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Introduction

In contrast with the usual picture where the velocity of a liquid or
gas flow on a solid wall is zero, recent experiments have shown
that simple liquids and gases may significantly slip on solid surfaces
and, consequently, the no-slip condition should be replaced by a

more general relation



Second-order slip laws in microchannels for helium and nitrogen

Jean Maurer, Patrick Tabeling, Pierre Joseph, and Herve Willaime
Laboratoire de Physique Statistique, Feole Normale Superieure, 24 rue Lhomond, 75231 Paris, France
and Microffuidics, MEMS, Nanostructures, ESPCE 10 rue Faouguelin, 73231 Paris, France

Range of existence of slip flow regime?

Gas flow experiment in shallow micro-channel, 1.14+0.02 zm deep and
200 micron wide etched in glass and covered by silicon waver

Flow rate and pressure drop measurements are performed for He and Ni
for Kn=0.8 and 0.6. Upper limit for slip flow is Kn=0.3
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FIG. 1. Channel geometry, with the system of coordinates. Throughout the
paper, we assume the channel 1s shallow, 1.e., its depth »# i1s much smaller
than its width w, so that, except close to the sides, the fluid essentially sees
two infinite parallel planes, separated by b.



The possibility that ordinary gases slip against solid walls has been
proposed long ago by Maxwell. By statistical arguments, Maxwell
obtained the following expression for the boundary conditions :

- O ) ou

U= y
o 0z
iIn which u is the velocity at the walls, z the coordinate normal to the
wall, and A is the mean free path for the gas, and the accomodation
factor, a fraction  of the gas molecules that reflect diffusively against
the walls (the rest yndergoing specular reflection).

This condition means that gas layers slip against the wall

By working with extremely well defined channel geometries,

of sizes comparable to the mean free path, the authors now have the
possibility to confront, with an unprecedented degree of accuracy,
such a condition with the experiment.

 range of existence of the slip regime
- form of the boundary conditions
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Image of channel obtained by microscopic interferometry



Fluid mechanical background:
first and second order boundary conditions
and Stokes approximation
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continuation

3
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S =1+ 6A1Kn -it is a direct way to check the boundary condition
Second-order boundary condition (transition regime)

2
8_u — AN Ou (Stokes eq. is solved instead of Burnett eq.)
oz 7 8z’

u=tAA

P Ln(IT)

S=1+6A4Kn+124,Kn’

1 = 5 (developing in powers of AP/2P)

£

Averaged Kn is the control parameter

S ~1+6A4Kn+12A4,Kn*
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FIG. 4. Plot of the mass flow-rate as a function of the composite pressure Colin et al. data, and horizontal segments are extracted from Arkilic et al.;
drop P,AP, for helium. The full line is drawn to “guide the eyes;” it the dashed line represents the full accommodation limit (¢=1), without
represents the evolution we expect at low Knudsen numbers. second-order effects. The full line 1s the fit by a polynom of degree 2.
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FIG. 5. Evolution of the slip coefficient S, for helium; the crosses represent
Colin et al. data; the dashed line represents the full accommodation limit
{(o=1), without second-order effects. The full line is the fit by a polynom of
degree 2.

FIG. 7. Evolution of the slip coefficient S, for helium (disks) and nitrogen
(triangles), displayed on the same plot, so as to compare measurements.



The plot represents a dimensionless number S, defined by :

o _120ub L
~ BAP

where Q is the volumetric flow-rate, u the fluid viscosity, L

the channel length, Pm the mean pressure along the channel,

and AP the pressure drop. The Maxwell theory, with 0=1, is

shown on the Figures. From such measurements, we estimate

the accomodation factor for Helium to be equal to 0.91+0.03 and

for Nitrogen 0.87. The deviation from the first order b.c. is obvious.

For both gases it was found that the averaged limiting Kundsen number

Kn ~0.3%0.1

Beyond this number the second order effect becomes significant



A general boundary condition
for liquid flow at solid surfaces

Peter A. Thompson* & Sandra M. Troiant

* The Celerity Group, 20 Massaw Street, Swite 209, Princeton, Mew Jersey 08542,

USA
T Departrment of Chewrical Engineering, Princeton University, Princeton,

MNew Jersey 08544, USA . . .
Molecular dynamics simulations

The degree of slip at the boundary conditions depends on a
number of interfacial parameters including the strength of the
liquid-solid coupling, the thermal roughness of the interface,
and the commensurability of wall and liquid densities.

The amount of momentum transfer at the wall/fluid interface
decreases as the relative surface energy corrugation of the

wall decreases -slip develops
Efficient momentum transfer corresponds to no-slip condition.

gwf Energy and

O.Wf Length scales
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Figure 1 Steady-astate flow profiles and achematic of the Couette flow geometny
The Couette cell measured 1251« x 7.22¢ xf where f varied from 16 T1e to
24 57a Thenumber of fluid moleculez ranged from 1152 to 1,728, rezpectively. The
K-direction of the cell iz aligned along the [112] orientation of the face-centrad
cubiclattice comprizing thewall, and perodic boundary conditions ars imposed
along & and §. The flow profiles were obtained for syztems with U = 10071,
f = 2457, andwalla characterized by the indicated denaity and Lennard-Joneas
parameters. Values for & o and ¥ (ses text] are in units of ¢ ¢ and g,
rezpectively. Following an equilibration period of ~ 100+, the profiles were com-
puted by averaging the instantaneousz particle velo cities within binz of width ~1a
apanning the diztance bebneen the two wallz, The duration of the averaging
vared from 2ZBEDr to 70007 depending on the =zignalto-noize ratio. Accurate
resolution of flows with 4= 001+ 7" typically required =2 5800+ of averaging. The
dazhed line indicates Couette flow with a no-alip boundary condition.
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Figure 2 “anation of the zlip length L2 (panel a) and vizcosity wipanel b) az a
function of ahear rate for ayatemsa with the indicated interfacial properties. [ o was
computed from the definition L, = AV, which for Couette flow reduces to
(L —Fve wowas computed from the relation = FPnrfy, where O, 12 the Zv-
component of the microgcopic stress tenzor averaged acrozs the cell™



|-|1r|'

|

. T ' | |
Qa - -

Jr.-:_-'fff-r d-:".‘. 1 |

|

AE .19 036 ;
C43 04
So 3F e qu Hl:lag ; - 0 N\
o L)
- - 1/2
1 s —e L w & gy "”! —: .
ob——r - v -

[og, :J[(Tf'l"’;)

Figure 3 Master curve dezcribing the flow boundary condition. The data iz the
same azthat shown in Fig. Zawith L_ and + zcaled by the indicated values of L2
and 4. The dashed line represents L =L201 — oy, 7 1%,

Particle in driven periodic potential also shows VC

3/4
V. C R where R is roughness characteristic



Shear-dependent boundary slip in agueous Newtonian liquid

V.Craig et al, PRL 87, 054504 (2001)

AFM is used

Silica sphere.l.i Al
. 10.4 micron silica sphere gold

coated and thiol monolayer (SAM)

7

/"///

Mica gold coated and thiol monolayer
(provides control of roughness and

wettability
FIG. 1. Schematic representation of the employed sphere-

plane system. The sphere of radius r is separated from the flat
surface by £ at the point of closest approach.
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FIG. 2. Measurements of the hydrodynamic drainage force in
a sucrose solution. The piezodrive rate is 2400 nm/s and the
vigcosity of the sucrose solution is 27.0 mPa 5. The experimental
data (circles) are presented together with the Brenner theory
prediction (empty squares).
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FIG. 3. Measurement of the hydrodynamic drainage force in

a sucrose solution. The experimental data (empty triangles)
are presented together with the no-slip theory (circles, with
error bars) and the slip theory (line). The piezodrive rate
is 21600 nm/s and the viscosity of the sucrose solution is
192 mPas. The fitted slip length iz 5 nm. In the inset we
report the ratio of the approach and drive velocity.
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FI;. 4. Measurement of the hydrodynamic drainage force in
a sucrose solution. The experimental data {(empty triangles)
are presented together with the no-slip theory (circles, with
error bars) and the slip theory (line). The piezodrive veloc-
ity is 21 600 nm/s and the viscosity of the sucrose solution is
389 mPas. The fitted slip length 1s 12 nm. In the inset the full
scale experimental data (solid line) and the full scale Brenner
theory (broken line) are presented.

High rate approach is crucial to observe slip boundary conditions!
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FIG. 5. Hydrodynamic force versus inverse of separation. The
same data as in Fig. 4 are reported. The experimental force data
are divided by the velocity ratio (see Fig. 3) to allow comparison
with theories.
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FIG. 7. Measurement of the typical equilibrium forces present
in the system. The surface forces (diamonds), measured at low

approach velocity in a 46% sucrose solution w/w, viscosity
10.2 mPas, are fitted using the DLVO theory, for both the con-

stant charge (upper curve) and constant potential (lower curve)
boundary conditions.
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Flts. 6. Slip length versus driving rate. The sucrose solutions
have viscosities of 19.2 mPa s (crosses), 38.9 mPa s (diamonds),
and 80.3 mPas (triangles). The lines are included to guide
the eve.



Rate-dependent slip of Newtonian liguid at smooth surfaces
Y.Zhu&S.Granick,PRL 87, 096105 (2001)

There is a critical value of the flow rate above which partial slip appears
It is the first direct measurements in which velocity of the moving
object is varied over a wide range and the conclusions are:

« amount of slip is strongly dependent on velocity

 the onset of slip varied systematically with contact angle

R~2cm mean radius of curvature

D -spacing

F gy -hydrodynamic force



The no-slip boundary conditions combined with the Navier-Stokes
equations give to the first order the following expression for the
hydrodynamic force due to squeezing of a fluid out of the gap.

This expression is known as the Reynolds equation

F, = f"6zR’n(1/D)(dD /dt)

f* -+ 1 -the non-dimensional parameter that quantifies deviation
from the classical prediction (that was confirmed on wetted surface)

The analogous prediction is for oscillated surface spacing.
Then oscillatory drive generates an oscillatory force whose

Peak is denoted as FH,peak . The peak velocity is V

=dw

peak

Modified surface force apparatus with lock-in, tetradecane against
absorbed surfactant and SAM, and water against SAM have been used.
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FIG. 1. Hydrodynamic force between crossed cylinders.
F i peax, 18 plotled against surface separation D for letradecane
(upper panel) and deionized water (bottom panel) undergoing
1 nm spacing vibrations at 63 rads~'. In the top panel, the sur-
face was wetting (mica; circles) or partially wetting with contact
angle ~44° (OTE; diamonds). A schematic diagram of the ex-
periments is shown in the bottom panel. The data are compared
to the hydrodynamic force expected from the no-slip boundary
condition, Eq. (1) (dashed lines). The inset of each panel shows
the damping function, G = (67RVpear)/Fripeax = D/,
plotted against 2. The reciprocal of the slope in the linear
portion of the insct gives the known viscosity of these fluids.
Given the no-slip boundary condition and a Newtonian fluid,
G should extrapolate to the origin.

N\
G= (677szpea )/ F,

Tetradecane, oil with low viscosity:

* between mica-wetting (circles)
* OTE -partial wetting (diamonds)
» dashed line-classical theory

=D/n

peak

For partial wetting force was less
than for wetting case. Water gives
Similar results
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FIG. 2. On log-log scales, f~ is plotted against D for deion-
ized water between partially wetting (OTE-coated) at peak ve-
locity 3.6 nms™! (squares, 1 Hz), 40 nms™' (triangles, 1 Hz),
100 nm s~! (circles, 10 Hz), and 380 nms~! (diamonds, 10 Hz).
Given the no-slip boundary condition, f* = 1. To observe
f* <1 shows that flow was easier than expected from that
assumption.

4 values of peak velocity
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FIG. 3. On log-log scales, f* (top panel) is plotted against
Vpeak /D for (a) deionized water between OTE (cross or semi-
filled symbols), contact angle =110°, () tetradecane between
OTE (open symbols), contact angle =44°, and (c) tetradecane
containing 0.2% hexadecylamine between mica (filled symbols),
contact angle =12°, At the thickness 50 nm (squares), 24 nm
(circles), 18 nm (triangles), and 8 nm (diamonds), the frequency
was 6.3 rads™! or 63 rads™! (cross-filled symbols). The peak
hydrodynamic stresses of 10°, 10°, and 107 Pa are indicated at
the corresponding flow rate points on the abscissa. The bot-
tom panel compares the slip length, which is equivalent to f~
as described in text. Shear rate is, if the stick boundary con-
dition holds, proportional to flow rate in a crossed cylinder ge-
omefry by a geometrical factor of magnitude between 10° and
10* that depends on D [26], Ymax = AVR/D vpea /D. where
A = (27/128)"/2.

D D 6b
"=2x—|(1+—)In(l+—) -1
/ | 1+ ) In(l+—)

b is the slip length

Peak velocity changed by more than two
orders of magnitude and the data for different
velocities are collapsed being compared for
the same flow rate.



Limits of the hydrodynamic no-slip boundary condition

Slippery question Y. Zhu & S. Granick, PRL 88, 106102 (2000)

First studies in which roughness was varied
systematically at the nanometer level

Technique is the same as in previous studies

Scheme Flow \ Copolymer of polystyrene
(M=55400) and polyvinylpyridine (PS/PVP);
c -/ &ﬁ___ﬁ_ Layers: (i) OTS, (i) PS/PVP-OTE 80%

Coverage, (iii) PS/PVP-OTE 20%

FIG. 1. The scheme of flow over a rough surface is shown
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 pm.

Roughness: (see also next fig.)

OTS-6nm-squares
PS/PVP-OTE-80-3.5nm-cirles
PS/PVP-OTE-20-2nm-down
triangles

Smooth OTE-0.2nm-diamonds
Thiol on Ag-0.5nm-up triangles
Thiol on Ag-1.2nm-hexagons
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FIG. 2. Hydrodynamic force between crossed cylinders,
Fypeak» 18 plotted against surface separation D for tetradecane
(bottom panel) and deionized water (top panel) undergoing
1 nm vibrations at 63 rad s™! (vpeak = 63 nms~!). The rms
roughness was 6 nm (case a; squares), 3.5 nm (case b; circles),
2 nm (case c¢; 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/Frpeakx = D /7, 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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FIG. 3. As a function of logarithmic flow rate, vpeac/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 letradecane (open symbols) (lowing beltween surfaces whose
different levels of rms roughness are identified in Table I. Sym-
bols are the same as in I'ig. 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 vcak /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.

As in previous studies for smooth surfaces
the data are collapsed for different roughness
Also deviation from no-slip condition larger for
smaller roughness

Dependence on shear rate is suggested
by de Gennes to be explained as shear induced
vapor bubble nucleation



— — Critical shear rate for onset slip
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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].



Conclusions

The slip length larger at

* hydrophobic surfaces (non-wetting or partial wetting)
« smooth surface

 shear rate above the critical



In the non wetting case, consistency between slip
length measurements is not established yet

Slip lengths

D.C. Tretheway et al. 1000 nm * 450 nm water / OTS on glass (PIV, 2001)
Y. Zhu et al 2000 nm dependent water / OTE on mica (SFA, 2001)
C.H. Choi et al. 100 nm * 50 nm water / OTS on glass (P vs. Q, 2003)
C. Cottin-Bizonne et al. 20 nm * 3 nm water / OTS on glass (SFA, 2003)
T. Schmatko et al. 450 nm * 200 nm hexadecane / sapphire (NFLV, 2003)
& O. Vinogradova et al 10 nm * 1 nm water / Polystyrene (AFM, 2003)
P.Joseph, P. Tabeling 50 * 50 nm water / OTS on glass (PIV, 2005)*

* P.Joseph, P.Tabeling, Phys. Rev. E, April 2005




Next generation of the experiment

Measurements of b (the slip length) have been performed in various situations,

for a variety of solid surfaces, and several fluids. Results indicate the slip length

is on the order of micrometers, or fractions of micrometers, the main parameters
being the strength of the interactions liquid-solid and the roughness of the
substrate.

These values are much larger than typical intermolecular scales. There is no clear
understanding, at the moment, for this set of observations. A possibility suggested
by de Gennes is that a gaseous layer nucleates at the interface between the fluid
and the solid, favoring slippage. This proposal remains to be investigated
experimentally.

Our objective is to make progress on the measurement of slip lengths, by
developing a direct method of determination of the velocity (using PIV), in thin
micro-channels.

The technique we present here allows, with 100 nm accuracy , to measure the slip
length of water flowing over glass; the same technique is applied for silicon
substrates functionalized with OTS.



Direct measurement of the apparent slip length

Pierre Joseph™ and Patrick Tabeling
Laboraioire MMN, UMR CNRS-ESFCT 7033, 10 rue Vauguelin, F-73231 FParis Cedex (3, France
{Received 22 November 2004; published 31 March 2005)
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FIG. 1. Scheme of the experiment. A stationary flow of fluores-
cent tracers in deionized water is imposed in a PDMS/¢lass micro-

PI1V with unprecedented precision
to define the slip length and it is below
100nm

Smooth hydrofobic surface the slip length reaches

channel. The lower surface, a microscope coverslip, can be chemi-
cally modified before enclosure. The focal plane is controlled with a
piezo, a large numerical aperture objective allowing a narrow depth
of field. Velocity is measured by particle image velocimetry. The
entire velocity profile is determined thanks to a scan on z position.

10 m x 100 um x 1em

Hydrophilic bare glass and hydrophobic
grafted glass (OTS or CDOS) were used
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FIG. 2. 500 nm X 500 nm tapping mode AFM image of a hy- 60

drophobic surface (OTS grafted on glass). rms roughness is
0.45 nm. This surface is the one used in measurements of Fig. 4(b). z (um)

I'IG. 3. Determination of the wall position: Averaged intensity

Ap S Sm ba]/' of each adsorbed particle is fitted with a Lorentzian. The particle

radius is removed to the mean z position of the peaks to give the
actual glass location within £30 nm.

Imaged plane

500nm x12 um x 235 pim
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FIG. 4 (a) Velocity profile and parabolic fit for a smooth and FIG. 5. Slip length » as a function of the shear rate at the wall,
hydrophlhc Sub§trate (glass).. The dashed-dotted line ShF)WS the po- for water flowing on diflerent surlaces: (a) hydrophilic glass and (b)
sition of the solid wall. The inset corresponds to the variation of the hydrophobic monolayers of OTS on glass (white circles) and CDOS
slip length when changing the origin z, of the fit zone, for a fixed on glass (black diamonds).

end z/=12 um. (b) Averaged velocity and parabolic fit for a hydro-

phobic monolayer of silane (OTS) grafted on glass. S“p Iength is difference between measured

wall position and extrapolation of parabola



