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slip?-Slip or no
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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



Range of existence of slip flow regime?

Gas flow experiment in shallow micro-channel,                      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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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 :

in which u is the velocity at the walls, z the coordinate normal to the

wall, and 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 undergoing 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



nm

Image of channel obtained by microscopic interferometry



Fluid mechanical background: 

first and second order boundary conditions 

and Stokes approximation
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(developing in powers of               ) mPP 2/

Averaged Kn is the control parameter

Second-order boundary condition (transition regime)

continuation



Sketch of experimental setup

m02.014.1

Channel depth, b





The plot represents a dimensionless number S, defined by :

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

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

and P the pressure drop. The Maxwell theory, with =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

1.03.0sKn

Beyond this number the second order effect becomes significant



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.

wf

wf
Energy and

Length scales



sLV

Navier boundary condition

sL

V Velocity difference 

between solid and liquid

Slip length



2/12 /m

Characteristic time of the 

Lennard-Jones potential

(microscopic)

12

const

-non-Newtonian

response can be 

expected

c
-critical shear rate at which

Slip length diverges
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Particle in driven periodic potential also shows 
cv

4/3Rc where R is roughness characteristic



Shear-dependent boundary slip in aqueous Newtonian liquid

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

10.4 micron silica sphere gold 

coated and thiol monolayer (SAM)

Mica gold coated and thiol monolayer

(provides control of roughness and 

wettability

40;70 recadv
AFM is used



hr

r

rVFh 6

)(;1)
6

1ln()
6

1(
3

6 2

rh
h

b

b

h

b

h
f

f
h

Vr
Fh slip, b-slip length

no-slip

b=5nm(force on sphere approaching flat surface)

(1)

(2)

no-slip



b=12nm

High rate approach is crucial to observe slip boundary conditions!







Rate-dependent slip of Newtonian liquid 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 

cmR 2 mean radius of curvature

D -spacing

HF -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

)/)(/1(6 2 dtdDDRfFH

1f -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        . The peak velocity is
peakHF ,

vpeak d

Modified surface force apparatus with lock-in, tetradecane against

absorbed surfactant and SAM, and water against SAM have been used.



Tetradecane, oil with low viscosity:

• between mica-wetting (circles)

• OTE -partial wetting (diamonds)

• dashed  line-classical theory

//)6( ,

2 DFvRG peakHpeak

For partial wetting force was less

than for wetting case. Water gives

similar results



4 values of peak velocity
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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

Copolymer of polystyrene

(M=55400) and polyvinylpyridine (PS/PVP);

Layers: (i) OTS, (ii) PS/PVP-OTE 80% 

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

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



water

dashed line-theory

tetradecane

The rougher  the solid, the better

Agreement with no-slip b.c.



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
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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.



Smooth hydrofobic surface the slip length reaches 

several microns (!)-Granick et al

PIV with unprecedented precision

to define the slip length and it is below

100nm

cmmm 110010

Hydrophilic bare glass and hydrophobic

grafted glass (OTS or CDOS) were used



mbarp 5

Imaged plane

mmnm 2512500



Hydrophilic

glass surface

Hydrophobic OTS

on glass surface

Slip length is difference between measured

wall position and extrapolation of parabola


