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Limits of the Hydrodynamic No-Slip Boundary Condition
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A controversial point in fluid dynamics is to distinguish the relative importance of surface roughness
and fluid-surface intermolecular interactions in determining the boundary condition. Here hydrodynamic
forces were compared for flow of Newtonian fluids past surfaces of variable roughness but similar, poorly
wetted, surface chemistry. The critical shear stress and shear rate to observe deviations from predictions
using the no-slip boundary condition increased nearly exponentially with increasing roughness and di-
verged at =6 nm rms roughness. We conclude that local intermolecular interactions dominated when the
surface was very smooth, but roughness dominated otherwise. This quantifies the limits of both ideas.
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For many years it has been observed that there is no
compelling argument to justify the standard ‘“no-slip”
boundary condition of textbook continuum hydrodynam-
ics, which states that fluid at a solid surface has no relative
velocity to it [1]. However, this assumption successfully
describes much everyday experience. Indeed, Feynman
[1] noted in his Lectures that the no-slip condition explains
why large particles are easy to remove by blowing past
a surface, but small particles are not. Similarly, readers
who wash dishes have noticed that it is difficult to remove
all the soap just by running water—a dishcloth is needed
for effective cleaning. Why?

There are two schools of microscopic explanation. The
traditional explanation is that since most surfaces are
rough, the viscous dissipation as fluid flows past surface
irregularities brings it to rest, regardless of how weakly
or strongly molecules are attracted to the surface [2—4].
This has been challenged by accumulating evidence that,
if molecularly smooth surfaces are wet only partially,
hydrodynamic models work better when one uses instead
“partial slip” boundary conditions [5S—14]. Then the main
issue is whether fluid molecules attract the surface or the
fluid more strongly [5—12,15]. In this study we tested the
limits of both ideas. To the best of our knowledge, this
is the first experimental study in which roughness was
varied systematically at the nanometer level.

To study this slippery question, the starting point was a
modified surface forces apparatus whose step-free single
crystals of muscovite mica were coated with methyl-
terminated self-assembled organic monolayers. Briefly,
surface spacing was measured using optical interferometry
and dynamic forces were measured using piezoelectric
methods [12]. We analyzed the viscous response, 90° out
of phase with the sinusoidal drive. The separation D was
measured relative to D = 0 in adhesive contact in air.

Figure 1 sketches the experimental strategy and shows
AFM (atomic force microscopy) images of some of the sur-
faces that we studied. Three strategies were used to vary
roughness systematically. The first was based on using
collapsed polymers. Narrow-distribution diblock copoly-
mers of polystyrene (M,, = 55400) and polyvinylpyridine
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(M,, = 28200), PS/PVP, were allowed to adsorb for a
limited time from a dilute (5 X 10° ugmL™") toluene
solution. The remaining bare regions of mica were then
coated with an organic monolayer of condensed octade-
cyltriethoxysilane (OTE) [13]. The contact angles against
water and tetradecane were stable in time, which shows
that the liquids did not penetrate them. AFM images in
Fig. 1 quantify the roughness (and show that aggregation
occurred during some step of the preparation procedure).
To produce larger roughness, mica was coated with con-
densed octadecyltrichlorosilane (OTS) after first saturating
the cyclohexane deposition solution with H,O to encour-
age partial polymerization in solution before surface depo-
sition. In the third method, self-assembled monolayers of
alkane thiols were formed on silver whose roughness was
controlled by the dc bias applied during sputter deposi-
tion. The silver was coated with octadecanethiol (Aldrich)
deposited from ethanol solution (0.5 mM) and placed in
opposition with a molecularly smooth OTE surface. Sur-
face separation was then measured between silver films on
the back sides of the mica sheets (methods 1 and 2) or be-
tween silver on the front side of one sheet and the back side

Flow
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FIG. 1.
schematically in the top portion of this figure. In the bottom
panels, AFM images are shown of the following cases: (a) self-
assembled OTS layers; (b) PS/PVP-OTE layers (surface cover-
age ~80%); (c) PS/PVP-OTE layers (surface coverage ~20%).
Each AFM image concerns an area 3 um X 3 um.

The scheme of flow over a rough surface is shown
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TABLE L.

Contact angles and surface roughness (6,, advancing; 6,, receding).

Case a: self-assembled OTS layers; case b:

PS/PVP-OTE layers (surface coverage ~80%); case c¢: PS/PVP-OTE layers (surface coverage ~20%); case d: smooth OTE mono-
layers; case e: self-assembled octadecanethiol monolayer on silver; case f: self-assembled octadecanethiol monolayer on silver. The
rms roughness was measured over areas 3 um X 3 um. The AFM characterization was performed in contact mode in air using a
Nanoscope III and a SizN4 top (Digital Instruments). The contact angles have an uncertainty of +2°.

Sample Case a Case b Case ¢ Case d Case ¢ Case f
Water 0, 105° 110° 110° 110° 121° 121°
0, 75° 85° 90° 110° 112° 98°
Tetradecane 0. 35° 38° 38° 42° 42°
0, 12° 21° 38° 32° 25°

rms roughness 6 nm 3.5 nm 2 nm 0.2 nm 0.5 nm 1.2 nm

of the adjoining sheet (method 3). Table I shows that the
advancing contact angle was similar in all cases but that
the receding contact angles depended on surface rough-
ness, which was evaluated using atomic force microscopy.

The principle of hydrodynamic measurement was
simple. Two solids of mean radius of curvature R (=2 cm
in the experiments reported below), at spacing D, ex-
perience hydrodynamic forces Fy as they approach one
another (or retreat from one another), thereby squeezing
fluid out of (or into) the intervening gap. This force
is proportional to the rate at which spacing changes,
dD/dt (¢t denotes time), and inversely proportional to
D. The no-slip boundary condition combined with the
Navier-Stokes equations gives to first order the following
expression, known as the Reynolds equation:

LO6TR%y dD
D dt’

Fp=f (1)
and high-order solutions essentially confirm this, the
lowest-order term. We introduce f*, the dimensionless
number that quantifies, if f* # 1, deviation from the
classical prediction. The prediction is analogous when
the surface spacing is vibrated [14]. A sinusoidal drive
produces an oscillatory hydrodynamic force whose peak
we denote as Fp peak. The peak velocity is vpeax = dw,
where d is the vibration amplitude and w is the radian
frequency of vibration. The amplitude and frequency
were controlled independently, allowing the mean velocity
to vary over a wide range without a large change of the
film thickness. It is known that data obey Eq. (1) when
the fluid wets the solids [14,16,17]. Control experiments
using a spectrum analyzer revealed no harmonics in the
hydrodynamic responses indicating that flow produced
a steady state whose lifetime exceeded the period of
oscillation (see further discussion below).

Figure 2 illustrates raw data. The top panel concerns
deionized water, the bottom panel tetradecane. The main
figure plots hydrodynamic force against surface separation
for experiments at a given velocity. The inset in each panel
shows a quantity proportional to the inverse hydrodynamic
force, the damping function (defined in the figure legend),
plotted against surface separation. The no-stick boundary
condition predicts linear dependence in this representation.
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Taken together, these data show that the rougher the solids,
the better the agreement with the no-slip assumption.
What are possible complications? The confinement-
induced enhancement of fluid viscosity and ensuing shear
thinning have seen much discussion [18], but those effects

~~
Z T
5[ @a 05 ]
x 50.20f
) »n 0.15 1
Q o~
=107 £ 0.10] mo 1
LL ¢ 0.05 (n=0.83 cP)} 1
- 5| 0.00

{nm)

o 0 50 100 150 200
o ! '
E O L + i 1 AAARARALL
© 50 na AOB ]
E 40 | %06 i
g 30 g0.4 T i
= o0l o 0.2} (n=2.52 cP)
_8 0. Oo 50100 150 200
o1

©

=

I

150

100
D (nm)

FIG. 2. Hydrodynamic force between crossed cylinders,
Fh peak, is plotted against surface separation D for tetradecane
(bottom panel) and deionized water (top panel) undergoing

0 50 200

1 nm vibrations at 63 rad s™! (Upeak = 63 nm s™!). The rms
roughness was 6 nm (case a; squares), 3.5 nm (case b; circles),
2 nm (case ¢; down triangles), 1.2 nm (case f; hexagons),
0.6 nm (case e, up triangles), and molecularly smooth (case d;
diamonds). The inset in each panel shows the damping func-
tion, G = 6T R*Vpeak / Fi peak = D/, plotted against D. The
reciprocal of the slope in the linear portion of the inset gives
the known viscosity of these fluids. Given the no-slip boundary
condition and a Newtonian fluid, G should extrapolate to the
origin. The observed curvature implies a breakdown of the
no-slip boundary condition.
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extrapolate to zero beyond a film thickness of 5-10 mo-
lecular dimensions. They should not arise for the thicker
films studied here. In addition, we emphasize that the
conclusions in this Letter are not chemically specific.
They hold for the Newtonian polar fluid (water) and the
Newtonian nonpolar fluid (tetradecane) alike.

How should these data be compared? Our recent
study involving flow past partially wetted smooth surfaces
showed, when the frequency and amplitude of oscillatory
flow were varied, that the data depended on the peak ve-
locity, their product, vpeax [11]. Furthermore, deviations
from Eq. (1) depended on vpeak /D the flow rate, which is
the ratio, is suggested by the form of Eq. (1) [11]. In this
new study, the same functional form was found to collapse
the data also when roughness was varied. Evidence for
this is shown by the comparisons at variable vc,x and D
shown in Fig. 3, where the data are plotted as a function
of vpeak /D on log-log scales. We emphasize that f* is
used as a fitting parameter to which we do not assign
physical meaning. The “stick” prediction (f* = 1) is a
horizontal line and one observes that deviations from this
decreased as roughness increased. A possible mechanism
for rate dependence was proposed by de Gennes [19].
He conceives that shear induces the nucleation of vapor
bubbles; once the nucleation barrier is exceeded they
grow to cover the surface, and flow of liquid is over this
thin vapor film rather than the surface itself. There is
evidence to support this picture [20]. Indeed, some kind
of flow-induced steady state is suggested by the absence
of higher-order harmonic responses in our raw waveforms
in spite of the fact that the instantaneous velocity varied
between zero and vy, during each cycle of oscillation.
However, the main point of this experimental study is to
describe the dependence on roughness while ignoring the
microscopic interpretation.

Deviations from the predictions of the no-slip boundary
condition are, alternatively, often represented as the “slip
length,” the fictive distance inside the solid at which the
no-slip flow boundary condition would hold. It is an alter-
native empirical representation of the data just discussed.
Mathematical manipulation based on continuum hydrody-
namics [21] shows that a given f* implies a given slip
length (b) according to the relation

f =2%[(1 + %)m@ + %) - 1] )

Results (Fig. 3, bottom panel) show the implied relations
between slip length and flow rate. While it was known pre-
viously that a very large amount of roughness is sufficient
to generate no slip [10], this appears to present the first
quantification of how much actual roughness is needed.
The quantitative dependence on roughness is sum-
marized in Fig. 4. We consider the limits up to which
predictions based on the no-slip assumption still described
the data (just before they failed). Shear rate, yma.x, was
calculated from the relation that, if the stick boundary
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FIG. 3. As a function of logarithmic flow rate, vpeax /D, f*
[top panel; f* is defined in Eq. (1)] and the equivalent slip length
(bottom panel) are plotted, for deionized water (filled symbols)
and tetradecane (open symbols) flowing between surfaces whose
different levels of rms roughness are identified in Table I. Sym-
bols are the same as in Fig. 2. The data, taken at different
amplitudes in the range of 0.3—1.5 nm and frequencies in the
range 6.3—250 rad sec !, are mostly not distinguished in or-
der to avoid clutter, since their successful collapse as a function
of Vpeak /D was shown in detail for smooth surfaces previously
[12]. To illustrate the similarly successful collapse for these
rough surfaces, data taken at the two frequencies 6.3 rad sec ™!
(cross filled symbols) and 31 rad sec™! (semifilled symbols) for
water are included explicitly. In the bottom panel, the slip length
(b) was calculated as described in the text.

condition holds in a crossed cylinder geometry, it is
proportional to flow rate by a geometrical factor of
magnitude between 10° and 10* that depends on D [21],
Ymax = AVR/D pear /D, where A = (27/128)"/2. The
shear stress, opeak, if the stick boundary condition holds,
was [21] 0 peak = 3MRVUpeax /D?, where 7 is the viscosity
of bulk liquid. With the shear stress evaluated at the
coincident axis of the experiment’s curved surfaces, they
are plotted against the rms roughness. One observes that
they increased rapidly, approximately exponentially, with
increasing roughness, with nearly the same dependence
for water and tetradecane.

Initially we had expected the wavelength of roughness
to matter, but this is not obvious from the data at hand.
Though the mean distances between asperities varied
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FIG. 4. The critical shear rate for onset of slip (left ordinate)
and critical shear stress (right ordinate) are plotted semiloga-
rithmically against rms roughness for flow of deionized water
(solid symbols) and tetradecane (open symbols for cases a—c
in Table I and semifilled symbols for cases e and f). The data
in parentheses indicate the asymmetric situation of cases e and
f on one side and case a on the other side—one surface was
rough and the opposed surface was atomically smooth. Shear
rate and shear stress at the coincident apex of the cross cylin-
ders were calculated using known relations based on continuum
hydrodynamics [21].

enormously (cf. AFM images in Fig. 1), Fig. 4 reveals
remarkably regular dependence on the simpler measure,
the root-mean-square roughness. Further work is desirable
to extend the available theoretical and simulation analyses
[22,23]. The respect in which details of surface texture
play a role, and the distinction between topographical and
chemical roughness, are at present open issues.

These experiments show, for the first time to the best
of our knowledge, how large surface roughness must be to
produce the no-slip boundary condition. There are poten-
tial implications in applications such as magnetic recording
and microfluidics, where roughness can be designed to be
very low.

Similarly, there is relevance to the diffusion of molecules
in liquid solutions. The transition from “slip” (small, regu-
larly sized molecules) to stick (molecules whose shape
is bumpy) has been a concern for a long time [24]. These
experiments provide a touchstone for understanding all of
these problems.
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