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Apparent slip over a solid-liquid interface with a no-slip boundary condition
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We studied solid-liquid slip by a mean-field free-energy lattice Boltzmann approach recently proposed
[Phys. Rev. E69, 032602(2004]. With a general bounce-back no-slip boundary condition applied to the
interface, liquid slip was observed because of the specific solid-fluid interactions. Our work relates interfacial
slip to a more realistic solid-fluid interaction and hence contact angle. The kinetic nature of LBM is manifested
in this interfacial study. A small negative slip length can also be produced with a stronger solid-fluid attraction.
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In fluid mechanics, the no-slip boundary conditi@C)  that molecules near the solid wall may have no relative slip-
between a fluid and a solid surface has traditionally been aping movement to the surface, i.e., no molecular slip over the
assumption in solving the governing Navier-Stok@S)  surface. In the region away from the surface, the velocity
equationg1]. Despite macroscopic experimental supports, itprofile matches that predicted from classical fluid mechanics
still remains an assumption without physical principles. Inwith slip BC's and changes rapidly in the wall vicinity, so as
fact, studies on fluid slip has long been an interesting subjegb reach the wall velocity as the distance goes to zero. Based
since the pioneering work by Navi¢2] and Maxwell[3].  on these results, we study here liquid slip near a solid-liquid
Recent measurements, however, indicate significant slip oimterface by employing a bounce-back no-slip BC in a LBM.
solid surface4—8§|. Due to the difficulties in direct micro-  To incorporate solid-liquid interactions, we employ a mean-
scopic observation near the solid-fluid interface, moleculafield free-energy LBM model recently proposed as it has
dynamics(MD) simulations have been widely used to studybeen shown to represent a more realistic solid-fluid interac-
the relationship between fluid slip and the properties of fluidtion [22].
and solid[9-12. In general, both experimental and MD  According to the mean-field version of van der Waals’
simulation results show that there is a strong relationshipheory, the total free-energy function for a fluid system can
between the magnitude of slip and the solid-fluid interactionbe expressed 423-27
the weaker the interaction, the larger is the contact angle and

hence the slip. _
Recently, a mesoscopic approach, the lattice Boltzmann F—fdr{%o(f)) +p(r)V(r)
method(LBM) has experienced tremendous development in 1
simulating fluid behavior§13—-16. In bulk fluid, LBM is in < f / ' n_
fact a NS solver; however, at the solid-fluid interface, the ¥ 2p(r) ar' u(r" =0)lp(r) = p(01 D

kinetic nature of this method becomes manifest, because . )

boundary condition¢BC’s) are imposed on particle distribu- Where ¢ip) is a local free energy with respect to the bulk
tions rather than directly on fluid quantities such as velocityPhase of density. The second term represents contribution
[17]. Succi[17] recently applied the LBM to study fluid slip ©f external potential energy(r) to the free-energyr. The

on solid surfaces by employing a mix of bounce-back andhird term is a nonlocal term taking into account the free-
specular reflection BC's. On a similar subject, Nieal.[18] ~ energy cost of variations in densitg(r' ~r) is the interac-
and Lim et al. [19] performed simulations of microsystems tion potential between two fluid particles locatingr atandr.

by relating the LBM relaxation time to the Knudsen number.These integrations are taken over the entire space. With this
According to Ref.[20], slip velocity relates directly to the expression of free energy, we defif#2] a nonlocal pressure
relaxation time, and thus different relaxation times wouldas

certainly produce different degrees of slipping. On a theoret-

ical ground, Ansumali and Karlin derived LBM BC'’s from P(r) = p(r) ¢’ (p(r)) = ¢(p(r))
the continuous kinetic theory to study the slip phenomena 1
[21]. However, such approaches were not related directly to + Ep(r) f dr'¢se(r' =n)lp(r’) —p(r)]. (2

the solid-fluid interaction, which indeed plays a crucial role

in determining the slipping behavior. Interestingly, we note aFor a bulk fluid with uniform density, the nonlocal integral
picture from MD simulations[10-12 where macroscopic term disappears and E) reverts to the equation of state of
slip can occur without any microscopic slip. It was found the fluid.
Here, we describe the implementation of these results into
a LBM algorithm. In general, after discretization in time and
* Author to whom correspondence should be addressed. FAXspace, the lattice Boltzmann equatirBE) with BGK col-
(780) 492-2200; electronic address: daniel.y.kwok@ualberta.ca lision term can be written as
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fix+e, t+1) - fi(x,t) = - —[fi(x,0) - FFAx,0], (3 sL
T Pecadin
where the distribution functiofi(x,t) denotes particle popu- 4r . l
lation moving in the direction o at a lattice sitex and at a 3 - .
time stept; 7 is the relaxation time, and{x,t) is a pre- 2 H o i

scribed equilibrium distribution function of the local fluid
densityp and velocityu given byp=2,f; andpu=2;f;e [28].
However, if an external forc€(x,t) exists, we can modify
the above relation to reflect the momentum changelas
=2,f;g+7F and employ thes produced here to calculate the
equilibrium distribution functionf’¥ [22]. Redefining the
fluid momentumpv to be an average of the momentum be-
fore collisionZ;f;e and that after collision and following the
Chapman-Enskog procedure, a NS equation with the equa-
tion of state
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can be obtained, wher is the potential energy field related FIG. 1. (a) Density and(b) velocity profiles(half) calculated
to F by F(x,t)=-V®(x,t). In order to obtain the NS equa- from a mean-field LBM(filled circles and that in the limit of a
tion with a pressure term similar to that given by E2), we standard no-slip Poiseuille flopopen circles Solid lines in(b) are

set an artificial® as follows: parabolic fittings using only the data poirifer x=10) away from
the solid wall; the solid wall is represented by a dashed ling at
) c?(1-dy) =0.5.
P (x,t) = p(x) ¢’ (p(x)) = (p(X)) = TP(X)
Fu(X) = p()K,e™, (8

1

+2pX) f dx’ der(x’ = X)[p(x') = p(x)].  (5) - , -
where K,, is the interaction strengtt) is a distance from

The above equations set up a complete LBM scheme witlﬁ’?intx tot thlf‘. SO';ﬂ Slérface_in Iagti(r:]e qnitsi ands a'parlat[rj—

the mean-field free-energy function implemented. Unlike®'€r controfing the decaying behavior. In our simulations,

some other mean-field LBM approach@9-31, the nonlo- we select_eda=9/49_,b=2/21, ar_1d k'I_':0.55_>. A 40X 100

cal free-energy term here is expressed as an integratiolR2Q7 lattice domgm for the slip S|mulat|o_ns aqd a 128

rather than a density gradient through a square-gradient a|5<- 256 D2Q7. domain for_the contact angle S|,mulat|qns were

proximation; such a square-gradient approach is inadequa ployed with a relaxation time=1. The BC’s applied to

for the description of solid-fluid interfaces. The integrationt e top and bottom layer nodes are the general mid-grid

- -back BC to simulate no-slip solid-fluid interfaces;
term employed here is more general and can be reduced Rpu_nc_e ) . . ’
that of the square-gradient approximation when the locaP€riodic BC's were applied to the other two siddd]. The

density varies slowly23,24. luid density in the slip simulations was set to be that of the

Following Refs.[22,3]], we adopt a van der Waals fluid liquid phase at gquilibriurmpbu.,k:4.89-3. ,
model to express the free-energy of bulk fluid as Typical density and velocity profiles of pressure-driven
Poiseuille flows are displayed in Fig. 1. The filled circles are

p ) simulation results from our mean-field LBM scheme with
#p) = pkT Inl “bo ap”, (6) K=0; for comparison purposes, we also illustrate the results
P from our mean-field model in the limit of a standard no-slip
where a and b are the van der Waals constanksjs the Poiseuille flow(i.e., ®=0) as open circles. All other param-
Boltzmann constant, arifl is the absolute temperature. In a €ters in these two simulations remain the same. Because of
lattice grid, the interaction potential; can be reduced to a Symmetry, only half of the profiles are shown. As the wall is

single numbeiK [28], located atx=0.5, the right boundargat x=19.5 corresponds
to the channel center line. Unlike the constant density distri-
, K, |x'=x/=1 bution (open circles from the general LBM, there is a dry
br(X" =x) = {0, X -x|#1 () (low-density layer between the bulk liquid and the wat

x=0.5) from our mean-field modefilled circles. Such a dry
which measures the interaction strength among the nearelstyer reflects the specific solid-fluid interactions in the vicin-
neighboring particles. Thus the nonlocal integral term can béty of the wall. This result is similar to those obtained from
replaced by a summation over the neighbors of axsitEhe  thermodynamic$25] and observed in MD simulatior{82].
solid-fluid interaction is modeled as an exponentially decayHowever, because short-range interactions are neglected in
ing attractive forcg23], this approximation, the density profile shows no oscillatory
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FIG. 2. Variation of(a) contact angle and(b) slip lengths with FIG. 3. Variation of(a) contact angle and(b) slip lengths with
the solid-fluid interaction strengtK,,. the solid-fluid interaction decaying facter where a=ny3/2 for
n=0.25-2.75.
behavior near the wall as found from other MD studies

[23,25. B

In Fig. 1(b), the fluid velocity at the solid-fluid interface strengthK,, with «=\3/2. The contact angle is found to be
(atx=0.5) is not directly available. Extrapolating the veloc- nearly a linear function oK,, between6=0 and 180° and is
ity data to this interface position results in a more or less zerin agreement with those from other studj82,35. We point
velocity for both the mean-field LBM simulations and that in out that, unlike other multiphase LBM models, a contact
the limit of a standard no-slip Poiseuille flow. This demon-angle value between 0 and 180° can be generated here with-
strates that the no-slip BC is satisfied and there is no microeut using a less realistic repulsive solid-fluid interaction.
scopic slip at the solid-fluid interface. Thus the slip phenom-This is also consistent with physical reality and those ob-
enon discussed below does not appear to be a numericaérved in MD simulation$32].
artifact described elsewhef20,33,34. Comparing the two In Fig. 2, as solid-fluid interaction increases, the slip
velocity profiles in Fig. {b), we found that the velocity from length decreases quickly and becomes negative when
the mean-field LBM(solid circleg increases much faster in K,,>0.06. Beyond this value, the decrease in slip length be-
the dry layer(1<x<6); in the inner regior{ffor x=7), how-  comes slower. Similar negative and small slip lengths had
ever, the variation of the two velocity profiles becomes simi-also been observed in MD simulatiofts0]. In fact, a posi-
lar. Through a parabolic fitting for the data poirtier x  tive slip length will produce a larger flow rate and can be
=10) in Fig. 1(b), we found that the velocity data from a considered as a wider chanref. Fig. 1(b)]; a negative slip
general LBM follow the curve exactly; whereas, those fromlength implies a smaller flow rate which corresponds to a
the mean-field LBM show good agreement only foe6  narrower channel. The latter case appears to be possible
where the density is approximately constant. Extrapolatingvhen the solid-fluid interactiotadhesionis very strong and
these fitted profiles to zero velocity yields a slip lengthe.,  molecules near the solid wall would have less mobility; the
the distance between this zero velocity point and the wall; wall can then be thought of having an extra covered layer,
is positive if this zero-velocity point is outside the channelresulting in a narrower channel. Focusing on the contact
and negative if insidg10]. The slip lengths found in this angle and slip length behaviors, we see that they follow simi-
specific example are 2.78 and 0 for the mean-field and gerlar decreasing trends as the solid-fluid attraction increases.
eral LBM, respectively. Overall, the velocity profile from the ~ Another interesting factor that may influence the apparent
mean-field LBM model employed here is qualitatively simi- slip length is the decaying behavior of the solid-fluid inter-
lar to those obtained from MD simulatiof$0,11]. action in Eq.(8). Thus we plot in Fig. 3 the contact angle and

As a matter of fact, experimental and MD studies haveslip length versus the variation af, wherea=ny3/2 for n
shown that slip usually occurs on a hydrophobic surface. The0.25-2.75. In this result, aa changes, the interaction
origin of wettability and contact angle phenomena is, ofstrengthK,, was adjusted to maintain the same valué&gfp
course, from intermolecular interactions: the weaker theatx=1;i.e., the first-layer fluid particles are set to experience
solid-fluid interaction, the more hydrophobic is the surfacethe same body force from the wall. As increases, the at-
and hence the larger is the contact angle. For example, tHeactive forceF,, in Eq. (8) will decay more slowly and thus
choice ofK,,=0 in Fig. 1 should represent a low-enerdpyy-  can attract more fluid particles further away from the wall,
drophobig surface. In Fig. 2, we plotted the contact angle resulting in a smaller contact angle and slip length. The phe-
and slip lengths values against the solid-fluid interaction nomenon is similar to that shown in Fig. 2 and a small nega-
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tive slip length is also observed. We have also studied théative agreement with those found from MD simulations.
effects of the externally applied pressure énHowever, This study also demonstrates the kinetic nature of LBM
unlike those from Refd.12,17, our results suggest that slip when a more realistic solid-liquid interaction is considered.
length is independent of the magnitude of the driving force Obviously, liquid slip over a solid-fluid interface is a com-
In summary, we have studied liquid slip over a solid sur-plex phenomenon where its physical principle remains un-
face with a no-slip boundary condition through a mean-fieldglear. With a better understanding of slip mechanism in the

LBM. The resulting slip does not appear to be a numericakytyre, we believe that LBM could become a powerful alter-
artifact. Our work relates interfacial slip to a more realistic native in these studies.

solid-fluid interactionland hence contact angldirectly. Re-

sults show that apparent macroscopic slip can occur even This work was supported by the Canada Research Chair
when there is no microscopic slip over the solid-fluid inter-(CRC) Program and Natural Sciences and Engineering Re-
face; its magnitude relates directly to the interaction strengtlsearch Council of Canad&SERQ. J.Z. acknowledges fi-
between the fluid and solid particles. The results are in qualinancial support from Alberta Ingenuity.
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