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PHYSICAL REVIEW E, VOLUME 64, 051605
Interface pinning in spontaneous imbibition

M. Dube! S. Majaniem?® M. Rost? M. J. Alava® K. R. Elder? and T. Ala-Nissil&*
Centre for the Physics of Materials, McGill University, MorgteQuebec, Canada H3A 2T8
2Helsinki Institute of Physics, P.O. Box 64, University of Helsinki, FIN-00014, Helsinki, Finland
SLaboratory of Physics, P.O. Box 1100, Helsinki University of Technology, FIN-02015 HUT, Espoo, Finland
YInstitut fir Theoretische Physik, Universttau Kdn, 50937 Kdn, Germany
SDepartment of Physics, Oakland University, Rochester, Michigan 48309-4487
(Received 1 May 2001; published 23 October 2001

Evaporation and gravity induced pinning in spontaneous imbibition are examined within a phase field
formalism. Evaporation is introduced via a nonconserving term and gravity through a convective term that
constrains the influx of liquid. Their effects are described by dimensionless coupling constantsg,
respectively. From liquid conservation, the early time behavior of the average interface position follows
H(t) ~t2 until a crossover timé* (g, €). After that the pinning heightti ,(g, €) is approached exponentially
in time, in accordance with mean field theory. The statistical roughness of the interface is described by an
exponenty=1.25 at all stages of the rise, but the dynamic length scale controlling roughness crosses over from
£x~H? to a time independent pinning length scélge,g).
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I. INTRODUCTION of the width on the pinning heighty~H} with y=0.49 was
reproduced. In spite of such successes, the dynamical pro-

The propagation and possible pinning of interfaces movcesses of DPD do not include a conservation law, and as
ing in quenched random media provide several theoreticaduch cannot describe the early time behavior of spontaneous
and experimental challenges with many questions still unanimbibition according to Washburn law. Other experiments
swered. Based on the presence or absence of a conservatiénl4] presented a more complex picture of pinning, making
law, the relevant experiments and theories can be roughlihe inclusion of physical pinning mechanisms in models of
divided into two classes. Nonconserved systems can often gpontaneous imbibitiod—8] an interesting issue, this in or-
described by local equations of motion, such as the Edwardsler to explore both the pinned regime and it's approach.
Wilkinson [1] or Kardar-Parisi-Zhang2] equations. These Pinning of interfaces in nonconserved systems is well un-
models have a noise term with quenched or annealed corréerstood 15—-17. Close to pinning, these systems are char-
lations depending on the length scale of observation and thacterized by a diverging length scaje-(F—F;) ™", where
interface velocity 3]. On the other hand, processes involving F is the driving force of the interfacé;. is the critical pin-
the dynamics of phase boundaries coupled with conserveging force, andv the correlation length exponent associated
density fields are much less well understood. A good exwith ¢. Likewise, the velocity of the average interface fol-
ample of a problem in this class is imbibition, i.e., the propa-lows v~ (F—F.)?, where @ is the velocity exponent. The
gation of liquid into a porous medium under the influence ofassociated scaling exponent for surface roughness becomes
capillary forces. Recent studies addresp#d8| the propa- x=1.25 or 0.633 in the isotropic and anisotropic cases, re-
gation of an interface fospontaneousmbibition under the  spectively. Some systems with a conservation law have also
influence of capillary forces alone. In this case, the interfacdeen studied. The forceslow propagation of a fluid in an
associated with the liquid-gas phase boundary typicallyHele-Shaw cell gave results falling roughly within the
moves according to Washburn [8\®], where the average quenched Edwards-Wilkinson universality class with a
interface heightH (t)tY2. This idealized setup is hard to crossover to annealed noise at large flow r@té8. Laplac-
realize in experiments due to evaporation and grg@t§0— ian flow[19] and the depinning of a contact lif20,21] are
13]. These complications qualitatively change the phenomalso examples of systems in which the conservation law
enon, since both provide a maximal valuépinning plays a role.
height”) for the distance between the average interface and In this paper the pinning effects due to evaporation and
the liquid reservoir. Evaporation moreover leads to a breakgravity are studied by a generalization of the phase field
down of the liquid conservation law. model of spontaneous imbibition introduced in R€1s,7].

It is thus important to develop an understanding of thesd’he mean field pinning limit and behavior of the average
external effects on the roughening process of the fluid frontinterface are described and an equation for the interface fluc-
The effect of a pinning mechanism on imbibition fronts wastuations is introduced. It is found that the inclusion of these
already addressed some time ago through the directed percexternal effects introduces additional length scales that con-
lation depinning(DPD) model[10], including simultaneous trol the spatial extent of roughening at pinning. The approach
work on experiments in which the pinning of an ink-water of the average interface to the pinning position is well de-
solution front in paper sheets was due to gravity. Later thescribed by a mean field theory and does not display any
model was extended to deal with the effect of evaporatioreritical scaling of the type ~ (F —F.)?, in contrast to theo-
[12] and, for a pinned interface, the experimental dependencees of pinning for local modelgsee, e.g., Refl17]). The
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cases of external gravity and evaporation are then treated 0. This value is arbitrary, since only differences in the
separately. When pinning is due to gravity alone there is @hemical potential are relevant. Mass flow into the system
unique interface correlation length. For evaporation, a differfrom the top boundary is prevented througfu(x,y=L,)

ent correlation length controls the range of the fluctuations a0 and periodic boundary conditions in tRedirection are
pinning. In both cases, the correlation length can be obtaineignposed.

from the interfacial equation, as confirmed by numerical The one-dimensional interface between the liquid and gas
simulations. Furthermore, the interface is always found to b@hases at equilibrium is represented by the kink solution
“superrough,” with a global roughness exponept1.25.  ¢(x,t) =tanh{/\/2). The quenched random field(x) of
This is analogous to what is observed in the freely risingpean o and spatial correlations { a/(X) a(x')) — a?
case, in contrast to the previously suggested DPD type OL(Aa)zﬁ(X—X’) represents capillary forces on a coarse-

behavior{10,12. grained scale. The evaporation term describes a loss of liquid
(¢=+1) proportional to the area invaded, while the con-
Il. PHASE FIELD APPROACH TO IMBIBITION vective term(describing gravity sets a limiting value for the

A coarse-grained description of liquid flow in imbibition gradient of the chemical potential.

can be done in terms of a phase fielflx, 7) taking charac-

teristic values in the liquid and gas phase. Evaporation and Mean field analysis

gravity can be incorporated into a phase field model of im-  yging projection technique§22] a nonlocal interface
bibition developed previously by including nonconservingequation can be obtained. Assuming a single-valued inter-
and convective terms, respectivglg]. The equation for the  face h(x,t), the average positiohi=(h(x,t)) is first ob-

“order parameter”¢(x,7) is then given by tained as
Ip(r,7) L ap(r.1) ~ JOF e dH(t) @ 1
-G =VM(¢)V—=—5[¢e 71, - —g-=
P oy (&) 5% SLdet d(r,7)] gt~ aAm 9 Z€H), (5)

()
which yields a pinning heightti ,(g,€) given by the zero of
the right-hand side of Eq(5) with limiting casesH (g, e

=0)=a/(2g) andH,(g=0,e)= \2ale.

At early timest<t*=min(ag 2,e 1), the rise of the in-
o 1 _ terface follows a Washburn behavidt,(t) = (at)*2 Fort
where the equilibrium valug.=(r/u)~* represents the liq- - x the pinning height is approached exponentially slowly.
uid (+ ¢¢) and gas  ¢,) phases, and sets the value of |n cases where gravity is absent, the average interface, of

the local equilibrium chemical potential. Assuming a con-initial height H(t=0)=0, is described at all times by
stant mobilityM, these equations can be put in a dimension-

with the free energy functional

1 - - ~ ~ ~
F= zf dr{“ﬁ“ ;¢4+K<V¢>2—a<r>¢ . @

less form by defining H(t)\?
=1—e" et/2, (6)
12 Hy,
x=rl{, a=|— a, . . .
r3 while for e=0, the rise is described by the transcendental
equation
Mr? {K llzé
t=l—1" 973 W (3) H(t H(t 2
——+Inl 1- ——|=— =g“t. (7)
5 Hp Hp ag
1) K ~
p= ﬁ €= Wf- Although both gravity and evaporation pin the interface at

a given height, it must be kept in mind that the physics
The ratioZ=(x/r)Y2 determines the width of the interfaces behind these two effects is quite differdff]. Spontaneous

between the different phases. The corresponding phase ficlgpbibition, without external influence, is characterized by a
equation now has the form Laplace equation for the chemical potenti#du=0 in the

bulk (i.e., far away from the interfageWhen solved with
1 boundary conditiongt(y=0)=0 and u(y=H)= —«, this
(X1 =gay (X, 1) = V- 56(1+ d(x1), (4 yields a gradientuo —1/H in the liquid phase. The gravity
term of Eq.(4) thus has the effect of stopping the interface
where the chemical potentigh=— ¢+ ¢>—V2p—a(x). whendu=-—g.
The model must still be supplemented with proper boundary On the other hand, the nonconserving term introduced by
conditions, chosen in the following way. At the bottom edgeevaporation is such that the chemical potential in the bulk
(y=0), the presence of an infinite reservoir of “liquid” is must be a solution of the Poisson equat®fuu=¢ and at
reflected by the nonequilibrium value @f(x,y=0)=const pinning height, the gradient in the chemical potentia
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=0. This simply represents the fact that the flux of liquid 60
from the reservoir exactly balances the losses due to evapc
ration.

The time and length scales coming from gravity and
evaporation can, however, be very different. Studies of cap-
illary rise with light organic liquidgfor which evaporation is 40
presumably an extremely weak effect compared to ordinary
watep imbibed in filter paperd23] have found a pinning
height of the order of 1 m, with time scales on the order of T
days. In contrast, evaporation effects can cause the pinniny
height to be of the order of 15-50 cm, with correspondingly 29
much faster time scales.

Ill. EFFECTS OF DISORDER 0 =

‘
2x10% 3x10%

In the presence of quenched disorder, it can be expecter 0 0 e X105
that the actual pinning heights are slightly below the mean t

field predictions. Based on the picture developed for noncon-

served fields, we can expect correctidBéA «*/?). For all FIG. 1. Behavior of the average interface heigh(t) in the
simulations considered here, it is found that the approach afravity dominated case with=0.2. The main figure compares the
the mean interface towards pinning is well described by théweights obtained from numerical simulations for=0.00167
mean-field resul{Egs. (6) and (7)], provided that the real (dashed lineH,~60) to the the mean-field results of Ed) (solid
pinning height is used, no signs of power law approach tdine, using an effective pinning heigti,=56). In the inset, we
pinning[21] are found. We also note that the present modephow H(t) for values ofg corresponding to theoretical pinning
predicts a pinning he|ght due to evaporatiﬁla,\,e_l/zy in heightSHp=20, 40, 60, 80, and 100. For the last Value, the inter-
opposition to the phenomenology of the DPD mofdid]. fe_lce ha; not yet r_eached the pinning limit. All quantities are in the

A linearized interfacial equation can be obtained in termgdimensionless units of Ed4).
of the Fourier component$, of the interface position
h(x,t). For nonzero Fourier modes, we obtain with the scaling functions(x>1)~x"1"2X, and becomes
constant for x<1. The correlation functionGy(r,t)
=(|h(x+r,t) —h(x,t)|?)*2 consequently has a scaling form
Gy(r,t)=£&Xg(r/éx), whereg(x<1)~u (anomalous scal-
ing [24]), with g(x>1) tending to a constant.

In contrast to ordinary models of kinetic roughening, this
new length scale is not a genuifme dependentcorrela-
g’on length that woulddiverge in power law fashion with
increasing time. The function af, is to restrict the spatial
extent of fluctuation$12], and therefore the interface cannot

Since the early time rise of the interface is consistent withbe considered self-affine on all length scales.

Washburn behavior, we expect that the picture developed for Ig_f_p:jes??cte (t)'f plnn_:_r;]g Effﬁmsﬁ th:csthbe_h?wfor b(]:*,‘lco?wes
spontaneous imbibition without external influence will apply Mod!ed at later imes. The behavior of the interface Tiuctua-

at timest<<t* [5]. In this case, we recall that the correlation tions as well as the range of the scaling qlose to pinning is
length quite different, depending on whether gravity or evaporation

is the dominant external influence. Below, these two cases
are treated separately.

(hyt+3eh)(1—e ™) +[K|(H+g)h(1+e72KH)
= 3K|({ zhe— okhy). ®)

The quenched noisd 7(t)}=/e "7(x,h(x,t)) where
n(x,h)=[dy ¢g(y—h(x,t))a(x,y)~2a(x,h) in the sharp
interface limit. Immediately apparent is the presence of term
in odd power of wavevectdk| arising from the conservation
law.

1/2
g

2H

1
2

9)

1
&)= E

a

aH(t))l/Z

A. Gravity dominated case

controls the spatial extent of correlated interfacial fluctua- Setting firste=0 allows us to consider the dynamical rise

. B . - . 2

tlons.ln—paru;:ular, the interfacial ~ width W(t) i presence of gravity alone. As seen from Fig. 1, the behav-
=((h(x,t) =H(t))), where the brackets denote an averagqor of the average interface height is well described by the
over different realizations ot and the overbar a spatial transcendental equatidiq. (7)], with the only proviso that

average over the system, has an early time behadig)
~ £X ~ X4 with the roughness exponegt=1.25. The struc-

ture factorS(k,t) =(h,(t)h_,(t)) can then be shown to have

the scaling form

S(k,t) = (£x (1) #s(kéx(1)), (10

an effective pinning height is used instead of the mean field
value.

In the absence of evaporation, the linearized equation of
the fluctuationdEq. (8)], immediately shows the existence
of a length scalgy(t), restricting the range of the spatial
fluctuations and evolving in time as
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FIG. 2. Behavior of the interface width as a function of time for  F|G_ 3. A log-log plot of structure factors of the pinned interface
imbibition in the presence of gravity. The inset shows the rms widthiy the presence of gravity. The inset shows the valus(fH ) for
for systems with values of corresponding to pinning heights, pinning heightsH,=20, 40, 60, and 80. The main figure shows
=20, 40, 60, 80, and 10@ottom to top. The main figure shows  the collapse of the data under the assumption of a correlation length
the result of the scaling assumption of E@3), with the valuey &,(H,)~HY2. The dashed line indicates a roughness exponent of
=1.25. All quantities are in the dimensionless units of E. x=1.25. All quantities are in the dimensionless units of Ej.

1/2

1
> . 1y

fg(t) = 2

o

S(k,Hp) = (&5(Hp)) " #Xs(kég(H)p)). (14
2(H+g)

2

1/2 E(aH(t)

“ The scaling functiors(k¢) is the same as in EqL0), and the

whereH(t) is given by the solution of Eq(7) [minor cor-  hotationéq(Hp) indicates that the structure factor is consid-
rections of orderO(&,/H) are also expectdd The length ~ €red at “pinning.” Similar scaling relations also apply to the
Scalegg(t) is thus ana'ogous to the |ength Scaﬂg(t) in '[WO-pOInt correlation funCtlonGz(l’,t), which now also
spontaneous imbibition without external influences, althougt$hows anomalous scalifg4].
it is not a simply power law in time any more. At pinning,  AS for pure spontaneous imbibition the concept of a dy-
this length scale becomes namical exponent describing the propagation of fluctua-
tions along the interface does not apply to imbibition with
12 gravity. The fluctuations always catch up to the available
Eg(Hp)= E(ﬁ) =&x(Hp). (12)  zone of correlated roughness. An effective temporal expo-
nent B such thatW(t)~t# is apparent only for times

As in spontaneous imbibition without gravity, dynamical <ag~2, in which case it takes the valyg~0.31[5,7].
scaling relations can be established by assuming a single

correlation Iengt}fg(t). Equation(lll) can first be rewritten B. Evaporation dominated case
as &()=0.255"Y4(aH/H )2 Since, from Eq.(7), the ,
quantityH/H, is a function ofg®t only, the temporal behav- In the presence _Of evaporatidand absence of gravity
ior of the width of the interfac&V(t) can be scaled as the interface equatiofEq. (8)] has a more complex struc-
ture. As in the case with gravity the average interface dy-
W(t)=g ¥2w(g?), (13  hamics is well described by the mean-field equation as

shown in Fig. 4, and again leads to a pinning height that
wherew(x) ~xX for x<1 and tends to a constant for large depends weakly on the disorder strength. However, due to
arguments, as represented in Fig. 2. The global roughnedge term in e(1—e 24", a single correlation lengtr
exponenty=1.25 has the same value as for spontaneous é(t,H(t)) cannot be unambiguously identified for the ki-
imbibition without external influences. netic roughening.

The value of the roughness exponent as well as the role of The situation becomes clear only in the pinned interface
the correlation lengtt, at pinning is confirmed from data limit, where a simple correlation length can be defined as
for the structure factor. Figure 3 shows the structure factor
for systems with different pinning heightarising from dif-
ferent values of the constag). The structure factor decays . 13 it s ,
ask 35 at large values of the wave vector, consistent with!" the limit £e<Hp, £~(a/€)™ while in the opposite
the valuey=1.25, and the curves can be collapsed on thdimit &>Hy, &~ (0%/(ae))"™ The first case corresponds
common scaling form by setting,(H,) ~g~"?~H?: to weak evaporation, defined fey< ®/ %, while the second

ot 3=2e(1—e Mplte), (15)

051605-4
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150 200
tt,

100

50 250

FIG. 4. Behavior ofH(t) in the case where evaporation is the
dominant effect. The parameters choseneré X 1073,10°%, and
5% 10 %, with =0.2. The main figure shows the exponential ap-
proach to pinning as predicted by E@) for e=10"*. The curve
has a slope of 410 °~¢/2. The scale factoty=1000 in the
dimensionless units of E@4). All quantities are in the dimension-
less units of Eq(4).

case is that of strong evaporatioa»?’/az. This argument
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FIG. 5. Alog-log plot of structure factors of the pinned interface
in the presence of evaporation. The main figure shows the value of

S(k,H,) for pinning heights(from bottom to top: H,=20 (a
=0.26=10"3); H,=28 (¢=0.26=5x104); H,=45 (a
=0.16=10"4); H,=63 (¢=0.2¢=10"4); H,=77 (a=0.3¢
=10"4); H,=109 (;=0.3,e=5>< 10°5). The structure factors
for e~10"* all collapse on the same curve, independent of the

value ofa. A complete collapse of the data can be accomplished by
solving Eq.(15) numerically, as shown in the inset. The dashed line
indicates a roughness exponentyef 1.25. All quantities are in the

10

indicates the range of correlated roughness but does ndtmensionless units of E¢4).

specify the value of the roughness exponents. However, this
can be established from the decay of the structure factor,
again with the resuly=1.25.

The prediction for the pinned correlation length can be
checked by considering the scaling behavior of the pinned
structure factor$§(k,H,), as shown in Fig. 5. The data with
the highest evaporation rate can all be collapsed assuming ¢ |

_ 10
correlation lengtht,~ (a€) ~ 4, while for lower evaporation
= 10" /////////////////////////////,/f”~\\\

=0.2 ande=10"*. The complete set of data can be reduced
to a common scaling form by solving E@L5) numerically
(using a value ofr=2/2/3). As a result the structure factor
at pinning has a scaling form similar to E@.0), although
care must be taken in identifying the correlation length.
Even though a clear dynamical correlation length cannot
be unambiguously defind@5], the early time limitt<e ™!
can, however, be studied in order to extract all the scaling
behavior already established in the case of imbibition with- ‘
out any external effect. Figure 6 shows the two-point corre- 1

lation function of an interface with parametes=0.3 and 10°
€=5x10"°. The data for times<e *=20000[in dimen-

sionless units of Eq4)] can be collapsed on a single curve  FG. 6. Temporal behavior @,(r,t) for imbibition in the pres-
assumingé,.~t'. After this time, it is likely that the dy-  gnce of evaporation. The main figure is far=0.3 and e=5
namical fluctuations of the interface are controlled by ax10-5 4t times (from bottom to top t=2x1C%,10%,2x 10%,4
genuine dynamical correlation length of the forp~t",  x10# 16, and 3<1CF, after whichG,(r,t) no longer changes. In

until a time whereg;~ £, . A value ofz could not be obtained  the inset, we show the early time scaling of the correlation function
from the data, since a precise determination of the dynamicalnder the assumptiagi (t) ~t** The collapse of the data is shown

exponent would require pinning heights much higher tharfor timest=2x10° to 10" at intervals of 2<10°. The value ofy
can be achieved numerically. =1.25. All quantities are in the dimensionless units of &.

£~ € 3 The crossover occurs roughly for parametgrs
-
S
N
)
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IV. SUMMARY AND CONCLUSIONS tively fast, it becomes interesting to test the predictions of

The experimental study of imbibition is very delicate, duethe model. For this one can use the value of the correlation

to intrinsic difficulties such as the very slow time scale of thele.ngth at pinning, related to the saturateq width, ~Hp,
interface motion and the finite region available to correlated"!t"_ ¥=2x/3=0.83 for weak evaporation ang=x/2
fluctuations. It is thus important to understand and contro_o'75 for strong ,evaporgtlon. BOFh t_hese expressions differ
external effects such as gravity and evaporation. The theor rom Amaralet al's experiment with ink[12]. However, a

presented above makes definite predictions about the pinni ecise measurement requires a very good contr_@t aind
height of the interface, and sets an upper time limit on thehat the interface roughness develops on appreciable length

region over which the theories of spontaneous imbibitionscale[G]' o . C
If evaporation is likely to be a major effect for imbibition

without external influence should be valid. Beyond this re- ] ; ion liauid h its off b
gime the interface properties are determined by the physiczﬁ ow-surface tension liquids such as water, its effect can be

mechanisnievaporation or gravifythat leads to the eventual g_reatly reo!uced by using I(_)w-molecular weight organic lig-
pinning. We note that in spite of the different temporal be-u'ds'. Grawty, whq;e effecﬂye value can he qhaqgeq by per-
havior of the interface height as compared to the spontaneoﬁ rming the ”T‘b'b'“on experiment at various |r_10I|nat|ons, IS
imbibition case[5,7], the correlated fluctuations follow a then the ldomma'nt externa_l effect. The predlc_tlon ofElq.)_
similar roughening picture here. That is, the global rouglh_that the interfacial fluctuations can be described by a single

ness exponeng also retains its “superrough” value of about correlation lengtigg(t), although with a nontrivial time de-
1.25 in the case where either gravity or evaporation domipendence, can then also be checked experimentally.
nates.

Although a precise quantification and control of the ACKNOWLEDGMENTS
evaporation rate can be extremely difficult, the dynamical This work was supported by Research Corporation Grant
progression of average interface height can be used to extrado. CC4787(K.R.E) and NSF-DMR Grant No. 0076054
both the pinning heightl , and the effective evaporation rate (K.R.E,), and the Academy of Finland though its Center of
€. Since the time scales associated with evaporation are rel&xcellence and MADAME programs.

[1] S. F. Edwards and D. R. Wilkinson, Proc. R. Soc. London, Ser. and H. E. Stanley, Phys. Rev. Lef2, 641 (1994).

A 281, 17 (1982. [13] V. K. Horvath and H. E. Stanley, Phys. Rev. B2, 5166
[2] M. Kardar, G. Parisi, and Y.-C. Zhang, Phys. Rev. L&8&, (1995.
889 (1986. [14] P. B. S. Kumar and D. Jana, Physica224, 199 (1996.

[3]L. A. N. Amaral, A.-L. Barabai, H. A. Makse, and H. E. [15] O. Narayan and D. S. Fisher, Phys. Rev4® 7030(1993.
Stanley, Phys. Rev. B52, 4087 (1999; S. Roux and A.  [16] H. Leschhorn, Physica A95 324 (1993.
Hansen, J. Phys. 4, 515(1994; M. Jost and K. D. Usadel, [17] H. Leschhorn, T. Nattermann, S. Stepanow, and L.-H. Tang,
Phys. Rev. B4, 9314(1996. Ann. Phys.(Leipzig) 6, 1 (1997.
[4] V. Ganesan and H. Brenner, Phys. Rev. LY, 578(1998. 1815 He G.L. M. K. S. Kahanda, and P.-z. Wong, Phys. Rev.
(5] M. Dube M. Rost, K. R. Elder, M. Alava, S. Majaniemi, and Lett. 69, 3731(1992; R. Albert, A.-L. Barabai, N. Carle, and
T. Ala-Nissila, Phys. Rev. Let83, 1628(1999. A. Dougherty,ibid. 81, 2926 (1999

[6] M. Dube M. Rost, and M. Alava, Eur. Phys. J. 85, 691 111 5 0°and P. M. Meakin, Phys. Rev. Le66, 703 (1991,

(2000.
[7] M. Dubg M. Rost, K. R. Elder, M. Alava, S. Majaniemi, and [20] J. F. Joanny and P. G. de Gennes, J. Chem. FBYS552
T. Ala-Nissila, Eur. Phys. J. B5, 701 (2000. (19849; E. Rolley, C. Guthmann, T. Gombrowicz, and V. Re-
’ ' pain, Phys. Rev. Leti80, 2865(1998.

[8] C.-H. Lam and V. K. Horvth, Phys. Rev. Lett85 1238
[21] T. Delker, D. B. Pengra, and P.-z. Wong, Phys. Rev. L#8f.

(2000. L
[9] E. W. Washburn, Phys. Red7, 273 (1921; E. K. Rideal, 2902 (1996; E. Schaffer and P.-z. Wongbid. 80, 3069
Philos. Mag.44, 1152(1992 (1998, PhyS Rev. 6], 5257(2000

[10] S. V. Buldyrev, A.-L. Barabsi, F. Caserta, S. Havlin, H. E. [22] K. Kawasaki and T. Ohta, Prog. Theor. Phg8, 129 (1982.
Stanley, and T. Vicsek, Phys. Rev.45, R8313(1992. Also  [23] T. Gillespie, J. Colloid Scil3, 32(1958; 14, 123(1959.
see H. Leschhorn and L. H. Tang, Phys. Rev4& 1238 [24] J. M. Lopez, M. A. Rodrguez, and R. Cuerno, Phys. Rev. E

(19949; H. Leschhornjbid. 54, 1313(1996. 56, 3993(1997.
[11] F. Family, K. C. B. Chan, and J. G. Amar, Burface Disor- [25] Even in the case of strong evaporation, the approximation
dering: Growth, Roughening and Phase Transitioedited by |[kl[H<1 V |Kk|, which results in a correlation length of the
R. Jullien, J. Kertez, P. Meakin, and D. E. WolfNova Sci- form &2~ o/(e+2H(t)) [H(t) is the solution to the mean-
ence, Commack, NY, 1992 field equation(6)], does not give an adequate description of the
[12] L. A. N. Amaral, A.-L. Barabai, S. V. Buldyrev, S. Havlin, dynamical scaling behavior at all times.

051605-6



