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Slippery guestions about complex fluids

flowing past solids

Viscous flow is familiar and useful, yet the underlying physics is surprisingly subtle and complex. Recent

experiments and simulations show that the textbook assumpption of ‘no slip at the boundary’ can fail greatly

when walls are sufficiently smnooth. The reasons for this seem to involve materials chemistry interactions that

can be controlled — especially wettability and the presence of trace impurities, even of dissolved gases.

To discover what boundary condition is appropriate for solving continuum equations requires investigation of

microscopic particulars. Here, we draw attention to unresolved topics of investigation and to the potential to

capitalize on ‘slip at the wall’ for purposes of materials engineering.
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I wear eyeglasses (you may too) and blow on them
when they are dusty. The large dust particles blow off
easily but the small particles do not. But why not?

This familiar occurrence illustrates the no-slip
boundary condition of fluid flow past a solid surface,
which states that flowing fluid (air, in this example)
comes to rest just at the point where it meets the solid
surface. There is no relative motion of the fluid to the
impenetrable boundary that it flows past; molecules at
the boundary move on average with the same velocity as
thatboundary, and is therefore zero at a solid (the
normal velocity component is also zero but physically
trivial). We therefore realize that small dust particles do
not extend far enough beyond an adsorbing surface to
experience alarge enough airflow to be blown off.
Schematically, this is illustrated in Fig. 1.

The same situation arises elsewhere in everyday life.
When we take a shower, wash our hands, wash dishes. ..
it’s difficult to wash soap off simply by rinsing.

To remove soap from the surfaces on which it sits, it’s
much more effective to scrub with a washcloth. A less
mundane example is the energy lost to pump fluids.
One hardly questions that a jet of fluid flows through air
almost without frictional loss but that this is impossible
for flow through a pipe. Why? Why, as we age, does fatty
detritus tend to accumulate on our arteries?

This is a core concept in fluid mechanics — ‘no slip
at the wall’ It forms the basis of our understanding of
the flow of simple low-viscosity fluids and comprises a
springboard for much sophisticated calculation.
Although itis true that at some level of detail this
continuum description must fail and demand
description at the molecular level, it is tremendously
successful as the basis for continuum-based
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Blowing a surface clean
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calculations. As expressed in a prominent fluid
dynamics textbook':

In other words there is no relative motion between the
fluid and the solid. This fact may seem surprising but it is
undoubtedly true. No matter how smooth the solid surface or
how small the viscosity of the fluid, the particles immediately
adjacent to the surface do not move relative to it. It is perhaps
not without interest that Newton’s term for viscosity was
‘defectus lubricitatis’ - ‘lack of slipperiness’. Even for a fluid
that does not ‘wet’ the surface this rule is not violated.

Isit necessarily so? These issues were controversial
for centuries to those who developed the foundations of
fluid mechanics**. The compelling rational arguments
— for and against— were decided by the pragmatic
observation that predictions agreed with experiments.
The possibility of slip was discussed in mainstream
literature only in the context of the flow of polymer
melts*™, although over the years persistent doubts were
expressed>*’~. But experimental capability and
technical needs have changed — especially so with the
emerging interest in microfluidics and MEMS (micro-
electromechanical system)-based devices.

The situation has changed but the enormous and
enduring success of the no-slip assumption for
modelling must be emphasized. It works beautifully
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Figure 1 Blowing a surface
clean of dust particles. The large
particles are removed easily but
very small particles cling
tenaciously. They cannot be
blown off because the speed of
moving air, denoted by length of
the arrows, comes to zero at
the surface.
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Flow over walls of variable roughness

Figure 2 Surface roughness
promotes stick. This figure
compares flow pasta, an
absolutely smooth wall; b, a wall
with corrugation at the atomic
levelin the surface potential such
that fluid molecules are
preferentially attracted to
particular sites on the surface;
and ¢, asurface whose
roughness, larger than the
molecules of fluid, creates
irregularities of near-surface fluid
flow. In a, nothing pins the fluid to
the wall. In b, the fluid is pinned to
the wall by corrugation of the wall
potential, except if the fluid—fluid
cohesive forces exceed the
fluid—wall attraction. In ¢, the fluid
is pinned to the wall by flow
irregularities, even if the fluid
wets the wall only partially.
Velocity of the moving fluid is
indicated by the length of the
arrows. Although the sketches in
this figure show topographical
irregularity, different chemical
make-up can also produce

wall irregularity.
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provided that certain assumptions are met: a single-
component fluid, a wetted surface, and low levels of
shear stress. Then careful experiments imply that the
fluid comes to rest within 1-2 molecular diameters of
the surface'®'?. But the necessary assumptions are more
restrictive, and their applicability is more susceptible to
intentional control, than is widely appreciated.

THE ENDURING EXCEPTIONS

Widely appreciated by practitioners, exceptions to the
central dogma have made their way too little into the
textbooks, but are documented abundantly in the
engineering literature. In some situations, engineers
work hard to prevent exceptions when they deal with
suspensions in fluids — they routinely roughen the
surfaces of their test instruments and verify that their
measurements do not depend on the sample
thickness'. In other instances, engineers take advantage
of exceptions to reduce viscous drag—as in the flow of
suspensions, foodstuffs and emulsions' or the addition
of so-called processing aids to facilitate the flow of
plastics through moulds'. These commonplace aspects
of wall slip are not widely enough appreciated outside a
small community of engineers. They are endemic when
the fluid has more than one component and one of
them has lower viscosity than others, as may happen
when non-adsorbing polymers are dissolved in fluids of
lower viscosity.

Exceptions in cases of partial wetting— for
example, the flow of water past hydrophobic walls —
have been occasionally reported for many years>*”=°.
These reports seem never to have been widely
considered trustworthy, but the idea behind these
observations has been put on a firm quantitative basis
(see below).

Finally, there is the ‘weak link’ argument that
whenever the rate of flow is sufficiently strong,
something must break down. If a fluid is sheared at
some rate, a force will resist this. If the shear rate is raised
by a factor of (say) ten, the resisting force will rise by the
same amount. This cannot continue without limit
because if so, eventually the fluid would sustain forces
larger than can be withstood by even the strongest
material. Something must give, either at the wall (‘slip’)
or within the fluid itself.

This review will not consider all exceptions to the
no-slip boundary condition. Beyond the cases discussed
here, these include viscous polymers**, gas flowing past
solids whose spacing is less than a few mean-free paths'®,
superfluid helium, and contact lines when liquid
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droplets move on solids. Recently much interest has also
been given to slip in sheared films of molecularly thin
simple liquids, but those interesting anomalies disappear
for films thicker than 5-10 molecular dimensions'’,and
therefore are relevant mainly to friction.

THE MECHANISMS THAT CONTROL SLIP IN LOW-
VISCOSITY FLUIDS

Partial slip of so-called newtonian fluids, such as
alkanes and water, is predicted by an increasing number
of computer simulations'** and, in the laboratory
when forces are measured, systematic deviations from
the predictions based on no-slip are found*.

Some sense of urgency comes from potential practical
applications. Typical magnitudes of the slip length
reported in the literature are submicrometre, so small
that the practical consequence of slip would be minimal
for flow in channels whose size is macroscopic. But if the
channel size is very small, the potential ramifications in
microchannels and nanochannels are major.

The simulations must be believed because they are
buttressed by direct measurements. In the past, all
laboratory reports of slip were based on comparing
mechanical measurements of force to fluid mechanics
models,and hence were indirect inferences. Optical
methods have been introduced to measure fluid velocity
directly. For example, Léger and co-workers
photobleached tracer fluorescent dyes, and from the
time rate of fluorescence recovery — measured in
attenuated total reflection to focus on the region within
an optical wavelength of the surface— the velocity of

True slip Apparent slip

N > |

Low-viscosity zone

Figure 3 Slip of fluid past a surface can be apparent or real.

This figure distinguishes between true slip (left) and apparent slip (right)
in oscillatory flow. In both cases the velocity of the moving fluid
extrapolates to zero at a notional distance inside the wall and is finite
where it crosses the wall. For true slip, this is literally so. It may also
happen that a low-viscosity component in the fluid facilitates flow
because it segregates near the surface. The velocity gradient is then
larger nearest the surface because the viscosity is smaller.

When specific real systems are investigated, structural and chemical
materials analysis at the microscopic scale are needed to distinguish
between these possibilities. The blue dashed line shows the boundary
between the majority fluid and a near-surface zone of exceptionally
low viscosity. The speed of the fluid, denoted by the length of arrows,
seems to extrapolate to zero below the surface (green line) but in fact
does not (red line).
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flow near the surface was inferred®. They reported slip
of hexadecane near an oleophobic surface provided that
it was smooth, but not when it was rough. Tretheway
and Meinhart used laser particle image velocimetry of
tracer latex particles to infer the velocity of water flow in
microchannels* — they reported slip when the surface
was hydrophobic but no-slip when it was hydrophilic.
Callahan and co-workers demonstrated the feasibility of
using NMR velocity imaging, though this method has
been used to date only for multicomponent fluids®.
Animportant hint about mechanism comes from
the repeated observation that the amount of slip
depends on the flow rate, in measurements using not
only the surface force apparatus®=! but also atomic
force microscopy?”*2. The main idea of all of these
experiments is that two solids of mean radius of
curvature R, at spacing D, experience a hydrodynamic
force F; as they approach one another (or retreat from
one another) in aliquid medium, thereby squeezing
fluid out of (or into) the intervening gap. This force Fy is
proportional to the rate at which spacing changes, d D/d¢

(where tdenotes time), is proportional to the viscosity,
(1, assumed to be constant), and is 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®

6TR dD
Fy=f* Dzn ar 1

The deviation of the dimensionless number *
from unity quantifies the deviation from the classical
no-slip prediction. The classical prediction is
analogous when the surface spacing is vibrated. In
that case a sinusoidal oscillatory drive generates an
oscillatory hydrodynamic force whose peak we
denote as Fy ... The peak velocity of vibration is v,
= dwwhere dis vibration amplitude and @ the radian
frequency of vibration. Studies show that when the
frequency and amplitude of oscillatory flow are
varied, results depend on their product, V,,.,, and
that deviations from equation (1) depend on v,/ D.

Box 1

WHY DOES THE CENTRAL DOGMA WORK SO WELL?

For many years it was observed that the no-slip boundary condition is not
intuitively obvious. A pantheon of great scientists —among them,
Bernoulli, Coulomb, Navier, Poisson, Stokes, Taylor, Debye, de Gennes —
has worried about it. It has seemed doubtful to so many of them?**” that one
must inquire why it appears to work so well. There are two answers.

In a general sense one may argue from the fact that fluid molecules are
stuck to walls by intermolecular forces. Because nature abhors a
discontinuity, these molecules move with the same velocity as the wall, and
molecules nearby with nearly the same velocity, and so forth. Of course this
is not absolutely true; individual molecules hop on and off the wall by
brownian motion at rates much more rapid than the rate of fluid flow. It is
so statistically?!, just as the surface of a glass of water is well defined in spite
of the heavy, rapid traffic of molecules between surface and bulk air above
it. But this explanation is not entirely satisfying because it might happen
that cohesive forces between the fluid and solid are weaker than within the
bulk fluid; this would be so if the contact angle were large enough. Then the
main issue would be whether the fluid molecules attract the surface or the
ﬂuld more Strongly2,3,1 8-20,25-31 ,33,34.

Furthermore, what about fluid that contains more than a single
component such that the components might not be evenly distributed

HOW TO QUANTIFY SLIP

The formal idea of a slip length is common. Slip signifies thatin the
continuum model of flow, the fluid velocity at the surface is finite (the slip
velocity, v,) and increases linearly with distance normal to it. The slip velocity
isassumed to be proportional to the shear stress at the surface, o;:

nv,=bo, @
where 1is viscosity and b, the slip length, is the notional distance inside the
surface at which the velocity equals zero, if the velocity profile is extrapolated
inside the surface until it reaches zero. Fig. 3 illustrates the distinction
schematically. In much of the literature, the slip length has been assumed to
be a constant that characterizes the material response of a given fluid—surface
pair, but evidence of additional dependence on velocity is discussed below.

Itis unreasonable to expect this continuum description to yield
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between the bulk and the wall region? This is so for many engineering
fluids (foodstuffs, plastics, suspensions of particles in fluids. .. ). Why then
does the no-slip boundary condition hold so generally?

The second school of microscopic explanation argues that because
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?”**=. In this view, slip would occur
at featureless walls. Molecular dynamics simulations confirm slip past
surfaces thatlack any lateral corrugation of the potential of interaction
with the fluid; the fluid glides like a skater over ice, but this situation is
hypothetical. In a real world, the argument goes, the surface pins the
flowing liquid. Realistic walls do possess structure and those points of
localized preferential attachment produce stick. Schematic diagrams of
the effects of topographical irregularity on fluid flow, resulting in pinning
to the surface, are sketched in Fig. 2. In fact, the irregularity may also
be chemical.

The roughness argument explains convincingly the ubiquitous success
of the no-slip boundary condition central dogma in so many engineering
situations: rough walls, single-component fluids. Its Achilles heel is to leave
open the question of how much wall roughness is enough to matter.

microscopic information. One example of this was already given — the
appearance of no-slip when the microscopic reason is that flow irregularities
pin the fluid to the wall (see Fig. 2)***-%. Another example is apparent slip
when alow-viscosity component in the fluid facilitates flow because it
segregates near the surface'*'>. When conventional continuum mechanics
contends with situations that are more complex than the model allows, one
should resist the temptation to interpret literally the parameters in which the
continuum mechanics model is couched. These examples emphasize
instances where the notions of stick and slip are numerical conveniences not
to be interpreted literally in terms of molecular mechanism. The appearance
of slip owing to surface segregation of a low-viscosity component is
illustrated in Fig. 3.
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Figure 4 Influence of wall
roughness on flow past partially
wetted surfaces. a—¢,Atomic
force microscope images in
which the roughness was varied
tothe indicated root-mean-
square (.m.s.) level as described
previously?. Eachimage
concernsanarea 3 pmx 3 pm.
d, e, show, as a function of
logarithmic flow rate, v,.,/D, f*
(d; f*is defined in equation (1))
and the equivalent slip length (e),
for deionized water (filled
symbols) and tetradecane (open
symbols) between surfaces of
different levels of .m.s. surface
roughness, specifically: 6 nm
(case 1; squares), 3.5 nm (case 2;
circles), 2 nm (case 3; triangles),
atomically smooth (case 4;
diamonds). The data were taken
atdifferentamplitudes inthe
range 0.3—1.5nmand
frequencies in the range
6.3-250rad-sec™"; not all data
points are shown. To illustrate the
successful collapse of data taken
atdifferent frequencies, case 3
for water distinguishes data
taken at 6.3 rad-sec™" (crossed
triangles) and 31 rad-sec™'
(semi-filled triangles). Adapted
fromref. 29.
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This ratio, the flow rate, is the ratio is suggested by the
form of equation (1).

PARTIALLY WETTED SURFACES WITH VARIABLE
ROUGHNESS

According to equation (1), the ‘stick’ prediction is f* = 1.
One observes in Fig. 4 that deviations from this
prediction decreased systematically as surface
roughness increased. In addition, deviations from the
predictions of the no-slip boundary condition are
alternatively often represented as the slip length
discussed in Box 1 (‘How to quantify slip?’), the
imagined distance inside the solid at which the no-slip
flow boundary condition would hold; the equivalent
representation of this data in terms of the slip length is
included in Fig. 4.Ithad been known thata very large
amount of roughness is sufficient to generate no-
slip**-3%, however, an experimental study in which
roughness was varied systematically®’ succeeded in
quantifying how much roughness was needed in a real
system. The critical level of 6 nm considerably exceeded
the size of the fluid molecules.

Observation of rate-dependent slip suggests that
fluid is pinned up to some critical shear stress, beyond
which it slips. However, some laboratories report slip
regardless of flow rate?*2%%, Perhaps, as Hugh Spikes
(Imperial College, London) has suggested, the essential
difference is that the magnitude of shear stress is larger
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in the latter experiments, such that the critical shear
stress was exceeded over all of the flow rates that were
studied®. In cases where slip is rate-dependent, this
affords a potential strategy by which to effect purposeful
mixing in a microfluidic device. The idea would be to
simply make some patches on the surface hydrophobic
and other patches hydrophilic, so that when flow was
slow enough it would be smooth, but when it was fast
enough, mixing would result from jerkiness at the
hydrophobic patches.

Although it is true that slip at smooth surfaces is
predicted based on computer simulations'®?, the
shear rate of molecular dynamics simulations so much
exceeds shear rate in those laboratory experiments that
the direct connection to experiment is not evident.

To quantify the influence of surface roughness, Fig. 5
shows the limit up to which predictions based on the
classical no-slip boundary condition still describe the
data in Fig. 4. Because the no-slip boundary condition
still holds in this situation, it was valid® to calculate
the shear rate and shear stress by known equations.
The data show that deviations from the no-slip pre-
diction began at very low levels of hydrodynamic
stress — of the order of only 1 to 10 Pa. Beyond this
point, in some sense the moving fluid was depinned
from the surface. (Note that the calculation of peak
shear stress at the onset of apparent slip was erroneous
in the original publication® and should read as given
in the caption of Fig. 5 here, though the qualitative
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conclusion is not affected. We are grateful to
Hugh Spikes, Imperial College, London, for pointing
this out.)

Slip need not necessarily be predicated on having
surfaces coated with self-assembled monolayers to
render them partially wetted, though this was the case
in most of the studies cited so far. The no-slip boundary
condition switches to partial slip when the fluid
contains a small amount of adsorbing surfactant®?'.

DISSOLVED GAS MODULATES SLIP

When experimental observations deviate from
expectations based on the no-slip boundary condition,
there are at least two alternative scenarios of microscopic
interpretation. The first would not be realistic; for
newtonian fluids, it is not reasonable physically to
suppose that the fluid viscosity changes. Why then do
experimental data seem to undergo shear thinning with
increasing values of the ratio V,,/D, if it is unreason-
able to suppose that the viscosity really diminished?
Inspection shows that the data for smooth surfaces at
high flow rates are consistent with a two-layer-fluid
model in which a layer <1 nm thick, but with viscosity
10-20 times less than the bulk fluid, adjoins each solid
surface?. A possible mechanism to explain the genesis
of this layer was discussed by Vinogradova® and recently
formalized by de Gennes*, who conjectured that shear
may induce nucleation of vapour bubbles; once the
nucleation barrier is exceeded the bubbles grow to
cover the surface, and flow of liquid is over this thin gas
film rather the solid surface itself. Indeed, it is likely that
incomplete air removal from the solid surfaces can
profoundly influence findings in these situations where
surface roughness is so low. It is identified by recent
research as a likely source of the miss-named ‘long-
range hydrophobic attraction™"**. Gases also appear

to influence the sedimentation rate of small particles

in liquid®.

Accordingly, this laboratory has performed
experiments in which the surface force apparatus was
used to measure hydrodynamic forces of newtonian
fluids that had been purged with various gases.

It emerges that dissolved gas strongly influences
hydrodynamic forces, in spite of the fact that gas
solubility is low.

Figure 6a illustrates experiments in which a simple
non-polar fluid (tetradecane) was placed between a
wetted mica surface on one side, and a partially wetted
methyl-terminated surface on the other, using methods
described in detail elsewhere®. The surface—surface
spacing of 10-100 nm substantially exceeded the size of
the fluid molecules, therefore the fluid responded as a
continuum. The spacings were vibrated with small
amplitude and the magnitude of hydrodynamic force
was measured as a function of the ratio V., /D
suggested by equation (1). The experiments showed
that whereas textbook no-slip behaviour? was obeyed
when the tetradecane had been saturated with carbon
dioxide gas, massive deviations from this prediction
were found when the tetradecane was saturated with
argon. This makes it seem likely that argon segregated to
the solid walls, creating a low-viscosity boundary layer,
in this way greasing the flow of fluid past that surface.
Presumably, the amount of segregation is a materials
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property of the fluid, the chemical makeup of the
surface, and the chemical identity of the dissolved gas.
In this example, the fact that argon possesses low
solubility in tetradecane may have made it more prone
to segregate to the surfaces.

Indeed, it has been suggested* that when a solid wall
is hydrophobic and immersed in water,
thermodynamics may assist forming a vapour phase
near the wall. Recent thin-film shear force
measurements support this idea®.

We remark parenthetically that gas at a surface need
not take the form of bubbles; that idea would be
inconsistent with the enhanced solubility that is
expected according to the Kelvin equation when the
radius of curvature is very small. It is more likely that it is
asubtler effect. Segregation of gas to the near-surface
region seems to facilitate some kind of low-density
surface excitations, but their nature is not well
understood at this time.

SLIP PAST WETTED SURFACES

The influence of dissolved gas (discussed above) casts
doubt on a traditional assumption of work in this field,
which is that slip arises because fluid—fluid intermolecu-
lar interactions are stronger than those between fluid
and surface, that is, that the surface must be wetted only
partially. For several years, there have been prominent
counterexamples, showing ‘slip’ past wetted
surfaces?*2. Recent experiments from this laboratory
have quantified that dissolved gases can mediate
apparent slip even for solid surfaces that are fully wetted
by the flowing fluid, provided that the wetted surfaces
are sufficiently smooth.

To illustrate this, Fig. 6b summarizes experiments
in which deionized water was placed between wetted
surfaces of mica and the surface—surface spacing of
10-100 nm was vibrated with small amplitude in the
manner described previously*-'. Onlog—log scales,
hydrodynamic force is plotted against the ratio, V,.,,/D.
Itis obvious that the prediction based on equation (1),a
straight line on the log—log plot with a slope of unity,
was violated systematically when the hydrodynamic
force reached a critical level. An intriguing point is that
initial findings were at first found to be irreproducible
(they varied within the range marked by the hatched
lines in the graph) but became reproducible when the
water was first deliberately saturated with gas.
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Figure 5 lllustration that
deviations from the traditional
no-slip boundary condition
depend systematically on surface
roughness. Here the critical shear
rate for onset of slip (left ordinate)
and critical shear stress (right
ordinate) are plotted
semilogarithmically against
r.m.s. surface roughness for flow
of deionized water (solid
symbols) and tetradecane (open
symbols and semi-filled symbols
asidentified in ref. 29). The two
semi-filled datain parentheses
show the asymmetric situation of
partially wetted surfaces with
r.m.s.roughness 0.5 nm and

1.2 nm on one side and smooth
wetted mica surface on the other
(asdiscussed inref. 29).The line
through the datais a guide to the
eye. Maximum shear rate and
shear stress on the surfaces were
calculated using known relations
based on continuum
hydrodynamics fromref. 3.
Specifically,

ﬂ .Epiak ©3)

D D

and g = 1.3781NR"2 Vi IP2.
The datum with arrows (top
right) is above the experimental
resolution (dashed horizontal
line) and represents a lower
bound; the arrows indicate that
the actual value may be even
larger. Figure adapted from
ref.29.
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Figure 6 lllustration that the
onset of ‘slip’ depends on
dissolved gas, when simple
newtonian fluids flow past
atomically smooth surfaces,
either wetted or partially wetted.
Onlog—log scales, the
hydrodynamic force £ . is
plotted against reduced flow rate,
V,ead Dsuch that a straight line of
slope unity would indicate ‘no-
slip” assumed by equation (1).
The fluid was saturated with
carbon dioxide (filled symbols) or
argon (open symbols). The
vibration frequency was 9 Hz;
other experiments atlarger v/D
(not shown), performed at similar
Dbut higher frequency, verified
saturation of hydrodynamic
force. a, Tetradecane flowing
between the asymmetric case of
awetted mica surface on one
side, a partially wetted surface of
methyl-terminated self-
assembled monolayer on the
other side, prepared as described
elsewhere?. b, Deionized water
flowing between mica surfaces
that are wetted by this fluid.

The hatched region of the graph
shows the range of irreproducible
results obtained using deionized
water such that gases dissolved
inthe water were not controlled.
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One observes that water saturated with argon seemed to
‘slip’ at a slightly higher level of shear stress than water
saturated with carbon dioxide, and that in both cases the
limiting hydrodynamic force was larger than when the
nature of the dissolved gas was not controlled.

This rich and complex sensitivity to detailed
materials chemistry of the system disappears when
surfaces are so rough that the ‘stick’ boundary
condition is produced trivially by the influence of

Figure 7 lllustration of what happens when contact of a water droplet
with a solid surface is minimized by making the surface very rough.
The rough surface traps pockets of air between the drop and the
surface, resulting ina ‘pearl drop’ with an unusually large contact angle
approaching 180°.Viscous friction is expected to be unusually small
when water flows past such a surface.

Photo courtesy of Aurélie Lafuma and David Quéré, Collége de France, Paris.
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surface roughness®?¢3, Therefore for scientific and
practical reasons alike, these issues of flow past nearly
smooth surfaces comprise fertile ground for

future work.

THE PURPOSEFUL GENERATION OF SLIP

Inspired by these ideas to design new engineering
structures, one might strive to ‘grease’ the flow of liquids
past solid surfaces by altering the boundary condition.
One strategy is to make the surfaces ultra-smooth%.
Another (mentioned already) is to add processing aids
that segregate to the surface'>**!. A third way is to
purposefully use multicomponent fluids to generate
concentration gradients and differential wetting to
generate slip, as can occur even if there is no velocity
gradient in the fluid®. These methods could potentially
be used in nanomotors or nanopumps.

Alternatively, one may seek to maximize contact
with air, which is exceedingly solvophobic. Readers will
have noticed that water ubiquitously forms beads on the
leaves of plants. Some plants can display a contact angle
thatapproaches 180°, even though water at a smooth
surface of the same chemical make-up as the leaf
displays a much lower contact angle. A recent series of
experiments from the Kao Corporation in Japan
provided insight into why*® — the surfaces are rough on
many length scales”*® and trap air beneath them.
Readers will have noticed that if one tilts aleaf, a drop of
water on it rolls smoothly; this is because it rides mainly
on a cushion of air. This, the Lotus Leaf effect, is
illustrated in Fig. 7. Itis the principle of an ingenious
method introduced recently to lower the viscous drag
when fluids are caused to flow through pipes whose
diameter is macroscopic®. Of course, given along
enough period of time, it is likely that the trapped gas
would dissolve into the flowing fluid, but perhaps this
effect could be enhanced by placing air nozzles along the
walls of the tube and replenishing the trapped gas with a
stream of inlet air.

A final method by which flow of a newtonian fluid
past surfaces may be facilitated is to ‘ciliate’ the surfaces
by coating with chain molecules — polymers, proteins
or sugars. Experiments using a surface force apparatus
suggest a similar (butless dramatic) rate-dependent slip
in this case also®. This is possibly related to fluid flow in
biological organs whose surfaces are also extensively
ciliated, such as blood vessels and the kidney™.

OUTLOOK

The textbook presentation of engineering fluid
mechanics is often of a subject thoroughly understood,
but recent experiments and simulations using smooth
surfaces show behaviour that is richer and more
complex than had been supposed. The correct
boundary condition appears to depend on physical and
chemical properties of the solid-liquid interface that are
susceptible to rational control.

doi: 10.1038/nmat854
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