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Dynamics of Contact Line Pinning in Capillary Rise and Fall
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The dynamics of water columns rising and falling in vertical glass capillaries are studied near the
pinning threshold. In tubes with rough interior walls, the column heighds a function of time
t exhibits stick-slip behavior. In tubes with smooth walls, falling experiments show no pinning
effects, but rising experiments exhibit critical behavior with nonunique exponents. We argue that
this is due to the fact that fluid has to be transported in a microscopic wetting film which does
not have a stationary structure. Similar restrictions can affect avalanche dynamics in other systems.
[S0031-9007(98)05750-0]

PACS numbers: 47.60.+i, 05.40.+j, 68.10.—m, 68.45.Gd

That raindrops stuck on the window can trickle down In order to minimize chemical complications, we have
or stop at random times is an intriguing phenomenonchosen to study the vertical rise and fall of deionized
Qualitatively, it seems obvious that the air-water contactvater in cleaned glass capillaries, subjected only to the
line is pinned by the random potential on the glass surfacenatural gravity, viscous, and interfacial forces. For tube
We expect a drop to move when its weight exceeds theadius r, the equilibrium height of the water column is
pinning force and to stop when it encounters strongegiven by H., = 27y cosf/rpg, wherey is the air-water
pinning forces. This kind of stick-slip behavior has beensurface tension§ the contact angley the water density,
proposed as an essential feature dyinamical critical andg the gravitational acceleration. With pinning effects,
phenomengl] in which a randomly pinned dynamical a rising column would stop at a heigltf. < H., and
system driven by a forc& can have amveragevelocity a falling column would haved, > H.q,. Assuming a
v that diminishes algebraically at a threshéld Similar  constant #, the net average driving pressure on the
to equilibrium second-order phase transitions, water column at any height is P = pg(H.q — h) and

v = v, (F/F. — 1), (1) the threshold pinning pressurefls = pg(Heq — H:) =

pgHg.,. Thus Eq. (1) can be expressed as
where the exponeng exhibits universality. Microscopi-
- : dh H. — h\P
cally, the system overcomes the pinning forces by discrete i v0< 4 ) _ 2)
avalanches. The waiting time for an avalanche of size dt Hgap

£ obeys dynamic scalingt o« £%. At the critical point o _ . : -
F., both ¢ and 7 diverge, and the avalanche distribution This is appropriate provided the flow rate is sufficiently

follows an inverse power law. This generic picture hag®W SO that the viscous pressure drop is negligible.

been suggested to apply to depinning transitions in a widd'tegrating from initial times, and heights, gives for

range of systems, including sliding charge-density wave® 7 1,

[2], flux lattices in superconductors [3], magnetic domain

walls [4], and fluid interfaces in porous media [5]. Al-  h(t) = He — (He — h)[1 + A(r — t)]/"7P, (3)

though Eg. (1) often fits the data, the value @fnever

seems to agree between theory and experiment. where A = (8 — Dv,(H, — h)f~'/HEyp. This solu-
The depinning of contact lines is one of the best knowrtion has the feature that i8 < 1, 4 stops atH. after

cases to which Eq. (1) is often applied [6], but the valuea finite time given byr =, — 1/A. If B > 1, h ap-

of B varies widely among studies using different fluids proachesH, algebraically ag — . If 8 = 1, Eq. (2)

and substrates, and the cause is unclear [7]. There hah@s an exponential solution,

also been many model calculations, but each employed

different assumptions and predicted different values for h(r) = H, — (H. — hy)e /7, 4

B [6,8]. While experiments have all found > 1 [7],

theory based on the avalanche picture pregicts 1 [9].  where 7y = Hg,p/v,. Thus B can be determined by

Thus the universality of the depinning transition remainsmeasuringi(¢) in capillary rise and fall. This method has

an appealing but unproven idea. A summary of thehe advantage that a wide range of velocity can be covered

experimental and theoretical situations is given elsewher@ithout employing any mechanical driving device, so

[10,11]. Here, we report an experiment which suggestshe contact line approaches criticality in a self-organized

that the avalanches are constrained by fluid transport in manner. It had been used previously to study the pinning

wetting film. Similar effects in other systems may explainof fluid interfaces in porous media [5]. The results show

the apparent lack of universality. that 8 was highly irreproducible but always greater than
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unity. One possible explanation is that the fluid interfacalluminated from the bottom of the beaker by a fiber
intersects the porous media by many contact lines andptic lamp. The images are digitized by a microcomputer
each has complicated pinning dynamics. Carrying out at set time intervals. Gray-scale thresholding and edge
similar study for a single contact line allows us to trackdetection algorithms are used to determine the shape
down the cause of this peculiar behavior and also probef the meniscus from which its average heighiz)
the effects of dimensionality in depinning transitions.in the frame is computed. The image field is about
Since both rise and fall experiments can be performe®.5 mm and spans 640 pixels; hence the resolution is
in the same tube, the gap between their final heights iabout 5.5um/pixel. Since the column height is of
a useful indicator of the pinning strengkh as well as the the order of 10 cm and the air-water surface tension
size of the critical region. This reduces the uncertaintiegshanges by about 0.2% K, the apparatus was placed in a
in the data analyses. temperature controlled and thermally insulated box. Only
Two different types of capillaries were used in ourthe manual syringe and the power supply of the lamp
study, one with rough interior walls and the other withare outside the box. The temperature stability is better
smooth walls, both made of the same borosilicate lowthan =10 mK over a two-hour period. Each run lasted
expansion glass (Corning codeig. They are designated no more than 15 min and the temperature variation was
asR tubes ands tubes, respectively. Figure 1 shows thewithin =4 mK, which affects the meniscus position by
difference in wall roughness as revealed by a scanningbout 1um (~0.2 pixel). Data far from the threshold
electron microscope. The tubes were cleaned by firsivere also taken, using a wide-angle 8 mm camera lens
flowing 400 ml of 1 M hydrochloric acid through them instead of the microscope. A 14 cm field of view could be
in one hour, followed by an equal amount of deionizedcaptured. Combining the two arrangements, the velocity
water, and then boiling them in deionized water for eightdata ranges from0~2 to 10* um/s. At the fast end,
hours. They were placed in the apparatus immediatelyiscous damping is more important than the fluctuations
after cleaning. This procedure substantially reduced then interfacial forces and the dynamics is described by
uncontrolled chemical heterogeneities on the surface. Aghe well known Washburn equation [5,12]. It predicts an
the data show, surface roughness is the dominant cause éponential approach to the equilibrium height, with a
pinning. For each type of tubes, several tube diametersme constant
were studied: 250, 310, and 410n for R tubes; 180, . 5
200, 250, 300, and 35mm for S tubes. For each size, Tw = 8(ho + Heg)n/pgr, ©)
several samples were used. where 7 is the viscosity andi, is the length of the tube
The apparatus is similar in concept to that used bymmersed in water. The capillary number Ca, defined as
Delker et al.[5] but different in many details. The nv/y, is a measure of the relative strength of viscous
capillary stands vertically in a large beaker containingand interfacial forces. The range in this studg; '© <
water. The top of the tube is connected to a threeCa< 1074, is wider and lower than any previous study.
way valve that switches to either a 100% humidity Figure 2(a) shows the rise and fallz) data taken with
chamber at ambient pressure or to a plastic syringe. Tha 250 um diameterS tube on a coarse scale. The solid
syringe is used to raise or lower the water column tdines are fits to the Washburn equation. The two fitting
set the initial position of the meniscus. Switching theparameters?., and 7,, obtained from the rise and fall
connection to ambient pressure lets the meniscus mow#ata are in reasonable agreement. Calculating them using
according to the natural forces present. The humiditythe known experimental parameters and assurfirg 0°
chamber ensures that the meniscus position is unaffecteghve similar values. Small differences can be attributed to
by evaporation. To observe the delicate motion neathe fact tha¥ is nonzero, velocity dependent, and exhibits
the pinning threshold, a small inspection microscope isysteresis between advancing (rise) and receding (fall)
oriented to view horizontally. A video camera attachedexperiments [13]. Thus, there appears to be no evidence
to it captures the image of the meniscus which isof pinning. However, the magnified scale in the inset
shows that there is actually a gap of about 1 mm between
the rise and fall after 50 s. This gap is due to the fact
that the tube was not used immediately after cleaning.
The surface was contaminated simply by exposure to
air. In contrast, Fig. 2(b) shows the high resolution data
obtained in a properly cleaned and handled 180 S
tube. 7’ is the relative position within the viewing frame
(differs from h by a constant) and it shows a gap of
about 10um. We note that the Washburn equation fits

. o0
FIG. 1. Scanning electron micrographs show thatRhteibes :Ee fallllng dag:; qorrszlfetely ter‘]nd” agrees WI';hITth/o Wltg that
have rough interior walls and thg tubes have smooth walls. € values obtained irom the coarse scale data an a

The white spots in the images are particles used to mark théalculated from Eq. (5). The final height,, within the
location and not parts of the surface. frame is reproducible within 0.5 pixel. Thus, the falling
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18 —— For the R tubes, the coarse scale data are similar
menem Hyem) 7,9 to Fig. 2(a) and they fit the Washburn equation well.
161 o s 143 583 However, the high resolution data in the pinning region are
o fall 1.45(1)  5.00) ) ; .
144 1175 s dlffe_rent. Figure 2_(c) shows several sets of falling data
obtained consecutively in a 250m R tube. Each run
e 12 ®6epo o n 9o oo lasted about 15 min and the starting times are indicated.
L 101 They clearly show stick-slip dynamics as predicted by the
= theories. We did not attempt to determine the avalanche
8- ° size distribution, in part because of inadequate resolution
in measuring the size, but also because the events are
61 § 20 40 6 correlated among different runs in the same tube. It is
0 10 20 30 40 50 60 70 unfeasible to study a Iqrge_number of tut_)es_. We note,
for example, every run in Fig. 3 shows sticking/dt~=
t(s) 0.6 mm. However, the time it took to overcome the
H m) () pin_ning is randpm [14]. This implies that backgr_ound
eq w noise and the history of the system affect the dynamics. In
1.707 ° 1.59103) 16.1(1) addition, since discrete movement of the entire meniscus is
v 15595) 16.2(6) observed, it means that the correlation length exceeds the
- system sized ~ r); thus fitting the data to Eq. (3) would
E 1607 (b) e be inappropriate. Such analyses are valid only when small
i: parts of the contact line undergo discrete jumps while the
L0 average position of the line appears to change smoothly.
) In other words, the roughness in tlRetubes is too large
ID = 180 pm and the observed behavior reflects finite-size effects. In
140 . ' . ' ' . the S tubes, the surface roughness is extremely weak. The
) 50 100 150 200 250 300 disorder may be shielded from the contact line by a wetting
t(s) film during the fall experiment, but weakly exposed in the
) . rise experiment after the wetting film became thinner.
run time (hh:mm:ss) . .
08¢ a 00:15:40 To test the above explanation, we performed repetitive
ID =250 pm b 00:31:51 runs by varying the waiting timeA() between consecu-
0.7¢ ¢ 00:48:02 tive runs. Since the structure of the wetting film is ex-
d 01:03:52 pected to change durind¢, it should affect the data.
’E‘ 0.6¢ b ° ‘())113_13?,’3:) We found that the falling data were reproducible+6.5
S osk © o pixel, within experimental tolerance. Fits to Eq. (4) also
= resulted in parametef$l,, 7;) that agreed withK.q, 7,,)
0.4f obtained from Washburn analyses of the coarse scale data.
[ TN In contrast, the rise data were never reproducible. Fig-
0.3k ure 3(a) shows that the rise is generally slower with in-

FIG. 2. Examples of capillary rise and fall data observed i
different tubes with different resolutions. (a) Coarse resolutio
h(r) data from a slightly contaminated 2%0m diametersS
tube. (b) High resolution data from a properly cleaned L80

t(s)

0 200 400 600 800 1000

n . . .
fore the start of a rise experimentAt is measured from

creased\t, which corresponds to a larggr. In each run,
we used the syringe to first raise the meniscus alifye
then push it down outside the image field and wait be-

the moment the meniscus pasgé§ on its way down
and the moment it reenters the frame on its way up. It

diameterS tube. #’ andH, are the heights within the viewing gives a rough measure of the total time available for the
frame and not the true height. (c) High resolution falling datawetting film to reorganize. The typical quality of the fits

from a 250 um diameterR tube show stick-slip behavior. See

text for detail

S.

are depicted in Fig. 3(b) where the velocity= dh'/dt

is plotted against the reduced driving forge= (H. —
h')/Hgp On a log-log scale. We note that the power-
law behavior was observed over two to three decades in

data show no evidence of pinning and lend confidence that or Ca. Wheng is close to unity, this corresponds to
the tubes are sufficiently clean. However, the rising data similar range inf. For largerg, the range inf is re-
in Fig. 2(b) do deviate from the Washburn fit at late times.duced. These results indicate that there are changes in

Fitting them to Eq. (3) giveg = 1.39 [Fig. 3(a)], which

the system that affect the advancing contact line in capi-

suggests that pinning effects are present. This contrafliry rise and the most logical candidate is the wetting

between the rise and fall data holds true for all Shtebes,
but the values o3 vary between 1.1 and 4 [10,11].

film on the surface. Clearly, when the film has more
time to reorganize, the more it would expose the surface
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1.60- ary condition breaks down at the contact line within two
e atomic layers [15]. In studies of liquid drop spreading,
both simulations [16] and experiments [17] have found
1.551 that molecular layers spread in advance of the bulk fluid.
PN At (mm:ss) B Hence, we would expect the avalanche dynamics to be inti-
g 1.501 o 0024 1.39(1) mately coupled to how fluid is transported near the contact
Z o 0045 1.66(2) line and in the wetting film. Extending this conclusion to
) ) other physical systems, we note ticahservation lawsre
1.451 v 0303 2.05(4) expected to affect critical dynamics. Avalanches of fluids
o and sandpiles are constrained by mass conservation and the
. ID = 180 pm, T=29.10(1) 'C details of mass transport, while domain wall motion in a
1-400 00 200 300 40 500 magnet has no such constraints [5]. Grinstein and others
£(s) have analyzed the effects of conservation laws in the con-
text of self-organized critical phenomena [18]. It would

10 s 180 umID 10° be interesting if similar considerations, taking into account
the details of the transport mechanisms, can be given to
10 ° 200pmID 107 depinning transitions in different physical systems.
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