Department of Physics and Astronomy, University of Massachusetts, Amherst, Massachusetts 01003
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We used video microscopy to study the pinning dynamics of air/water contact lines in vertical glass capil-
laries. Stick-slip behavior and avalanches are observed in tubes with rough interior walls and strong pinning
forces. In tubes with smooth interior walls, we find that receding contact lines in falling water columns show
no evidence of pinning, but advancing contact lines in rising water columns exhibit algebraic slow down. The
measured value of the critical exponghivaries from run to run, but it is always larger than unity. Further-
more, we find that the rise dynamics varies with the waiting time preceding the experiments. These observa-
tions led us to conclude that the wetting film on the surface and other microscopic changes in the slipping
region near the contact line affect the macroscopic dynamics. We discuss the differences between the real
system and the existing theories that might explain the results. We also present a brief review of other studies
of contact line dynamics and a numerical study of a one-dimensional model.

PACS numbg(s): 47.60:+i, 05.65+b, 68.10—m, 68.45.Gd

[. INTRODUCTION ing films[7], and the movement of fluid interfaces in porous
media[8,9]. Common to all these systems is the presence of
The rise and fall of fluids in capillary tubes have beenquenched disorderor a random potential, that leads to pin-
studied for many decad¢s]. On the macroscopic scale, it is ning effects. The transition from the pinned state to a moving
a simple experiment in a simple geometry. The equations fostate has been proposed as an exampliynamical critical
static and dynamic situations are well defined and widelyphenomend10-12 that exhibit scaling behavior. Near the
used. On the microscopic scale, however, even in such @'ltlcal point, theories generally predict an algebraic form for
simple system, the imperfections of real surfaces and ththe system’'saveragevelocity v,
presence of thin wetting films can have profound effects on s
the macroscopic dynamics. Since the flow of fluid through v=vo(F/Fc—1)7, @
B e B e areeefiner s te g frce- the e pinng teshot
and technology, there is much interest in understanding th nd g the critical exponents is believed to be universal

connections between the microscale and macroscale beh |-'?_1fatll’? the s;ense tr:jat |ttdependf o_nllydort1 'glhe dm;]ensuirr:-
ior. Thecontact lineof the vapor-liquid-solid phases is often ality of the system and not on material detaiis such as the

the focal point of investigation. An interesting idea to de- nature of the order parameter, interactions, and disorder. For

scribe the dynamics is in terms ofd@pinning transitiorand contact lines, the physical picture is that, superimposed on

it has attracted considerable attention in recent years. A rair{—he ov?'rall velocityw, sections of.the line make d'SCfet‘?
jumps’” analogous to avalanches in other systems. The size

drop stuck on a windowpane offers the simplest illustration ' Lo S
of this idea. The essence of it is that the geometric roughneég the jumps fOIIOW§ a power-la\_/v distribution ‘T"”d I IS lim-
and chemical disorder on the glass surface can be modelé d by.‘f’l characteristic correlauon lenggh As in equilib-
by a random potential. It can pin the raindrop in a metastabl&Um critical phenomena; diverges as

state. If the weight of the drop exceeds the net pinning force, o (F—Fg) " )

it would slide down, but it may be halted again if the air- ¢

water-glass contact line encounters stronger pinning forces;; the thresholdF ., where is the correlation length expo-

In this paper we report an experiment that uses the rise angun; The roughness of the line is self-affine at length scales
fall of water columns in capillary tubes to study the dynam-g . aier tharg. Its width w scales as

ics near the depinning transition. Some of the highlights have
been reported previously in Reff2] and some details not woe £, 3
described here may be found in RE3].

The effects of pinning and depinning, often described asvherea=1—1/v is the roughness expondit5]. The aver-
stick-slip behavior, are seen in many different physical sysage waiting timer associated with a jump of siz& obeys
tems. Examples include the sliding of charge density wavedynamic scaling with an exponent
in quasi-one-dimensional conductors with increasingly ap-
plied voltage[4], the motion of magnetic domain walls T E7, (4)

driven by an applied fiel@5,6], vortex flow in superconduct-
These scaling relations predict an average velocity

* . ki ; w
Presgpt address: LS Professor Dr. Mlynek, Fakilia Physik, o — o g0 Zoc (F— FC)_”("‘_Z)=(F —Fo)# (5)
Universitd Konstanz, Fach M695, 78457 Konstanz, Germany. T

1063-651X/2000/6(6)/5257%21)/$15.00 PRE 61 5257 ©2000 The American Physical Society



5258 ERIK SCHAFFER AND PO-ZEN WONG PRE 61

where the exponenB=wv(z—a). Generally speaking, the Ca and the static advancing contact angleduring spread-
data from various experimental systems seem to fit the algeng,
braic form of Eq.(1) but the values of the exponegtdiffer
considerably from the theoretical predictions. The cause of 0a=1(Ca,0a). ©)
R dlscrep_ancy IS not undgrstood. The capillary numbeCa is defined as the ratio of viscous

The capillary rise experiment we report here probes 3nd interfacial forces
wide range of velocities on surfaces with different rough-
ness. We observed stick-slip behavior and evidence for scal-
ing. However, the exponem was irreproducible and indi- Ca= ;U' )
cated a dependence on the presence of a wetting film. The
film properties appear to control the dynamics near the pinwhereuv is the interface velocityy the surface tension, ang
ning threshold2]. Similar microscopic details in other sys- the viscosity of the liquid. FoiCa<10 2, the most com-
tems may also be responsible for the apparent lack of unimonly suggested relationship is
versality.

The paper is structured as follows. In Sec. II, we review cosf,—cosfy=ACa’ (8)
the experimental and theoretical work on dynamic contact .
angles and contact line dynamics. Section Il gives a mean¥hereA andB are constants. As shown in E(L.4) below,
field description of the dynamics of capillary rise and fall in this equation is equivalent to E¢p) if we identify B=1/8.
a vertical tube in the absence of surface disorder. This disl NiS result suggests that dynamic wetting has universal be-
cussion defines the relevant variables in the experiment arfg@Vvior that is independent of the details of the solid-liquid-
the theoretical baseline for analyses. Section IV gives th&as System. While this is an interesting idea, a closer exami-
experimental details and Sec. V presents the results fdiation of the data in the literature reveals that this
strong and weak surface disorder. In the strong disorder casglationship was never observed over a wide rang€
stick-slip behavior of theentire contact line was observed We give a brief survey of the classmgl studies beIO\_N first and
and attributed to finite-size effects. In that limit, the systemthen review the more recent theoretical and experimental re-
becomes one dimension@dD). As a result, we present a 1D Sults. o _
simulation of the equation of motion in Sec. VI to compare ~ Elliot and Riddiford [19,20 studied the flow of water
with the data. In Sec. VIl we summarize our findings andPetween glass and polyethylene plates. They found that the

discuss several important differences between the real sy§ynamic contact angle was constant to within 1% of the
tem and the theoretical models. static advanCIng ang|€éappr0XImate|y 1000) forCa<2

X 10~ 7. Above that value, the angle increased monotonically
until it reached a limiting plateau value of 115(1) ° fGra
<2x10°%. Schwartz and Tejedf21] identified three re-
gimes of wetting behavior in a study using ten different
Classically, Young's equation describes thguilibrium  solid-liquid systems with static contact angles between 0 °
contact angle of a drop on &deal flat surface. It can be about 70° approximately. In the lowest rang€a<?2
modified to include a correction term for an adsorbed film,x 10", the dynamic contact angle is independent of veloc-
which must be present when the system is in equilibriumity. This is followed by two regions where the contact angle
with its vapor-saturated atmosphdies]. Wenzel[17] fur-  becomes larger with increasing capillary number with a
ther modified Young’s equation to include effects of a roughchange of slopes afa~10"3. Blake [22] reports similar
surface. Chemical heterogeneities were considered by Cassignamic behavior. In addition, he observes the occurrence of
[18]. Nonideal surfaces lead tmntact angle hysteresiSur-  stick-slip motion in the range of I0<Ca<10 3. Seebergh
face roughness and chemical heterogeneities, due to coand Berg[23] reviewed and confirmed Ed8). They also
tamination or otherwise, introduce metastable states in th&sted the influence of intermolecular fordasid-base inter-
system. A receding or advancing contact line can becomections between the liquid and solid phasas the dynamics
pinned when the contact angle falls in a ranjec#<6, of the contact angle for a variety of solids and liquids clas-
around the static equilibrium angke The apparent contact sified according to their chemical propertiegidic, basic, or
angle measured while the liquid is retracting is called theneutral charactgr They concluded that the dynamic contact
recedingangle, and that associated with liquid spreading isangle is unaffected by such interactions. Consequently, the
called theadvancingangle. 6, and 6, correspond to the wetting behavior in the presence of intermolecular forces
maximum receding angle and minimum advancing angle fofacid-basg cannot be differentiated from purely dispersive
a movingcontact line. Their difference depends on the de-systemgacid-acid, base-base, or neutral with any other prop-
gree of roughness and heterogeneity. A further cause for hygrty). Both types of systems resulted in the same parameters
teresis is the presence of solutes in the liquid. It can changa andB in Eq. (8).
the solid-liquid interfacial structure at the molecular level, The role of roughness in wetting has been investigated in
and thereby the macroscopic surface tension. several systemg21,22,24. It has been established that
In general, the apparent contact angle associated with @ughness increases the dependence of the contact angle on
moving contact line varies with velocity. A number of em- the velocity of the interface and that it introduces stick-slip
pirical relationships and theoretical models for wetting havebehavior in the low capillary number regime for systems
been discussed in the literature, all of which expressifhe  with nonzero static contact angle. Cash al. [24] reported
namiccontact anglgy as a function of the capillary number velocity dependencies of the advancing dynamic contact

II. REVIEW OF BACKGROUND
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angle 64 over a narrow range o€a. They used silicone
coated glass slides of various degrees of roughness and
dipped them in water at rates of 6:82 mm/s, which corre-
spond to 108<Ca<10"". For the smooth slides, an initial
increase for smalCa in the contact angle is followed by a
plateau region and another increasing region. The plateau
section and the onset of the second rise coincide with the
data from Elliot and Riddiford. However, the initial increase
of the contact angle for very low velocities was not reported
before. Using slides with rough surfaces, they found that the
plateau region disappeared. They attributed the initial rise
with increasingCa to a diffusive mechanism anabt a vis- FIG. 1. Depending on whether the exponghts greater than,
cous(velocity) effect. They argued that if the dipping of the equal to, or smaller than unity, the velocity goes to zero at the
slide was slow enough, a thin film ahead of the contact lingritical point F, with zero, finite, or infinite slope, respectively.

on the initially dry surface would be established by the ad-

sorption of the diffusing vapor and this could affect the con-position of a contact line. In (21) dimensionsz may be

tact angle. If the dipping yelocity is faster than the _establish— sed to describe a fluid interface in porous media. The equa-
ment of the adsorbed film, the surface properties wouldiy of motion is argued to be

remain unaltered. Thus the contact angle would be insensi-

tive to the velocity in the lowCa limit. Their results dem- of X

onstrate the importance of making measurements in a vapor- o e TIVIEY(XT), C)
saturated atmosphere in thermal equilibrium.

Elliot and Riddiford[20], as well as Hansen and Miotto \here v,, is the macroscopic interface velocity that would
[25] before them, suggestedkinetic interpretation for the  resyit from a uniform driving forcé in the absence of the
constant contact angle at low capillary number€a( other terms on the right-hand side. In the case of fluid flow in
<10 ). In their scaling approach, they compare the internorous media, for example.. is proportional to the applied
facial velocity v with a natural displacement velocity, de-  pressure gradiertDarcy’s law. The V2 term in Eq.(9) rep-
fined by the ratio of a characteristic film thickndsg, near  resents a spatially varying capillary force due to the local
the contact and the relaxation timg,, of the slowest mol-  cyrvature of the interface. It can be interpreted as an effec-
ecules in the periphery. #<v, the molecules in the liquid tive surface tension that acts to minimize the interfacial area
have enough time to find their equilibrium positions with or interfacial free energyd is an effective elasticityY(x, f)
respect to the solid surface, and the contact angle should kepresents the quenched disorder in the system. For short-
independent of the velocity ¢, is expected to be of mo- range uncorrelated disordeY, should bes correlated and
lecular size, and,, varies with the materials used. For the have zero mean.
water-silicone system studied, the transition from the static Equation(9) has been analyzed by Nattermagtral.[12],
to the dynamic contact angle was found to occur at velocitiegnd independently by Narayan and Fish&8], using func-
that correspond t€a~10"’, which resulted in the estimate tional renormalization-groupRG) methods. From ar ex-
7<10°° s. The difference from the relaxation time&,  pansion around five dimensionsl£5—¢), they obtained
~10'% s for bulk water is attributed to the energy barrier essentially the same behavior for thepinning transitioras
for adsorbing liquid molecules onto the surface. The dissummarized in Eqg1)—(5). Figure 1 illustrates the key fea-
agreement with the study of Cagt al. may be explained by ture of the transition: the velocity approaches zero at a finite
the lack of vapor pressure control in the latter experiment. Senreshold forcer . according to Eq(1). Three cases of dif-
the real effects of surface roughness and heterogeneities rgsrent exponent§>1, B=1, andB<1) are depicted and
main unclear. they have different asymptotic slopes at the critical point

(zero, a finite constant, and infinjty

A. The depinning transition ) o
) ] B. Theoretical predictions
As we have mentioned, the recent ideas about the effects

of surface disorder center around the notions of avalanches "€ RG analysis of E¢9) with e=5—d predicts[12,13
and dynamical phase transitions. The same set of ideas and o Al

- . a=2—-1/v=¢€/3 (10
phenomenology apply to fluid interfaces moving through a
random porous media as well. Koplik and Levi#] sug-  4nq
gested a stochastic differential equation to describe the dy-
namics of fluid interfaces in porous media with quenched B=(z—a)v=1—€/9+ O(€?). (12)
disorder. Their model assumes that the interface is nearly flat
so that they can ignore the possibility of overhangs andSince contact lines may be regarded as belonging to the (1
pinched off patches of the displaced fluid. The position of the+ 1) —dimension universality class, which correspondsi to
interface is represented by a single valued functon =2 ande=3, we obtaina=1 andg~2/3. However, Ertas
=f(x,t), x being a @—1)-dimensional transverse vector. In and Kardar[15] noted that the free energy associated with
(1+1) dimensions(1 transverset 1 parallel direction with  the contact line is different because it involves three different
respect to the driving forge z may be thought of as the phases while Eq9) is intended for two-phase systems. The
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TABLE |. Theoretical predictions and studies for the critical expongnt
Reference Ca B
Tanner(1979 [40] complete wetting, precursor, smooth surface small 3/2
Hoffman (1983 [30] diffusion mechanism, smooth surface o102 1
Cox (1986 [35] slipping models, smooth surface small 1
Mumley et al. (1986 [46] dissipation in film, prewetted smooth surface “t610°? ~2
<10°° 1
Ishimi et al. (1986 [37] complete wetting, precursor, rough surface small 2
Raphaéand de Genne£1989 [38] smooth surface, partial wetting; small 1
chemical mono defects: constant force 1/2
constant velocity 3/2
Joanny and Robbin&990 [39] partial wetting, periodic defects small
constant force: heterogeneity
sine wave 1/2
square wave 1
triangular wave vxIn(F/F.—1)
constant velocity: weak pinning 1
strong pinning 3/2
Sheng and Zho1992) [31] smooth surface 16—102 1
rough surface, capillary wave excitation <103 2—>
Nattermanret al. (1992 [12] renormalization grougRG) in
d=5— € dimensiong(interface$ 2/3
Narayan and Fishe1993 [14] RG ind=5— ¢ dimensionginterface$ 2/3
Ertasand Kardar(1994) [15] RG in D=2—- ¢ interface dimensioné&ontact lines 2/3

fluctuations of the contact line not only affect the liquid-solid nonintegrable singularity in the stress at the contact line. It
and vapor-solid interfaces, but they also deform the liquid+esults in a divergence in the energy dissipatj@d@]. To
vapor interfacgd 26]. Using ane expansion for interface di- avoid this problem, the standard no-slip boundary condition
mensionsD near 2 €=2-D), they predict has to be relaxed. The exact process of how the contact line
moves is not totally understood at the molecular level. If the

a=el3 (120 fluid wets the solid completely, one solution is to take into
account the presence of a precursor film on which the bulk
and fluid spreads, so there is no true contact line. In the case of
21— 2€/9+0(€2). (13) partial wetting, a rolling[28,29 or tank tread 30] motion

like a tire rolling over a surface without slipping has been

suggested.
On the mesoscopic scale, a number of slipping models

have been proposd®1l]. They all involve a characteristic
0slipping lengthlg, a distance near the contact line over
n\éYhiCh continuum hydrodynamics break down. Molecular-

ynamics simulations for a smooth surface suggest lthat
~10 A[32,33. Clearly, for a rough surface, it is important
to consider whether the contact line follows the contours of
n@e surface continuously or jumps between metastable con-

Contact lines correspond =1, and hencex=1/3, andz
~7/9. The scaling lawg=v(z— «a) andv=1/(1-«) give
B~2/3 andv=3/2, respectively.

In addition to the RG analyses, a number of mean-fiel
theories have been developed for the moving contact line a
they generally obtained Ed8) as their prediction for the
dynamic contact angles. The expon&imay be related to
the scaling exponeng in Eq. (1) by the following consider-
ation. We note that the excess force acting on the advanci
contact line can be expressed in terms of the dynamic an
static angles

urations. In all theoretical treatments of the dynamic con-
tact angle, the microscopic details of the models proved to
affect the macroscopic predictions. In other words, there was
no universality. The following is a review of the various
approaches and a summary is given in Table I.

Hoffman[30] assumed a microscopic picture in which the
liquid molecules advance by a surface diffusion mechanism
on a periodic lattice of the solid. His model is justified by
field-ion microscopy data which show that ordered layers are
Thus an experiment that measures the dynamic contact andlermed in the adsorbed film due to the solid substrate poten-
as a function of the capillary numbéla can be used to tial [34]. This results in a tank tread motion for contact
determine the scaling exponegt angles larger than 120°. The equation he obtained corre-

The difficulty in using hydrodynamic models to calculate sponds to 8=1 over the range of roughly I6<Ca
the dynamic contact angle has to do with the well-known<10"2.

F—F ¢ y(c0S#,— coSfy) c ACaloc 1B, (14
A direct comparison to EqJ1) leads to the identification

B=1/B. (15)
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A hydrodynamic approach by Coj85] uses a general form of Eq. (8) can be obtained by using the Taylor series
slipping model and a matched asymptotic expansion involvexpansion for the cosine (cos1—3x?, for x<1), which
ing the dynamic contact angle. He assumes a smooth surfagives B=2/3. According to Eq(15), this corresponds t@
and also obtaingg=1 for Ca<1. This is attributed to the =3/2. Using one of the slipping models, they obtained dif-
governing viscous forces near the contact line at low capilferent results depending on the strength and the form of the
lary numbers. In addition to the usual slipping models, non-defects and whether the force or the velocity is held constant.
Newtonian effects due to gradients in the surface tension drfhe lubrication approximation again enters in form of a
the elasticity of the solid may relieve the singularity at theslipping lengthls.) The heterogeneities considered were as-
contact line. sumed to be caused by chemical contaminations and con-
A treatment of the contact line motion in the presence ofsisted of periodic stripes. The strength of the individual de-
an adsorbed film is given by Mumlest al.[36] in the con- ~ fects had different functional forms. For constant applied
text of prewetted capillaries. The main assumption, follow-force, the analysis gavg=1/2 for periodic stripes with a
ing from lubrication theory, is that the energy dissipationsine wave cross sectiof=1 for a square wave, and a loga-
takes place mainly within the film due to higher velocity rithmic dependence4=0) for a triangular wave. In the
gradientsV v. If the film thicknessb,, (of the order of 1um)  constant velocity analysis, they obtainge- 1 for weak pin-
is much smaller than the tube radiis than Vugm<1/b,  Ning andB=3/2 for strong pinning. Strong pinning is char-
inside the film andV v, 1/R in the bulk fluid. With this  acterized by having metastable positions where the contact
approximation, no dissipation takes place in the bulk and théine is pinned and the critical regime in which the power-law
adsorbed layer shields any surface roughness. Muetley. ~ behavior can be observed is very small. Weak pinning only
[36] obtainedB~2 for 10 *<Ca<10 2 andB~1 for Ca  causes continuous deformations of the line. The difference
<107, In the experiments performed, stick-slip behaviorbetween the two scenarios can be understood in simple
and jumps were observed even though a prewetting film waBhysical terms: If a constant force is imposed, the power-law
present. When the contribution of the jumps to the energyeSUHS from the fluctuations in the velocity of the contact
dissipation was included, they found that only the magnitudéine, which spends more time on the less wettable regions. In
of the contact angle response changed, but not the exponeiite constant velocity case, the fluctuations in the force in
Overall, it resulted in a better fit of their data. moving through different regions are weighted equally. In
Ishimi et al. [37] considered the situation of complete other words, letting eithev or F be the fluctuating variable
wetting in the presence of a precursor film. The idea is that" EQ. (1) affects the statistical average over time. The values
the energy dissipation is caused by a frictional force actin@f the exponeni3 obtained by Joanny and Robbins are be-
on the film due to motion over a rough surface. This force idieved to be artifacts due to the assumed periodic geometries.
balanced by the interfacial tension on the precursor. Thén real systems, jumps or avalanches occur for portions of
analysis led tg3=2. the contact line. Excited capillary waves change the coupling
For the partial wetting case, Raphaed de Gennef38]  between the line and the defects. These may all change the
considered a moving contact line being pinned only by ondesults.
defect at a time. The macroscopic dynamics for the contact A different approach is taken by Sheng and ZHGd].
line were obtained by performing a time-average of the ef-They also assumed a slipping model and confirmed that vis-
fect. For a flat homogenous surface without any defect, thegous effects would give an intrinsig=1 behavior for small
obtainedB=1. This results from intrinsic deformation of the capillary numbers, but they proposed a capillary-wave dissi-
contact angle at small capillary numbers due to hydrody.pation mechanism foEa<10 3 that modified the result. In
namic dissipations, which was also found by Hoffman andtheir picture, a contact line moving across a rough surface
Cox. As in other calculations, the slipping lendthappears ~performs nearly periodic jumps with a frequency that de-
in their equations. For a flat surface with smooth chemicapPends on the mean spacing between defects and the velocity
heterogeneities that are spatially well separated, R4pinge  Of the line. The periodic motion excites capillary waves
de Gennes considered two separate physical scenarios: ifiropagating along the interface and this is believed to be the
posing a constant velocity on the contact line or applying edominant dissipation mechanism f@ra<10~%. The analy-
constant force. For fluids in a capillary tube, these scenariosis results in 22 <, depending on the smoothness of the
could be realized by pushing the liquid with a syringe pumpheterogeneities. Mesa defects gjfe-2.
at constant flow rate or letting the fluid column evolve under
the influence of gravity. For the case of constant velocity, the
pinning forces are averaged over time and this giyes
=3/2. In the constant force case, the velocity fluctuations are Similar to the theoretical models, experimental studies us-
averaged and it results ji=1/2. The analysis is only valid ing different techniques in different systems have found a
for single, smoothly varying defects—one at a time. For de-wide range of values for the pinning exponghover differ-
fects with sharp edges, calledesadefects, surface rough- ent ranges ofCa. The results show that the microscopic
ness probably results in different behavior. details near the contact line are important. We briefly review
Joanny and Robbing39] studied similar scenarios for the most relevant literature below in chronological order. A
various periodic defects on solid surfaces. For the case cflummary is given in Table Il.
complete wetting, where a precursor is present and the con- Schwartz and Tejed21] measured the dynamic contact
tact line rides on top of the film, they obtained Tanner’s lawangle by dipping filaments with various degrees of roughness
[40,26 behavior: 64 Ca'® when Ca<1. Since the static into several liquids. The data suggest <3 for capillary
advancing angl&,=0 for complete wetting, the functional numbers in the range I6<Ca<1. The degree of rough-

C. Experimental results
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TABLE Il. Experimental results for the critical exponeft

Reference Experiment Ca B
Dynamic contact angle measurements

Schwartz and Tejed@l972 [21]  dipping cylindrical filamentgplastic, metal with various 10°5-1 1-3
degrees of roughness into several liquidsganic liquids,
waten

Jianget al. (1979 [41] liquid-air interfaces in capillariessilicone fluidg <1072 ~1.4

Rillaerts and Joo$1980 [43] organic liquids(parafin oils, aqueous glycerol solutions ~ 4x10 4—4x10 2 ~2
in prewetted capillaries

Ishimi et al. (1986 [37] polyester tapes immersed into various liquids 90102 2
(water, different oils, and alcohgls

Mumley et al. (1986 36,46 capillary rise for liquid/liquid systemgglycerol-water 10 5—10 2 ~2
solutions/ several hydrocarbons and silicones

Brackeet al. (1989 [47] plastic tape immersed into several liquidern oil, aqueous 810 3-101 ~2
glycerin, ethylene-glycol solutions

Stram et al. (1990 [48] dipping plate method using various solid/liquid systems “1010 4 ~3/2

(polystyrene, polytetrafluoroethylene/silcone oils, polyethy-
lene glycols, paraffin oil, glycerpl

ac method using the pressure response of liquid/liquid interfaces in capillaries

Stokeset al. (1990 [49] glycerol-methanol mixtures/mineral oils XE105—-5x10"%  2.5(4)
Kumar et al. (1995 [52] water/alcanes 1¢-10* 5(1)
ness did not seem to affect the exponent. Jiahgl. [41] In more recent years, Stokes al. [49] used a different

analyzed the data obtained by Hoffmgt2] who measured technique[50,51] to determine the expone for a liquid-
dynamic contact angles of liquid-air interfaces in capillaryliquid meniscus in a capillary tube. They applied an ac ve-
tubes. They founds~1.4 for 3x10 °<Ca<10 % Ril- |ocity perturbation on top of a uniform dc velocity and mea-
laerts and Joop#3] used several organic liquids to determine g red the nonlinear pressure response. The meniscus has two
the dynamic contact ang[e4 n prewettediczaplllarles and they,ssihle modes of oscillation: it can slide back and forth as a
found thatg~2 for 4X10""<Ca<4x10"*. whole and it can flex like a vibrating membrane. Due to mass

To test their theoretical predictions, Ishigtial.[37] ana- conservation, the two modes are coupled. By keeping the
lyzed data obtained by Kennedy and Bur and those ’ '
y y y (e modulation frequency below a threshdlof the order of 1

by Guthoff and Kendrick{45]. The experiments involved ) ) )
dipping polyester tapes into various liquiisater, different Hz), the flexing motion was suppressed and the contact line
oils, and alcoholsand measuring the dynamic contact angle.slides rigidly on the surface. The ac amplitude was small
Over a range of 10°<Ca<10 2, the data fi{f3=2 with an  compared to the dc velocity to ensure that the meniscus al-
average deviation of 3.8% for the contact angle. ways moves in the forward direction. The instantaneous ve-
Mumley et al. [36,46 studied capillary rise of a polar locity variation causes changes in the dynamic contact angle
liquid (glycerol-water solutiondisplacing a nonpolar liquid and the driving pressure, which correspondéfpand F in
(several hydrocarbons and siliconeBhe tubes were prewet- Eq. (14). For low capillary number€a, the viscous pressure
ted with the Wett|ng fluid and then either used directly with adrop can be ignored and the ac pressure response may be
wetting film present or dried before the experiment. Forregarded as due entirely to changes in the contact angle.
107°<Ca<10? their data are consistent WitlB~2.  Thys by detecting the pressure oscillation and analyzing its
Bracke et_al. [47] _made dynamic contact a_mgle measure-parmonics with Eq(14), the exponenB (or 1/8) can be
ments using plastic ta_pe(e.g., polyethylen)emmersed n determined31]. Stokeset al. used a glycerol-methanol mix-
several I|qg|ds(corn oil, aqueous glycerin, a'f".j ethylene- ture as the more wetting fluid to displace a mineral oil. For
glycol solutions. Thsey also four11d3~2 for velocities corre- 5% 10 5<Ca<5x 10 * they foundg~2.5(4). In asubse-
spondmg to .3< .10 =Ca<10 - . o quent experiment using the same ac method, Kueta.
Using a dipping plate method for various solid-liquid sys- [52] obtainedB~5(1) for water-alkane interfaces over the

tems, Stfen et al. [48] obtained ~3/2 for 10 '<Ca 6 ) .
<107“. The liquids studied included silicone oils, polyeth- "ang€ 10°<Ca<10"". We note that because these experi-
ments measurB, a small absolute errakB can result in a

ylene glycols, paraffin oil, and glycerol. The solids used in- )
cluded polystyrene and polytetrafluoroethylene. Their resultirge absolute error foB, though the relative erroraB/B
agree with the smalCa limit of Tanner's law for complete @ndA /B are the same. The large differencesgimetween
wetting, but only some of the their systems were completelyhese experiments may be attributed to the fact that one used
wetting such that a precursor film was present. The data frord mixture while the other used a pure liquid. The viscosity of
the partially wetting systems fitted equally well to the samethese liquids and their interactions with the solid surfaces are
exponent. also different.
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3272y cos6\|
= 3 . (17)
™~ r P g
! [ —
For our system with water and air at room temperature, this
1. | Hea expression gives.~0.4 mm. Departure from the Poiseuille
, N ‘ flow near the inlet and the meniscus are ignored in (EE6).
ar I;z It predicts an exponential approach to the equilibrium height
water LO Heq= 27y coso/pgr (18

with a time constant

FIG. 2. Different height variables are shown in this illustration 2
of a capillary rise experimenHt . is the same asl.r in Sec. Il B. Tw=8(ho+ Heq) nlpgre. (19

We observe thatHeqecr =t and 7, (hg+Heg)/r2. So for
tubes with smaller radii, the columns would rise higher and
A. Washburn (mean-field dynamics would take more time to reacHy. Using a normalized
time variablex=t/7,, and a normalized height variable
=(h+hg)/(Heqtho), Eq.(16) can be expressed as

lll. CAPILLARY RISE AND FALL

In our study we chose to use capillary rise and fall to
measure the exponept because a wide range of capillary
numberCa could be achieved. We were able to measure d
velocities in the range of IF<wv<10* um/s, which corre- y_y:(l_y)_ (20)
sponds to 101°<Ca<10 4, a range that is both wider and dx
lower than any previous study. To keep the chemistry less
complicated we used deionized water and cleaned glass tub
in a vertical setup. A main assumption in our analysis is tha
the contact angle in our system is constant @a<10".
For 10 ‘<Ca<10 “ where other studies have found vary-
ing dynamic contact angles, we did not find any evidenc v u (h
that it affected the macroscopic dynamics. Our experiment ﬁs/vherexo yi~In(L=y) andyi=(hi+ho)/ (Heq o).
somewhat similar to the controlled-force method described
by Raphakand de Genne$38] and Joanny and Robbins
[39], except that the force is not held constant. The system As the water meniscus approaches the equilibrium height,
evolves under gravity and therefore approaches the pinninthe driving force on the right-hand side of E{.6) dimin-
threshold in a self-organized manner. In this way all extraishes and the random pinning forces become increasingly
neous effects introduced by an external driving deveeg., important. We expect the initial rise to obey the Washburn
a mechanical pumpmat low capillary numbers are eliminated. dynamics, followed by a crossover region, and finally enter a
By performing both capillary rise and fall experiments, we critical pinning region as the velocity tends to zero. For cap-
are able to estimate the size of the defect strength and thiBary rise, the meniscus would stop at a heighy, below the
pinning region. In addition, we can test if the critical behav-equilibrium heightH, (see Fig. 2 but for capillary fall, the
ior is different for the advancing and receding contactmeniscus would be pinned at a heidt; aboveH.,. The
line.The presence of a wetting film is expected to play dif-difference H ;—H¢,) gives an estimate for the size of the
ferent roles in the two cases. In order to understand the pireritical region. We found that the onset of critical behavior
ning region, however, it is necessary to first understand theoughly corresponded to capillary numb&a< 10’ in our
mean-field behavior in the absence of disorder. experiment. It is reasonable to assume that the average con-

Historically, Washburn1] was the first to analyze the tact angle isindependenbf the velocity in this range. Mi-
flow of liquid inside a capillary tube driven by a constant croscopically, the contact line is distorted and so the local
capillary pressurécontact angle Figure 2 defines the vari- contact angle must vary with position. The apparent static
ables in a capillary rise experiment. The equation of motioradvancing(receding angle for capillary rise(fall) is ob-
is obtained by equating the viscous damping force to the nederved on a macrospic scale when the meniscus comes to a
driving force due to surface tension and gravity, stop and it should correspond to some kinceéragevalue.

The critical pinning force for capillary rise is given by

egrating with initial heighth=h; at timet=0 yields the
ull solution known as the Washburn equation:

X—Xo=—y=In(1-y), (21)

B. Critical dynamics of pinning

dh

R _ 2
87'1'77(h-i-h0)dt 271 ycosf— mr<pgh. (16 Fc:Wrng(Heq—Hc)ETfrngHgap, (22)
where we have useld . to denoteH, . For lowCa, we can

Herehiis the height of the liquid column above the reservoir,jgnore the viscous force and the net driving force is given by
hg is the length of capillary tube immersed in the liquids

the radius of the tube, and is the density of the liquid. F=mr?pg(Heq—h). (23
Inertial forces can be ignored in the overdamped limit where

the tube radius is below a critical valug. It has been SubstitutingF and F. into Eq. (1) gives the equation of
shown thaf53] motion near the pinning threshold:
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FIG. 3. The value of the exponent can cause qualitatively dif-

ferent behavior in how the water column heightpproaches the

pinned positiorH.. . Following Eq.(24), there are three scenarios:

(i) for B<1, the meniscus is pinned at a finite timet,;—1/A
(with A<<0); (ii) for B=1, h approachesi . exponentially, andiii )
for B>1, h approachesi algebraically. Caséii) may resemble a
logarithmic or stretched exponential functiongf is significantly
larger than unity.

v

~dh_ [Hc—h|? 04
_H_UO Hgap . ( )

For B+ 1, integrating Eq(24) from initial timet; and height
h, yields

h(t)=Hc—(Hc—h)[1+A(t—t)]V0"P, (29

where A= (8~ 1)vo(He—hy)#~/HS, . This solution has
the feature that if3<<1, h stops atH. after a finite time
(t—ty)=—1/A. If B>1, h approached. algebraically as
t—oo. In the special case @= 1, the integration of E¢(24)
results in an exponential approachHgQ
h(t)=H,—(Hc—hye ("', (26)
where 7;=Hg,,/v,. Figure 3 illustrates the qualitatively
different behavior of Eq(25) for different values of3. We
note that the dynamics are the fastest for 1: the contact
line reached . after finite time. For large values @, the
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(b)

(d)

®

FIG. 4. The interior wall roughness of typeand typeS capil-
laries can be seen with an optical microscéf® and (b)] and a
SEM [(c)—(f)] using a wide range of magnifications. TRetubes
[(@), (c), and (e)] clearly have a much higher level of roughness
compared to thé tubes[(b), (d), and(f)]. The white spots on the
SEM pictures are small glass patrticles left on the surface for mark-
ing position.

these as typ® and S, for rough and smooth walls, respec-
tively. Under both optical and scanning electf@EM) mi-
croscopes, th&tubes show no evidence of roughness down
to a nanometer resolution. Figure 4 shows SEM pictures at

dynamics are very slow and may not be easily distinguishedifferent magnifications and the difference in roughness be-
from a logarithmic function. Other empirical functions such tween the two types of tube wall is evident at every scale.
as a stretched exponential or an algebraic approach can also The R tubes we used have ID’s of 250, 310, and 4.
show similarly slow behavior. Fitting data to these differentThe Stube ID’s were 180, 200, 250, 300, and 36&. The
functions enables us to assess the reliability of the fittinghutside diameter for both types was about 0.5 mm and the
parameters we obtained and the overall meaning of the intefength was about 30 mm. Both tiie and theS tubes were
pretation. Since both capillary rise and fall can be performednade of borosilicate, low expansion, type-l gld€orning

in the same tube and our data in Sec. IV show tHaf,
~H¢, we can take Kl ;;—H,) to be the same aBly,,.
This is a useful indicator of the pinning strendth. It can

Code 7740 TheRtubes were obtained from ACE Glass Inc.
and theS tubes from Friedrich & Dimmock. To clean and
prepare the tubes for the experiment, we flow 400 ml of 1 M

also be used as an estimate of the size of the critical regiomydrochloric acid through it in about an hour. This was fol-
Having these estimates reduces some uncertainties in théwed by approximately the same amount of deionized water

data analyses.

IV. EXPERIMENTAL DETAILS
A. Samples

at the same rate for rinsing. Finally, the capillaries were
boiled in deionized water for about 8 h. By this process, the
glass surface was well hydrated and reproducible results

were obtained, though we probably did not remove all con-

taminants. In particular, because no organic solvents were

The capillary tubes that we studied have inner diametersised, some organic contaminants might be present. Immedi-

(ID) ranging from 180 to 40Q:m. Two types of tubes with

ately after the cleaning procedures, the capillaries were

different interior wall roughness were used. We shall refer tplaced in the experimental apparatus.



PRE 61 CONTACT LINE DYNAMICS NEAR THE PINNING . . . 5265

coincided with the equilibrium height. This enabled us to

Water Cap < Insulation perform rise and fall experiments without repositioning. The
Valve vertical field captured by the camera was 3.5 mm over 640
Microscope = pixels, which corresponds to a resolution of about 5.5

:D\I‘:D t | ST mperaturesemsor  4M/pixel. At set time intervals, the video image was digi-
S tized and processed by a microcomputer to determine the

Teimperdite meniscus position. A typical gray-scale image is shown in

7 Controller Fig. 5b). The intensity pattern results from the curved me-
\ niscus reflecting the light coming from below and passing
Optical Fiber through the cylindrical sidewall. This pattern remains essen-

tially the same across the imaging field. By choosing a
proper threshold, the gray-scale image was converted to a

CCD Camera 4 ——— Heater

[J | PC Targa 16+ Digitizing Card

Image Editing Program binary bitmap image for edge detection. Figuie)shows
h|["" the outline of the meniscus after image processing. After
removing noise by image editing, the lower edge of the me-
Image Processing Program Data Processing Program ! niscus was identified and the pixel coordinates were used to
compute the average position of the meniscus. This gives
(@ the relative heighh’(t) of the water column within the im-

aging field. The noise in the data came primarily from the
resolution limit and intensity contrast of the image. We esti-
mated that the uncertainty was abdut’ =+ 0.13 pixel.

Data far from the pinning threshold were collected using a
wide-angle(8-mm focal length camera lens instead of the
microscope. An image field of 14 cm was captured. The fast
dynamics had to be recorded onto video tape and played
back frame by frame for analyses. The absolute height of the
meniscus above the beaker's water le¢®l was observed
visually on the video monitor. The accurachlf{=*0.8
FIG. 5. (& An illustration of the experimental setup and data mm) was limited by several factors: the resolution of the

acquisition systemb) A typical gray-scale image of an illuminated \jjgeo system, the distortions of the picture due to reflections
meniscus seen with the video microscopy syst@rBinary bitmap i, the capillary tube, and the contrast in the image. The time

image of the edge of the meniscus(b, obtained by a simple edge t was determined to an accuracy of abdut= + 10 ms.
detection algorithm.

®

B. Apparatus C. Temperature stability

Figure 5a) shows a schematic drawing of the setup. The Temperature stability is of critical importance in the ex-
capillary stands vertically in a beaker containing deionizedPeriment, especially in the pinning region. A slow change in
water. Attached to the top of the capillary is a Teflon tubingtemperature can result in a slow movement of the contact
that connects it to a syringe that is used to raise or lower théne that has nothing to do with pinning. The dominant effect
water column to its initial height. A valve connects the tub-comes from the temperature dependence of the surface ten-
ing to a small cup half-filled with water which has a small sion y, which directly affects the equilibrium height.
hole on the cover plate. The purpose of the cup is to providéhanges in the viscosity is unimportant because the flow is
a 100% relative humidity atmosphere at ambient pressuré/ery slow. Differential thermal expansion of glass and water
When the valve was opened, the capillary was exposed tt§ @ minor effect. As shown in Fig. 5, the main parts of the
this atmosphere so that water loss due to evaporation waPparatus are enclosed in a temperature controlled and ther-
negligible. The water column height was found to be stablenally insulated chamber. Figure(# shows the column
over a long period of time. Each run of the experiment begafeight data from a series of rise and fall experiments for a
by having the valve closed and using the syringe to set th800-um-diamStube taken without temperature control. The

initial column height. The valve to the buffering cup was drifting ambient temperature was recorded and displayed in
then opened to let the meniscus rise or fall in a selfthe same plot. We note that the temperature dropped almost

organized manner. linearly during the time of the experiment at an approximate
The meniscus was illuminated with a fiber optic light rate of 2.2 mK per minute. The equilibrium height, was
source positioned below the beaker because we found thfeund to rise in a similar fashion becaugeincreases with
the best intensity contrast between the meniscus and théecreasingr. The dotted line between the rising and falling
background was achieved when the light came directly fronflata indicates the rising trend bif,q, the slope of which was
below. The use of the optical fibers put the lamp far awayabout 0.13 pixel per minute. Dividing the two rates yields a
from the system and minimized the disturbance of a heatatio AH/AT~ —57 pixel/K. With our resolution of 5.5
source. To observe the pinning dynamics, an inspection migm/pixel, this corresponds to a change in the equilibrium
croscope was mounted horizontally and coupled to a chargdweight AHg~310 um for a temperature change AfT~1
coupled device(CCD) camera. The position of the micro- K. Since the equilibrium height for the 3Q@m ID capillary
scope was adjusted such that the center of the image field Heq~10 cm, the percentage changeAs$i,/(HeAT)
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350 212 18
dh/dr = .0021 pixels /s 16 o fall
340+ r21.1 | -
~ 14 se
2 3304 Bl e -21.06 % —— Washbum fit
&320 p 2090: %\12- ’ "
= 7 B 0 ~—
. = 10_
310+ r20.8 8 °
| dT/dt=-37pK /s g ; T
: : : . -20.7 61 § 20 40 60
17.00 17.50 18.00 18.50 19.00 0 10 20 30 40 50 60 70
t(h) t)
320 2901 FIG. 7. Low-resolution capillary rise and fall data for a 250-
- 129.00 pum-diamStube are well described by the Washburn equation. The
3101 fitting parameters are given in Table Il and they agree well with
= '28'996 theoretical values calculated by assuming a zero degree contact
.g 3001 o -28.980[: angle. The inset shows a magnified region near the equilibrium
= “ 3 height. The difference between the final heights of rise and fall was
290 . [28.97 barely detectable without the use of a microscope. The data were
[ 58,96 taken at 24.1°C.
280-+— T T T T
18.00 18.50 19.00 19.50 20.00 V. RESULTS AND ANALYSES

t(h)
A. Washburn behavior versus critical behavior

FIG. 6. If the temperature is not stable, consecutive capillary . . .
rise and fall runs would result in different final heights. This is Figure 7 shows the rise and fdi(t) data taken with a

mainly due to the fact that the surface tension of water changes witg20-+M-diam S tube on a coarse scale. The solid lines are

temperature by about 0.2%/Ka) Without using temperature con- fits t0 Eq.(21), the Washburn equation. The two fitting pa-
trol, we find that a temperature rise AT~ 1 K would cause a drop fametersH.q and 7, were obtained both from the rise and

in the meniscus height by about 57 pixels 310 um). (b) With  fall data. They were also calculated from E¢E8) and (19)
temperature control, our setup was typically stable to within a fewusing the known experimental parameters and assurging
millidegrees over an hour and the menicus height did not change by 0°. Table Il lists the three sets of results and they are in
more than a pixel. The data in both plots were taken with a300- good agreement. Small differences can be attributed to the
diam Stube. fact that® may be nonzero or velocity dependent, and there
may be small hystereses between advangiisg) and reced-

~0.3% K 1. This is about the same as the thermal coeffi-ing (fall) exp_eriments. In any e\_/ent, there is no obvious evi-

) i 1 dence for pinning on the plotting scale that spans 13 cm.
cient for the surface tension of water 0.2% K™7). However, the magnified scale in the inset shows that there is

Figure Gb) shows a typical set of data taken in the tem- e ally a gap of about 1 mm between rise and fall after 50

perature controlled chamber. Over a peridd2ch the tem-  geconds. This gap is actually relatively large among the
perature variation remained withitt 10 mK. For a single  many runs we made and it results from the fact that the tube
rise and fall experiment that lasted about 15 min, the temwas not used immediately after cleaning. The surface state
perature was stable to within a few milli-Kelvin. The equi- was altered by simply exposing it to aifThe molecules
librium height for several consecutive runs over this 2-h pe-adsorbed on the surface change with the environment and the
riod showed no drift. In our later analyses of pinning, werate of change depends on many factors such as temperature,
used only runs for whiclh T<<+4 mK. This corresponds to pressure, and adsorption enejgyhe gap was not readily

a change in equilibrium height @fH.~1 um (=0.2 pixe),  Vvisible only because the video resolution was limitedito
about the same as the overall noise level. The temperature +0.8 mm for the coarse scale data. With the higher reso-
sensors we used were suspended freely in air. Since the alption acheived by the microscope, we found that the contact
paratus has a much larger thermal mass than the sensors, ifiie came to a complete stop. In contrast, Fig) 8hows the
safe to assume that the temperature variations of the wat&#gh resolution data obtained in a 1g0n S tube immedi-
inside the tubes were less than what we recorded. ately after it was cleanedh’ is the relative position within

In addition to monitoring the temperature stability of the

equilibrium height, we measured the temperature gradient TABLE lll. Fitting results from the data displayed in Fig. 7
along the length of the capillary tube. Three sensors wer&50.m ID Stube and theoretical values for capillary rise using
spaced evenly along the 30 cm length of the tube. A verticail® Washburn equatiordE0°).
temperature gradient of 2B mK/cm was observed. This

corresponds to a change &fT~0.2 mK over the size of the Heq (cm) Tw (S€9
pinning region & 100 um) we analyzed. Therefore, we can  Rise 11.481) 5.8(3)
assume that the data were not affected by spatial and tempo- Fall 11.4%1) 5.0(3)

ral temperature variation in any appreciable way. Washburn 11.75 5.6
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FIG. 8. (a) High-resolution capillary rise and fall data obtained  FIG. 9. High-resolution capillary rise data f&tubes with dif-
with a 180um S tube are compared to the Washburn equation.ferent ID’s (200, 250, and 30@.m) all fit the power-law form and
Only the rise data show significant deviations at later times. Thehot the Washburn equation. However, the expongngries from
Washburn time constants obtained from the [5&83) s] and fall case to case and there is no evidence of a universal value.

17.1(3) s] data are only slightly larger than the calculated value o .

ElG_i( 3). T]he experiment);l véqlue); aregadjusteM&O at 20°C.(b) suggests that pinning effects are present. This contrast be-
The fall data at the highest spatial resolution are well described b%ween the rise and Ta“ data h0|d$ true for all Beubes, but

an exponential function that correspondggte 1. Fitting the datato  the values off3 varies over a wide range: from 1.1 to 4.
an algebraic form results in an exponent very close to unity Figure 9 shows several fits of the rising data obtained with
(~1.09). (c) The high-resolution rise data at late times are bestdifferent tube diameters. Fits to the corresponding falling
described by a power law. The expongdt1.39(1) in this ex- data are not shown because they are all similar to K, 8
ample. The Washburn equation fits the early time data well but failgvell described by the Washburn equation in every case.

at later times. For theR tubes, the coarse scale data are similar to Fig. 7

o _ _ and they fit the Washburn equation well. However, the high
the viewing framediffers fromh by a constantand it shows  resolution data in the pinning region are different from Figs.

a gap of about 1m. We note that the Washburn equation 8 and 9. Figure 10 shows several sets of falling data obtained
fits the falling data completely ang}, agrees within 2% with  consecutively in a 25@m-diam R tube. Each run lasted
both the value obtained from the coarse scale data and thabout 15 min and the starting times are indicated. They
calculated from Eq(19). The final heightH., within the  clearly show the stick-slip behavior assumed in the scaling
frame is reproducible within 0.5 pixel. The higher magnifi- theories. We did not attempt to determine the avalanche size
cation in Fig. 8b) shows no difference between the fits to the distribution, in part because of inadequate resolution in mea-
mean-field exponential approach and a power law vith suring the size, but also because the events are correlated
~1. Thus, the falling data show no evidence of pinning inamong different runs in the same tulji.was unfeasible to

the Stube and this lends confidence to the fact that the tubestudy a large number of tub&sVe note, for example, every
were sufficiently clean. However, we note that the rising dataun in Fig. 10 shows sticking dt'~0.6 mm. However, the

in Fig. 8(c) do deviate from the Washburn fit significantly at time it took to overcome the pinning is randdi4]. This

late times. Fitting them to Eq25) gives 8=1.39, which  implies that either the disorder is not completely quenched or
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FIG. 11. Successive capillary rise experiments using a/A80-
FIG. 10. High-resolution capillary-fall data from a 310n R Stube reveal that the waiting timat before the start of the rise
tube show stick-slip behavior. Consecutive runs do not show eXaffected the result. A longer waiting time resulted in slower rise and
actly the same trace, but there are clearly strong pinning defects at |arger exponens. The horizontal dotted line indicates the final
certain positions, e.gh’~0.6 mm. That the amount of time it took position of the falling column which can be taken as the equilibrium
to depin from these defects varied from run to run implies thatheight. It was reproducible to withirt 3.5 wm.
either the disorder is not completely quenched, or that thermal/
temporal noise play an important role. the data far away. Fits of the early time rise data in different
o ) runs showed that the Washburn time constagtaas insen-
the background temporal noise is important. The history okitive to the waiting time. The details of these fits were docu-
the system may also play a role because each rise and faflented elsewher3]. Similar tests of waiting time effects
event can alter the adsorbed water molecules on the surfaggre carried out for the falling experiments and we found
and they become part of the disorder for the next event. Ifnat the data were reproducible 100.5 pixel, within experi-
addition, discrete movement of the entire meniscus suggestgental tolerance. Fits to E425) always resulted in an ex-
that the correlation length exceeds the system sizer{, in - yonentg consistent with unity. We also fitted the data to the
which case fitting the data to E(Q_S) would be inappropri- exponential function of Eq(26) that corresponds t@=1.
ate. Such analyses are only _vahd Whe_n small parts of th_We found that the resulting parametets.( ;) agreed with
contact I|ne_ undergo discrete jumps while the average poereq,TW) obtained from Washburn fits of the coarse scale
tion of the line appears to change smoothly. In other wordSg a3 This result reinforced our conclusion that there was no

the roughness in thR tubes is too large and the observed ygtectable pinning effects in the falling experiments.
stick-slip behavior could be caused by finite-size effects. In

the Stubes, the surface roughness is weak and the movement
appeared to be continuous, but the disorder was shielded
from the contact line by a wetting film during the fall experi- ~ Since the analyses of the capillary rise data did not result
ment. Only in the rise experiments was the power-law bein a unique value fop3, one may question if E¢25) is the

C. Empirical fits of the data

havior observed. correct description and whether other empirical functions
may fit the data better. To address this issue, we fitted the
B. Waiting-time effect data to three different empirical functions:
To test the above explanation, we performed repetitive H,—h;
runs in S tubes by varying the waiting timeAt) between h(t)=H¢— T+ CI[1+(—t/m]’ (27)

successive rise experiments because the structure of the wet-

ting film is expected to change durint and this would h

have an effect on the data. We variad in the following h(t)=H,— L (28)
manner. We first closed the valve leading to the water cap so 1+[(t—ty)/7p]P
that the pressure above the water column could be controlled

by the syringe. In each run, the meniscus was first raised tand

the top of the image field to fully wet the interior wall. It was

then lowered beyond the imaging field. After some time, we —t)°
opened the valve and let the water column rise. Although the h()=He=(Hc— hl)exp{ _( e ) :
waiting position of the meniscus was not directly observed,

we tried to keep it the same by displacing the same volumall three functions begin from the initial conditiorh, t;)

of air with the same flow rate that resulted in a meniscusand approachi, ast—o. The use of logarithm, power-law,
velocity of about 1 mm/sAt is measured from the moment and stretched exponential is intended to capture a wide range
the meniscus passeég,, on its way down and the moment it of dynamical behavior empirically. Each of these functions
reenters the frame on its way up. This is the total time availwas also constructed to have three adjustable parameters just
able for the wetting film to reorganize. We found that the riselike Eq. (25) so that a fair comparison of the fitting errors can
data were not reproducible. Figure 11 shows that the rise ibe made. For each data set over the same fitting range, fits to
generally slower with increased waiting tinet, and this  these functions were performed and the standard deviation
corresponds to a larges. It is important to emphasize that &h of each fit was recorded. A fit of the same data to 2§)

At only affects the data near the pinning threshold and notvas also carried out to obtain a standard deviatdbr.

(29
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FIG. 14. Interface velocity=dh’/dt (or capillary numbecCa)

give errors that are larger than the power-law fits. The standardre plotted against the reduced driving fofce(H;—h')/Hg,, on

deviation of the empirical fits §h) are normalized by the corre-
sponding one for the power-law fith). Overall, the power-law
describes the data best, though the runs \gith2.5 are quite well

described by other functions.

Figure 12 depicts the ratiéh/ sh for various data sets that

log-log scales for a 180- and a 2@0n Stube. Note that the power-
law behavior of Eq(1) was typically observed fof <4, but the
exponentB, as given by the slope of the plot, is nonuniversal.

diameter. For the falling data, the valuesdaf,; are usually
slightly smaller than those for the rising data. This may be

correspond tg8 between 1 and 4. We note that for data setsdue to the fact that the disorder is shielded by the wetting

that correspond t@>2.5, all three empirical functions fit
the data about equally well as E5). However, for the data
sets that correspond {6<2.5, they give larger errors than
Eqg. (25). Only the algebraic function matches E@5) on
some data sets. The other two functions ghreup to four
times as large agh,. Thus Eq.(25) gives the best descrip-
tion of the data overall, but the algebraic function in E28)
works almost as well.

The standard deviationgh, of the fits to Eq.(25 are
depicted in Fig. 1&). We find that they are on the order of
the intrinsic noise and resolution of our apparatush(
==*0.13 pixe) and there are no correlations with the tube

rising data

Tl J0.30
1611+ falling datal®
L4 . 1025~
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FIG. 13. (a) Standard deviations of the power-law fit# z, are
plotted against the ID’s of the tubes. Each point represents a sep
rate run. Thawhg is less than 1 pixel shows that the fits work very
well. (b) The exponentB obtained for different tubes versus the
ID’s. Note that all capillary fall runs give8 close to unity, but the
rise experiments havg between 1 and 4 regardless of the tube
diameter.

film and there is less intrinsic noise in the dynamics. Figure
13(b) shows the exponent8 obtained for the various tube
sizes. We note thgB is always larger than unity, ranging
between 1 and 4. The values show no systematic trend with
the tube radii, but there is a clear difference between rising
and falling columns. For the falling experimengsjs always
close to unity, but for the rising experimersvaries widely.

It is safe to say that we did not observe universal behavior.

D. Strength of disorder

In addition to the actual values of the exponghtit is
also important to know how the strength of disorder affects
the size of the critical region and other parameters in the fits.
For example, if the fits were not purely empirical, one would
expect the critical region to scale with the strength of the
disorder in the system. Since the falling experiments give the
equilibrium heightH, for every tube and the pinning height
H. is known from the rising experimenit]g,,= Heq—Hc is
a natural measure of the disorder for every tube. To identify
the critical region, we show in Fig. 14 plots of the velocity
v=dh’'/dt versus the reduced driving forcef
=(H¢—h")/Hgq, for two different cases. The two data sets
are replots of the originah versust data shown in Figs. 9
and 11. The fits to Eq25), not Eq.(24), are represented by
straight lines on the log-log scales. It can be seen that the
noise in the velocity data is much worse than theersust
data because of numerical differentiation, and the problem is
most severe in the low velocity limit. Data points at high
velocity not used in the original fits are included to show the
departure from power-law behavior. We observe that the
power-law fits in Figs. 9 and 11 hold over two to three de-
cades in the velocity (or Ca), which is as good or better
than previous studies. Whes is close to unity(1.24), the
data span a similar rangefinFor largerB(=2.05), the range
in fis necessarily reduced because the velocity data reach the
noise floor at smalf values. We should note that both fits
have an upper limit neaf~4 and Ca~10 ’. They also
have about the same lower limit in the velocitfCq
<10°9), which is smaller than most previous experiments.
Although only two cases are shown here, we found similar
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FIG. 16. Following Eqs(32) and(33), Hg,p anduy are rescaled

FIG. 15. Hy,, is @ measure of the disorder strengt#).and(b) ~ © remove their intrinsiar deEer?dence. However, plots brgap
show the empirical correlations betwebly,, and the two param- ~ Versusg in (a) andH g, versusv, in (b) do not show less scattering
etersB and v, in Eq. (1). Each point in the plot is obtained from a as compared to Fig. 15. We attribute the scattering to unknown
pair of consecutive rise and fall runs. There is less scatterifg)in ~ Microscopic changes on the surface.
and it suggests a proportionalityecH?2

s ning forceF . is proportional to the square root of the number

critical regions in all the fits. This suggests that there aredf defects encountered by the contact line. Since the length
some underlying physical reasons for the form of By)  of the contact line is 2r, we expectF.=r. The actual
despite the fact that there appears to be no universality in thealue of this force is given byrr?pgHg,,. Thus we can
exponents. write

In our analyses, we also explored if the strength of disor- 5
der affected either the exponefitor the amplitudey, in Eq. mr2pgHgap=F e, (30
(24). Figure 15 shows how 4, is correlated with these two
parameters. We observe thaiis generally smaller for larger
values ofHy,,. This could be explained by the fact that H
stronger disorder would cause the movement to come to a
more abrupt stop and, according to the behavior depicted igonsistent with the expectation thhity,,—0 asr—o. A
Fig. 3, that corresponds to a smaller exponent. In contrashormalized measure of disorder for different tube radii may
the data shows that the amplitudgincreases strongly with be given by
Hgap. An empirical fit to the formuy *Hg,, results in a B
large exponenk=23.1(3). Thecause of this behavior is un- Hgap=(Hgap 3. (32)
clear. Although one would expect stronger disorder to cause
the velocity to deviate from the Washburn behavior moreSimilarly, based on Eq¢18) and(19), we expect the veloc-
readily, this effect is already accounted for in Eg4) by ity in different tubes to have an intrins'rcdependence given
using Hyap to scale the driving force. The real reason isby Heq/ Twer?. Thus it is appropriate to define a rescaled
perhaps that because all the fits to E24) have about the Velocity
same upper limits for andf, smaller exponents must corre- ~
late with larger amplitudes. A plot af, versusg confirmed vo=1o/1? (33
zgggeﬁnzog:'ﬁfgnngd 't exhibits about the same level 0Emr different tube radii Figs. 18) and 16b) show plots of

Figure 15 may not be a fair representation of the effects otHgap Versusg andu, respectively. They show qualitatively
disorder becauskl y,, is clearly dependent on the tube ra- the same correlations seen in Fig. 15 with about the same
diusr and we have not corrected for this intrinsicepen-  level of scattering. A fit of the data in Fig. {§ to the form
dence. PhysicallHy,, must go to zero as—. To com- voocHgap results inx=5. This may be purely empirical con-
pare the strength of the disorder in different tubes, we shouldidering the scattering of the data points.
find ther dependence and normalitgy,, accordingly. We Taken together, these results show that @¢) describes
note that, assuming uncorrelated disorder, the threshold pirthe data very well. The fitting parameters show reasonable

which gives

gapoc r B 3/2! (31)
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correlations with the strength of disorder, but there is no F(y)
evidence of a universal scaling exponent. The waiting time +0.01 0.00 -0.01
dependence. suggests that_thg wetting f_|Im on the surface 1.0001 Jpu——
plays a crucial role in the pinning dynamics. Clearly, when D
the film has more time to reorganize, wet or dewet, it would 09981 ==
alter the exposure of the surface roughness. Whether the 0.996] .. ‘_i
physical changes are discrete molecular movements or con-,, 5 -/
tinuous hydrodynamic flouspreading or drainings beyond 0_994_< ' an
our detection in this experiment.
09924 <
== l single defect
VI. NUMERICAL SIMULATION 0.990 1 T T T
0 2 4 6 8 (@)
A. A one-dimensional model for theR tubes X%y
F(y)

The analyses in the preceding section cannot be applied to
the rough(R) tubes because the stronger disorder caused the
contact line to execute discrete jumps near the pinning
threshold. To better understand this behavior, we carried out
a numerical simulation to compare with the data. We note
that the stick-slip behavior seen in Fig. 10 results from the  gq |
fact that the sizes of the avalanches are not much smaller
than the total length of the contact line, i.e., it is a kind of  .994.
finite-size effect. In the extreme limit, the entire contact line
executes discrete jumps and the system becomes effectively 0.992
one dimensional. By studying a 1D model with quenched
disorder, we can determine if the experiment was actually in  0.990
that limit and what effects are important in the real systems.

In addition, we can investigate the effects of the defect
strength and spatial correlations which we cannot easily con- F|G. 17. Examples of simulated capillary rise data using the
trol in the experiment. Our starting point is a generalizedone-dimensional model represented by Ef). The random pin-
version Eq.(16), ning force F(y) in (a) is generated by superposition of 300 ran-
domly placed defects, each having the same strength and the same
form shown in the insef (y) in (b) has power-law correlations that

+0.01 0.00 -0.01
000 4

0.998

(b)

2(h+h d—h=2 6— mr?pgh
parr<( O)dt r y COSO— 71 “pg

dt correspond to self-affine surface roughness. In each plot, we show
dh three simulated rise curves that correspond to three different ampli-
—87777(h+h0)a+l:d(h), tudes inF(y).

(34) B. Results

The first type of defects we studied are uncorrelated pits
which is just a direct application of Newton’s second law. and bump's on the. surfagﬁeee .F'g' 48.)]' The pinning force
The left-hand side is the rate of momentum change of th&Ue t0 @ single pitis depicted in the inset of Fig(d7It has
fluid column. The details of the flow field near the inlet and @ general feature of having a positive maximum followed
the meniscus are ignore@See Ref[3] for a discussion of PY @ negative minimum agincreases. This shape was sug-
this approximation. The relevant forces are on the right- 9€Sted by Raph&@nd de Genne3g]. For simplicity, we

hand side:F4(h) represents the quenched random pinningustad.the defi"a“"e of a Gﬁussian.'The changel.in SigR IIEI
forces distributed along the direction of motion. Using theW!th Increasingy means that a rising contact line would
normalized time and height variables,y) defined for Eq. speed up on approaching the pit and slow down after passing

(21), the equation can be expressed in a dimensionless fornt1r:1.e deepest point. A falling contact line would do the same
with decreasing. A bump on the surface can be represented

by reversing the sign oF in the inset of Fig. 1{@): the
dy contact line would first deccelerate and then accelerate upon

=(A=y) -y g TR, (39 passing through it. The traces on the left half of Fig(al7

represent the same force profiy) with three different

pinning strengths and those on the right half of the figure are
wherea=87,7/r?p, andF(y) = Fd(h)/[wrng(Heq+ ho) ] the corresponding simulated capillary rise data. The standard
is the defect force normalized by the weight of the equilib-Washburn behavior is included as reference and represented
rium water column. By assuming different amplitudes andby the smooth solid line. The force profile was obtained by
spatial correlations foF(y), we can integrate the equation placing 300 pits randomly in the last 1% of the rise below
numerically to see how(x) compares to the experimental the equilibrium height. For simplicity, the size and strength
rise and fall data. The techniques of integration are standardf all the pits were kept the same. The distance between the
[55] and they are described in details in Re]. maximum and minimum oF (y) was set at X 10~ * (or 5%

dy
Y dx

1d
a dx
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of the region of investigation The pinning strength was var-

ied by changing the maximum force=(,) of the single 0.008 1

defect. The three cases in the figure hayg,=6x10 %, 9 ¥ a=01

X104 and 1210 “. (By definition, F=1 corresponds to 5@ 00064

the weight of the equilibrium fluid column inside the tube T 0.004.

and it has a length dfi+hy.) As one would expect, with - '

increasingF ., the contact line stops at a lower position. & 0002 N~ d(aH)/dA = 2.03
This pinned position is always slightly below a negative peak

in F(y), i.e., the contact line stops when it encounters a local 0.000 , . . ,
maximum in the(downward pinning force and does not 0.000 0.001 0.002 0.003 0.004
have enough momentum to go over the barrier. Before reach- defect force rms fluctuation A (a)
ing the final position, the contact line barely passes over

several barriers and its velocity would come close to zero 24.

each time. Thus thg(x) data resemble the experiment data 23]

in Fig. 10. That the repetitively runs in the real experiment < 99 { { { I

ended in different final positions may be explained by the Z I I

fact that there were changes in the wetting film thickness and o214 I

they modified the overall strength of the pinning force. How- 5 2.0 L]
ever, an important difference from the 3D real system is that, 1.0] }

while the velocity speeds up and slows down in the simula- 18 J

tion, there are no genuine singularities or true stick-slip ]

events. In other words, even when the real contact line is 10 12 14 16 18 20
limited by finite-size effects, it still has an infinite number of fractal dimension D,,
different configurations. If a part of the line is pinned by a (b)

strong defect, cher parts can .SlOWIy rearrange_themselves. FIG. 18. In the 1D simulation of capillary rise with spatially
When the elastic energy Store_d in the deformed line be_com%rrelated pinning force, the pinned heidht depends on both the
larger .thanl the potential barrier of 'Fhe. strong defect, it carbxponenh (=2-D,,) defined in Eq(36) and the rms forcé\. (a)
result in a jump over the defect. This is the essence of avasygys thaH,, decreases linearly with for a given value ofx. (b)

lanches and it cannot be represented by the 1D model. Asows that the sensitivity o is strongest for between 0.3 and
other important feature of Fig. 10 is that the amount of timeg 6, orD,, between 1.4 and 1.7.

the contact line takes to depin from a strong defect varies
from run to run. In contrast, the simulated behavior is detersjon D, can be varied independently. The right half of Fig.
ministic. This can be attributed to the fact that there are17(ph) shows how the simulateg(x) data(dotted ling com-
always background temporal noise and vibrations in the reghared with the referenced Washburn behavémlid line). A
system that can help sections of the contact line get ovephird trace (dashed ling shows the simulated data for the
small barriers. This effect is also absent in the model. same roughness profile with half the force strength. As in
To contrast with the uncorrelated pitS model diSCUSSE¢ig_ 17a), the weaker pinning force results in a higher final
above, we studied the effect of defect forces with algebrai(bosition_ In both cases, the eventual pinned position corre-
spatial correlations. The force-force correlatiomésumedo  sponds closely to a local maximum in the downward force.
be given by Unlike Fig. 14a), however, there are no other well-defined
_ _ sticking points where the velocity is nearly zero. The reason
G(N=([F(y)—FI[F(y+r)—F])y=r*, (36 s that the defect force fluctuates randomly at a length scale
. equal to the resolution we carried out the integration and so
where F is the average force, is a spatial distance over the neighboring peaks and valleys in tRéy) curve coun-
which the correlation is calculated, aid, denotes an av- teract the effects of each other. They cause the contact line
erage over all possible choices wof The left half of Fig. velocity to fluctuate on the same length scale without coming
17(b) shows an example of a defect force profiley) overa  near a complete stop until the line comes to its final position.
1% distance below the equilibrium height. It was generatedro understand this effect better, we carried out the simula-
with a=1/2 and the(fractal) Hausdorff dimension of the tion with different values of the fractal dimensiobg; and

profile is given by[56] rms force strengthh to see how they affect the final pinned
heightH.. For eachDy, 100 different force profiles were
Dy=2—a=3/2. (37 generated, and the rms force of each was varied between O

and 0.004 in increments of 0.0005. Equati@®) was inte-
This kind of force profiles may be applicable to surfaces withgrated for each case to determine the pinned heights and
correlated chemical defects or geometric roughness, but theeyeraged over the 100 realizations. Figuréal&hows an
is no first-principle proof of how these surface propertiesexample (with «=0.1 or Dy=1.9) of how the pinning
affect the exponent. The algebraic form of the force cor- heightH. changes with increasing rms forée The differ-
relation is intuitively reasonable and offers a comparisorence betweehl . and the equilibrium heightl . is expressed
with the uncorrelated model above. The technique for generin terms of a dimensionless variabf#l .= (Heq—Hc)/Heq
ating the profile is described in Rdf3]. We note here only and we found thaH, increases linearly wit\. The error
that both the rms force fluctuatiomsand the fractal dimen- bars inSH. represent the standard deviations in the 100 re-
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alizations. The slopd(6H.)/dA for different fractal dimen- temperature. By applying a small offset to the data to com-
sion Dy are summarized in Fig. 18). It is interesting to  pensate for the change in surface tension, the data from dif-
note that the maximum slope occurs with intermediate valueferent runs all fell onto a single curve. We can therefore

of Dy, or a=1/2. safely conclude that our falling experiments with ®&ibes
were free of pinning effects within experimental resolution.
VII. DISCUSSIONS AND CONCLUSIONS The same cannot be said about the capillary rise experi-
ments.
A. Summary of experimental results For the rising data in th& tubes, we found that fits to Eq.

We have studied the dynamics of capillary rise and fall(25 always gave8>1 and the result varies from run to run.
over a range of contact line velocity that spans approxi-The final height of each run always came within a few mi-
mately six decades: I8 um/s<v<10* um/s. This corre- crons of the falling datdsee Fig. 83)]. It implies that the
sponds to capillary numbers over a range ¥8cCa  disorder experienced by the rising contact line was extremely
<10“. There are two regions of distinct behavior. Foa ~ Weak, yet the effects are clear because the Washburn equa-
=107 we find that the results are well described by Wash-ion and the exponential function do not fit the data near the
burn equation and the surface disorder is unimportant. FoRinning threshold. The algebraic form of E@®5) fits the
Ca=10"", there is much evidence that the microscopic de-data the best, but the exponetvaries between 1 and 4,
tails near the contact line affect the macroscopic behavioglearly inconsistent with the RG prediction gf~2/3 [15].
considerably. Surface roughness is only one of many posthe larger observed exponent implies slower dynamics. One
sible sources of influence though it has often been the focdtossible explanation is that the theory does not take into
point of theoretical discussions. There are many other factordccount the fact that the fluid volume is a conserved quantity
that can play a role in real systems and it is difficult to isolate2nd the movement of the contact line requires a finite amount
the effects of surface roughness to compare with the theorie8f time to transport the fluid according to the appropriate
Nevertheless, our results provide useful information and inhydrodynamic equations. Instead, the theory only considered
sights on contact line dynamics. the energetics associated with the interfaces joint at the con-

By using a microscope to visualize the meniscus near th@ct line. This is analogOUS to treating domain-wall dynamiCS
pinning threshold, we were able to directly observe stick-sliph & magnetic system in which a cluster of spins can all flip
behavior in those capillary tubes with rough interior walls. instantaneously to cause an avalanche. That the dynamics in
This lends support to the qualitative picture of dynamicSUCh systems with nonconserved order parameters is faster
phase transitions in systems with quenched disofdét. than those with conserved order parameter is well established
However, in the consecutive rise and fall runs, we found thatn the study of equilibrium phase transitiof%7]. We expect
the amount of time it took for the contact line to depin from the same to hold for dynamical phase transitions but this is
the strong defects was random. This implies that either th&0t a solved problem. We should also emphasize that even if
disorder in the system was slowly changing, or that thesuch theoretical analyses exist, they would not explain why
thermal/temporal noise in the system played an importantepeated runs could give different values®fClearly, other
role. These two possibilities cannot be distinguished. Thénonuniversal effects specific to the system have to be con-
fact that we were able to resolve individual avalanches imsidered.
plies that the data were limited by the finite size of the sys-
tem and they cannot be compared to the continuous behavior B. Effects of viscous dissipation
of Eqg. (25). Unfortunately, we were unable to study the sta-
tistical behavior of the stick-slip dynamics in terms of the
time and size distributions of the avalanches because it w
impractical to study a large number of sample tubes wit
different disorder configurations. In order to determine th

The first effect to consider is viscous dissipation associ-
ated with the breakdown of the no-slip boundary condition
dFear the contact line. We note that the derivation of (=13
Ns based on the assumption that the contact angle is indepen-
€dent of velocity, which is unphysical. A more correct treat-

exponent in Eq. (25), we could only use capillary tubes nent of capillary rise should include a velocity-dependent
with much weaker disorder so that the individual avalancheayn‘,jmiC contact angle in Eq(16) and analyze the

were below our experimental resolution and the length of th%symptotic behavior in the low velocity limit. The usual re-

contact offers sufficient statistical averaging. Tibes we lationship used for the dynamic contact angle(ége e.g.
used appear to meet these criteria and they gave results tr[gtl]) '

were distinctly different from th& tubes.

In fitting the Stube results to Eq25), we found that the L
falling data always gavg~1. Since the exponential func- 0039d=0036’a—AcaB—D< In -
tion in Eq.(26) also corresponds t8=1, we fitted the fall- S
ing data to the exponential form. We found that the time
constant was always consistent with the Washburn value where#, is the static advancing contact angle. This equation
which could be determined independently by either fittingis a modification of Eq(8) with an added term linear i€ a.
data far from the pinning threshold or by direct calculation|t arises from the intrinsic viscous stress which is always
using Egs.(18) and (19) with the known experimental pa- more important at higher velocitiek.is a macroscopic cut-
rameters. The final height within the image field () was  off length related to the system size dnds the microscopic
found to be reproducible to withirt 3.5 um upon repeated slipping length of the order of 10 AD (=5) is a dimen-
falling runs in the same tube. The variation results fromsionless constant. The nonlinear term on the right-hand side
changes in the surface tension due to small instabilities in thef Eq. (38) is more important in the low velocity limit

Ca, (39)
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20 C. Effects of controlled velocity versus controlled force
1 le cutoff L =7 =0.1 . . —
H1ge seae euto rA ne A more important point to consider is whether the contact
154 slipping length /, = 10 line is driven by a constant force or driven at a constant
D=5 velocity, a subtle distinction emphasized by Rajplemel de-
A=4 Gennes[38]. With an imposed velocity, the contact line

5

B=1/p would sweep across all surface defects no matter how strong
] B=13 they are, because the elastic energy due to the surface tension
B=2 would always exceed any pinning barrier when #werage
0 " o S - ', position of the line is moved far beyond the defect. The
10 10 10 10 10 . i
Ca power-law behavior of E¢(24) results from averaging over
the fluctuating force on the line, which is alwagsnzero
FIG. 19. A plot of the ratio of the linear to the nonlinear term in The situation is different in a real experiment such as ours
Eq. (41 for p=1.5 andB=2 shows that, even foB not much  where the applied force is givéthough not necessarily held
larger than unity, the linear term Da contributes less than 5% for  constant and the velocity is allowed to fluctuate. For certain
Ca<10 . realizations of the surface disorder, the contact line may
move at a velocity much less than theeragevelocity that
because the eXponeBt: 1/B<1 in our system. SUbStltUtlng Corresponds to the given app“ed forEe inc|uding v=0.
64 for 6 in Eq. (16) and dividing the entire equation by Thjs is because the threshold pinning fofeerepresents an

DIn(L/IYCa | ACa® (%)
w o

2mry yields average over all realizations for an infinite system; it is not
the property of any single realization. A real contact line is of

4 8 L pgr finite length and it does not sample all possible realizations

7 (h+hg)Ca=cosf,—ACa”—D| In I Ca—gh- of the disorder of a given strength in a single sample tube.

(39) Every experimental realization eventually stops irva0
state, but the residual forde is likely to be still above the
average pinning forcg., because once the line stops, it can
no longer explore other configurations.

The problems associated with a controlled-force experi-

Solving forh+hq gives

B 1 ment can be viewed in different ways. First, we note that the
h+h°_(4Ca/r)+(pgr/27) theoretical velocityv is given by the statistical average
(dh/dt). In the experiment, the travel distanad is set by
L par the image field and the real measurement is on the travel
_ B_ — P2
X|cosf,—ACa D(In I Ca+ 2y ho}' time At, which varies from run to run. Thus the measured

velocity reflectsAh/(At) while the theoretical velocity actu-
ally corresponds toAh-(1/At). In general, we expect
1 At)#(1/At). In a constant-velocity experiment, this dis-
For low capillary numbers and under typical experimentalinction is unimportant because the system spends equal time
conditions Ca<10"’, r=~0.1 mm), the ratio of the two in each configuration. In a controlled-force experiment, the
terms in the denominator is (la/r)/(pgr/2y)<<0.06%. system spends more time in the deeper metastable states and
Hence we can ignore theéa-term in the denominator of Eq. the inequality holds. Hence the disagreement between theory
(40) and simplify it to and experiment is actually not surprising. This problem is
compounded by the fact that real contact lines are of finite
length and real experiments do not sample all possible real-
. (42 izations of the disorder or all possible line configurations. To
appreciate these effects, we can consider how the ideal be-
havior depicted in Fig. 1 would be affected. The proposed
The relative importance of the linear and nonlinear terms irphysical picture near the critical point is that sections of the
Cais illustrated Fig. 19, where we plot their ratio as a func-contact line would be pinned for a long time and depin via
tion of Ca over a range that covers the pinning region in ouravalanches triggered by small movements in other sections.
experiment (101'<Ca<10 7). The numerical values used For a finite-size system, the metastable section can be the
in calculating the ratio are given in the figure and they areentire line, hence a slowly moving state~0) for the infi-
typical of the experimental parameters reported in the literanite system can become a truly pinned state=0Q) for a
ture[49,31,41,47,5R We calculated the ratio for two values finite-size system. Even for an infinitely long line, inad-
of B. Even for 8 not much larger than unity, the linear equate statistical sampling implies that the threshold férce
Ca-term contributes no more than 5% at the highest velocityis ill defined, becaus€ . is defined theoretically as an aver-
Using Eq.(41) to fit some of our data confirmed that the age value for all realizations of the disorder. An experiment
viscous dissipation represented by this term is unimportanperformed with a single tube can in fact reach a pinned state
[3]. Thus, to a good approximation, the linear term can bevhen the driving forcé- is still above this theoretical thresh-
ignored, and Eq(41) is reduced back to Eq24). This rules old F.. A constant-velocity experiment, by definition, does
out the possibility that our data were affected by viscousnot sample any of the/=0 states, but a controlled-force
effects and justifies our use of E@5) for analyses. system can be trapped in one indefinitely. In other words, the

(40)

2 L
h="-" cosaa—ACaB—D( In —
par

Is

Ca
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) range of capillary numbers considered. Clearly, the details
’ . matter. Although we did not obsery@<1 as predicted by
. ’ O : the renormalization-group analyses, that possibility is not
) X ¥ completely excluded, because we did not analyze runs that
, W e : haveH g, larger than several hundreds of microns. In those
f "" =) - runs, the rise stopped abruptly, which is not inconsistent with
T 5 ’ the <1 behavior depicted in Fig. 3. However, since the
ﬂ ﬂ) ! gy (D . h(t) data up to the pinned position are well described by the
; .

/" Washburn equation, we cannot distinguish whether the line
¥ o is pinned by a single strong defect or if there is actually a
3 ; W N . | small critical region which we could not resolve. The main
JJ 2 ' j point we want to emphasize here is that the variability in our
- ‘ experimental results fg8 is consistent with the fact that the

FIG. 20. After a large water drop passes over an uncleaned glaggeoretlcal value also varies widely W'th the details of the
slide, many micron-size droplets remain stuck on the surface anHdeIS’ even though they all result in the same power-law
they can be seen readily under an optical microscope. The existené@M- o _ - _
of these droplets implies that there are strong deformations in real The variability or irreproducibility of our experimental
moving contact lines that are excluded from the theories. Thesgesults should be distinguished from the findings of other
fluctuations are more important in constant-velocity systems than igarlier experiments as summarized in Table Il. There are
controlled-force systems. many factors that could have affected the previous experi-

ments but not ours. First, we have shown that the measure-

v=0 states have no effects on constant-velocity systems b ments were sensitive to small changes.in the temperature due
they have the strongest effects in controlled-force experi-0 thermal effects on the surface tension. Duréral. [S8]

ments, because the difference betwedm iy and(1/At) is E;"r‘]ver alﬁo ri‘gtit]ji;[lé:t, in mewtﬁ?pkg]lary nsfetﬁxpsvnrtr:ienntsl u3|rr19
accentuated by these pinned states. ary liqu ures, the thickness of the wetling faye

Another important factor to consider is the rolestfong g:?ngﬁzl V\Qgg;antg :‘trc;ﬁnrl?:se\(/:\}ig'l?;isxltr?].KAISna::cr)i?rua:gtwe
deformationsn the line shape. Theories in the spirit of Eq. Y y ~ : ’

(9) assume weak deformation in the sense that the line shaﬁgarn}[/ rpre\\llvli?rl:smexpherllmentst Vk\;(ialirte pgrfrorrr:(e(:nalt roli)/lmnflem-
is represented by a single-valued function. The possibilitie?e ?Fgg] tated u;: ess ts a i {;'I'to f;]za%?eé ud ey
that strong surface defects may cause overhangs or comple%a' stated a temperature stabiiity 0 - Second,

ruptures are excluded. Figure 20 illustrates a common phec have used deionized water as both the cleaning and the

nomenon: when a drop of water passes over a dirty glaS@ea§uring qugid tp minirr!izg chemi.cal'complications. Many
surface, smaller droplets are left behind. This is the result o tdies used |mm_|SC|b_Ie Il_qU|ds or I'q.u'd mixtures for which
strong pinning defects that cause a moving contact line t he surface chemlst_ry is either complicated or unknovv_n. The
first form overhangs and then break off. These strong qucprOtOCOIS for cleaning the surface undoubtedly varied as
ell, and they may have eteched the surface or left behind

tuations occur when the velocity is held constant and th reian molecules. Th factors are probablv r nsible for
applied force is allowed to fluctuate with no upper bound. In oreign molecules. 1hese faclors are probably responsibie 1o
the very weak surface disorder in our system such that our

a controlled-force experiment, these fluctuations are sup- ; thad 1o b ¢ dd ¢ h
pressed because they are separated from the weakly fluctgPeriment had to be periormed down to a much lower range

ating modes by large energy barriers. Near the pinnin f capillary numbers. Since physical mechanisms operative

threshold, the net driving force is weak and the line would ben;[;;dri]f;frsgtéﬁggt?ydf;ﬁ;’:rlg dbfoqrﬂ:’]sizgrrﬁglt’,SOtLLJerIi’::UI'IE?]at
stopped by the barriers instead of passing over them. Eq. (1) was uniformly adopted to fit the data could be acci-

dental. We note, for example, Stokesal. [49] observed a
static advancing contact angle of 65° and a receding angle of
We argued above that there are intrinsic reasons for tha5°. This large difference implies that their system had
experiment to disagree with the theories and, in fact, it is nomuch stronger disorder than ours and their measurements
unreasonable to find different behavior from run to run beiwere made at capillary numbers several orders of magnitude
cause the disorder may not be completely quenched arltigher. There is n@ priori reason to believe that the same
small background noise is unavoidable. There is much evimechanisms are operative in the two studies and that the
dence that small changes in the system can lead to largesults should agree. A related issue is that most experiments
differences in the result. Theoretical predictions summarizedid not clearly identify the critical region or established a
in Table | actually support this conclusion. We note thatmean-field region with different behavior. In contrast, we
most of the mean-field theories predict pinning exponghts have shown that the mean-field Washburn equation describe
in the range of 1/Z2B<2. The capillary-wave excitation the falling data completely and worked well for the rising
mechanism proposed by Sheng and ZH8(@] predicts 2  data to within 100um from the pinned height. In Sec. V D,
< B<, with the exact value depending on the smoothnessve noted that Fig. 14 and other similar plots of our data
of the edge of the surface defects. These theories all contatonsistently found that the upper limit of power-law behav-
some microscopic details, such as the wettability of the surior occurs at a reduced driving forde=4. The power-law
face, the character of the heterogeneities in the system, tiferm of Eq. (1) is typically obeyed over two decades in ve-
mechanism by which the contact line advances, and th&city, down to our noise level. Thus, despite the variability

D. Concluding remarks
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in the exponenB, there is some consistency in the size oftuations are comparable to or larger tHanthe contact line

the critical region and it lends some confidence that(Ergis ~ becomes ill defined. Such molecular-scale details irstime

not purely empirical. ping regionnear the contact line would ultimately control the
Perhaps the most important findings in our experiment arghacroscopic dynamics. We should note that Duréral.

that the dynamics of the capillary rise and fall are different(58] have also independently concluded that microscopic

near the pinning threshold and that the waiting time affect$hanges of the wetting layer inside a capillary tube can have

the rise dynamics. These are compelling evidence that thdramatic effects on the macroscopic behavior. To carry our

nature of the wetting film on the surface plays a crucial role/€asoning one step further, we must conclude dfaticro-

in the macroscopic contact line dynamics. That a longefCOPIC details near the contact line on the size scalg afe

waiting time resulted in slower dynamics, a larger ¢hg,  'mPorant regardless of whether they are related to surface

and a larger exponeng are intuitively reasonable as we roughness, wetting fllms,' or molecular interactions. This is

expect the wetting film to become thinner with time and because the slipping region becomes the bottleneck of con-

: defects. Similarlv. that th di tact line dynamics near the pinning threshold and the nature
expose more surface detects. simiarly, that the recedinge ;s potieneck determines how the water molecules would
contact line in the falling column showed no pinning effects

. . ~~“>move through it.
can be explained by the fact that it always leaves behind a | a1y we should reemphasize that while the existence of

wetting film th_at shields the surface defects. It is interestingy a1anches has been confirmed, the prediction of universality
to note that, in a recent study, Salmerehal. [S9] used iy gynamical phase transitions was not borne out by our
scanning probe microscopy to investigate water films adsydy. This may be no fault of the theory in the sense that, at
sorbed on mica surfaces. Th_ey fpund that ;he 2D structure By near the pinning threshold, the system is simply in a most
molecular layers changed with time at various humidity lev-gejicate state which is infinitely sensitive to any perturbation.

els. Changes on the scale of a few microns were seen in Reg| physical systems invariably have many perturbations
few minutes, presumably caused by thermal excitations. Alhat would cause the behavior to deviate from the scaling
though our experiments were performed in 100% relativeyedictions. In approaching a dynamical transition, each

humidity, we may expect similar thermal fluctuations in the sma)| imperfection leads the system further down a path that
film thickness over the same time scale. Thus the disorder ieparts from the ideal behavior and the effect is cumulative.
the system is not completely quenched. To the extent that Wenis may be why the universality predictions have not been

believe the wetting film plays a crucial role, it is then not qnfirmed inany experimental system, yet the avalanche be-

surprising that the data varied from run to run even if therénayior is often observed. If the avalanche models could be
were no other changes in the system. generalized to incorporate the details of the transport mecha-

~ From a theoretical point of view, the fact that the wetting nism and the effects of conservation laws, it will undoubt-
film affects the dynamics is a logical conclusion. As men-edly add to our understanding of the problem.

tioned in Sec. II B, molecular-dynamics simulations have
demonstrated that the conventional no-slip boundary condi-
tion in continuum hydrodynamics breaks down near the con-
tact line. The stress singularity associated with the contact This work is supported in part by the National Science
line is removed by introducing slipping length [~10 A , Foundation under Grant no. DMR-9404672. Acknowledg-
which is comparable to an adsorbed wetting film. Clearly, inment is also made to the Donors of The Petroleum Research
the presence of such a film, the liquid-vapor meniscus joing-und, administered by the American Chemical Society, for
onto it smoothly and this would have an effect on the fluidpartial support of this research through Grant Nos. 32191-
motion. In particular, if the film thickness or its thermal fluc- AC2 and 34711-AC2.
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