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The aim of the review is to analyze theoretical approaches to the explanation of the phenomenon of slip of different media
including homogeneous fluids and multicomponent systems, such as pastes, microgels, concentrated suspensions, highly
concentrated emulsions and polymer melts along solid walls. The wall slip conditions and physical mechanisms are
considered. The influence of molecular interactions of homogeneous fluids and disperse systems with hydrophobic and
hydrophilic solid surfaces, as well as the role of surface roughness, nanobubbles, deformation-induced relaxation transition
from liquid to solid-like behaviour of viscoelastic polymers in the course of slip are demonstrated. Key results of

experimental studies are discussed.
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1. Introduction

Problems associated with understanding the causes for slip
of a flowing fluid along a solid wall are interdisciplinary.
Assessment of the behaviour of a fluid at the interface is
necessary when solving fluid dynamics boundary value
problems that are formulated as the momentum equations
(Navier — Stokes equations) irrespective of the rheological
properties of fluids. Generally, answers are ambiguous and
depend on the physicochemical processes occurring at the
fluid/solid interface. A conventional assumption of zero
relative velocity at the solid surface, which underlies sol-
ution of numerous hydrodynamic problems including the

Hagen — Poiseuille equation,'-? is no more than a convenient
assumption. Simplicity of the answer was repeatedly dis-
cussed in scientific literature. Noteworthy, Claude-Louis
Navier, the founder of the classical dynamics of viscous
fluids, also participated in those discussions. Navier
believed that a fluid near a solid wall exhibits specific
properties and introduced the notion ‘slip length’ (/) to
describe them. Since then the slip length has been the main
quantitative characteristic of the wall effects related to the
slip of a fluid relative to fixed solid wall.?

The slip length is directly related to the slip velocity of
the fluid along a solid wall (V) and to the corresponding
shear rate at the channel wall (7,) by a simple relation:
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(1)

Note that for simple shear flow y,, equals the basic shear
rate (7). The shear stress at the wall (gy) is related to the slip
velocity, the coefficient of proportionality being equal to
the friction coefficient (k)

Oy = nj'w =xVy (la)

The slip length can also be expressed as:
=" (2)
K

where 7 is the viscosity of the fluid.

From relationships (1) and (2) it follows that the slip
length is not an absolute characteristic of the boundary
conditions, but is expressed through two parameters that
characterize the properties of the surface (friction coeffi-
cient k) and the bulk properties of the fluid (viscosity 7),
which can generally be velocity- or stress-dependent.*~©

The definition of the slip length under simple shear can
be illustrated geometrically. One has to determine the
position of the intersection point of the linear dependence
V(y) extrapolated to V' = 0 with the axis coinciding with the
channel wall. Having determined this position, we get the
slip velocity Vy, (Fig. 1a). However, this formal method
gives no particular values of the slip velocity since, first, the
slip length can be small compared to the size of the channel
cross-section. Next, the velocity profile can be nonlinear, in
particular, due to the formation of a thin layer of the fluid
whose viscosity is much lower than the bulk viscosity,
Nw << 11.>% Then, linear extrapolation cannot be used
because the velocity profile near the wall becomes curved
and eventually the slip velocity at the wall can be zero. In
this case it seems reasonable to assess the apparent slip
length l.pp (Fig. 1b);7 the shear rate gradient increases
owing to formation of a lubricating layer. The shear stress
at the wall is given by’

;/IH' Vvll‘
—dww 3
oy == A3)
and the apparent slip length is
Ly ~ 0 (3a)

w

where J is the thickness of the thin near-wall layer of the
fluid.

A direct experimental proof of the wall slip effects is
provided by the dependence of the effective viscosity calcu-
lated by conventional methods of continuum mechanics
using the no-slip hypothesis as the boundary condition on
the geometric parameters of the channel. For instance, the
dependence of the viscosity determined from the Hagen—
Poiseuille equation on the diameter of a capillary may be
indicative of a wall slip.

The first experimental observations that demonstrated
the possibility for fluids to undergo wall slip were reported
in the 1930s (Ref. 8) while the key theoretical estimates were
obtained by Tolstoi,” Churaev er al.'® and Blake.!! Having
mentioned these pioneering publications, we will not dwell

Flow /

Flow /

Figure 1. Flow velocity profiles for true wall slip (¢) and for
apparent slip assuming the formation of a near-wall layer of low-
viscous fluid (b).”

on numerous earlier and more recent experimental and
theoretical studies on the slip of fluids across solid surfaces
because a number of relevant reviews are available.12-14

The problem of slip of fluids across solid surfaces still
remains at the focus of modern physics and physical
chemistry of surface phenomena. Recent studies in the
field have been reviewed.!>~!8 The reasons for incessant
attention to this avenue of research are as follows:

— interest in the surface phenomena that arise due to
the absence of or insufficient wetting of the solid surface;
related effects are of particular importance in connection
with the design of hydrophilic or lyophilic surfaces;

— interest in flow through microcapillaries, especially if
the size of the channel is comparable with the free path
length of Brownian motion; corresponding problems
become crucially important owing to progress in micro-
fluidics; besides, accompanying phenomena are of impor-
tance for such media as physiological fluids, in particular,
blood;

— interest in the flow of multicomponent systems where
their motion is accompanied by changes in the spatial
distribution of components. In some cases this causes the
formation of a thin surface layer with specific properties
that differ from the bulk properties of the medium; this is
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accompanied by the onset of apparent slip since the viscos-
ity of the thin layer is much lower than the bulk viscosity of
the system, and the shear rate near the solid surface much
exceeds the average bulk shear rate;

— interest in flow of viscoelastic fluids whose relaxation
properties depend on the rate of deformation, since in
certain cases one deals with a deformation-induced flow—
rubbery relaxation-type transition of the material and, as a
consequence, continuous or periodic relaxation slip across
the solid surface.

The text below is based on this background.

The aim of this review is to classify the results of
present-day research into the slip of fluids across solid
surfaces in order to reveal basic mechanisms of the observed
phenomena. Earlier studies in the field will be mentioned
only if they are historically important or are key to certain
problems in question. Besides, we will dwell on some moot
questions touched in the previously published reviews.

This publication is organized as follows. First, we briefly
outline the theoretical basis and the approaches that explain
the possibility for fluids to slip across solid boundary
surfaces taking into account the interaction of simple fluids
with hydrophilic (hydrophobic) surfaces of different rough-
ness. Next, we will consider two main types of fluids,, viz.,
multicomponent dispersions (including colloidal systems)
and polymer melts, as well as possible manifestations of the
slip of these media across solid surfaces.

Notations are as follows:

y — surface tension;

7 — basic shear rate;

y. — critical shear rate;

7w — shear rate at solid wall;

0 — thickness of a thin layer of fluid near solid wall;

0* — sagging depth of fluid meniscus;

& — depth of a potential well;

eir — Lennard-Jones interaction potential;

ge — elastic deformation;

er — flow deformation;

{ — deformation of spherical particle;

n — fluid viscosity;

ns — solvent viscosity;

nw — viscosity of thin near-wall fluid layer;

no and 1., — limiting viscosity at zero and infinitely high
shear rate, respectively;

0 — wetting angle;

Ocg and 0w — wetting angles of rough surface in
Cassie— Baxter and Wenzel states, respectively;

0pr and 0. — bubble protrusion angle and critical bubble
protrusion angle, respectively;

Oy — Young wetting angle of smooth surface;

x — friction coefficient;

Ag — mean free path of gas molecules;

A, n and a — parameters of Carreau— Yasuda model;

v — approach velocity of solid surfaces;

v, — average normal component of molecular velocity
for gas;

pw — density of the contact layer of fluid at solid wall;

pe, prand ps — density of gas, fluid and solid substrate,
respectively;

o — shear stress;

op, — flow breakdown stress;

o. — critical shear stress;

s — slip threshold;

op — elastic stress of particle;

g, — yield stress;

ow — shear stress at channel wall;

¢ — volume fraction of polymer and disperse phase;

¢max — maximum packing fraction of solid particles;

¢ — surface fraction of fluid/gas interface;

¢@s — surface fraction of solid protrusions;

Yy — elasticity parameter of soft particles;

o — frequency;

Q — contact surface area;

A — roughness amplitude;

b — Kuhn segment length;

B and K — compression and flexural moduli of a
membrane, respectively;

crs — fluid —solid interaction parameter (strength);

dr — fractal dimension;

D, — capillary diameter;

Dy — collective diffusion coefficient;
DEP — diethyl phthalate;
f* — factor;

F. — tangential component of total force;

Fi, — hydrodynamic force;

Fsi — Stokes’ frictional force (Stokes’ drag);

G — elastic modulus of amorphous polymers;

Go — shear modulus of dispersion;

G, — elastic modulus of spherical particle;

h — distance between solid surfaces;

k — Bolzmann constant;

Kn — Knudsen number;

! — slip length;

lapp — apparent slip length;

losr — effective slip length;

legr, ) and lerr, 1 — effective slip length along and trans-
verse stripe texture;

Iw, ) — effective longitudinal slip length of Newtonian
fluid in the Wenzel regime;

/= and I* — local slip length of nonuniform surface;

L — roughness period and superhydrophobic texture
period;

L, — capillary length;

MD — molecular dynamics;

MMD — molecular mass distribution;

n — unit normal vector;

N — degree of polymerization;

N, — first difference of normal stresses;

p — fluid pressure;

po — pressure in a thin film near solid wall;

Pcp and P, — fluid pressure in channel and in gas-filled
grooves, respectively;

AP — pressure drop along the capillary;

PAA — polyacrylamide;

PS — polystyrene;

q| — reciprocal lattice vector of solid substrate;

q — electrostatic charge of polymer jet;

Q — volumetric flow rate of a fluid;

ro — flat face radius of deformed particle;

rr — degree of surface roughness;

rs — distance from average heigth of protrusions to
virtual level;

R — radius of a cylinder;

t — time;

T — absolute temperature;

u(x, y) — local flow velocity vector;

(u) — average flow velocity;

u’(x, y) — flow velocity perturbation field;
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U — channel wall velocity;

V(y) — velocity profile;

Vo — central plug velocity in the plug flow profile;

V', — slip velocity at yield stress;

Vw — fluid slip velocity at solid wall;

Wi — Weissenberg number;

Wi, — critical Weissenberg number;

wg and w = wg/L — dimensional and dimensionless
groove width, respectively.

Ymax — normal coordinate of zero flow velocity.

2. Slip of homogeneous fluids. The wettability and
structure of surface

In this Section we will consider the role of the key factors,
first of all, wettability and structure of solid boundary
surfaces, as well as near-wall nano- and microbubbles that
specify the conditions for the onset of wall slip of homoge-
neous fluids. At present, this is of particular importance in
connection with the design of superhydrophobic surfaces.

2.1. The nature of slip

The nature of slip of a fluid on a nonwettable solid surface
was for the first time considered by Tolstoi.® According to
his model, slip becomes possible when the energy accumu-
lated by the fluid at the interface becomes high enough to
form a microcavity. According to calculations for mercury
flow in glass capillary, slip becomes noticeable for capilla-
ries at most 10 pm in diameter. The possibility of water slip
in microscopic capillaries with hydrophobic walls was
reported in another study.!?

The boundary conditions between the fluid and the solid
surface, as well as physical mechanisms of wall slip depend
on many factors including the molecular mass of the fluid,
the interaction energy of the fluid with the solid substrate,
the roughness of the substrate surface, the presence of
bubbles at the interface, the kinetics of gas liberation (or
dissolution) in the liquid phase, fluid structuring near the
solid wall, etc.

Among the first attempts to relate the boundary con-
ditions for slip of a fluid to the molecular characteristics of
the fluid and wettability of the solid surface, there are two
studies by Bocquet and Barrat.*'° They consider the
Lennard-Jones potential (gx) of pair interaction between
fluid molecules (i = k =f) and between fluid molecules
(i = f) and the solid phase molecules (kK = s) at the same
depth (¢) and diameter (d) of the potential well

12 6
=e(4) —au(2) ] @

where r is the intermolecular distance. The surface energy
(¢rs) was determined by varying the fluid—substrate inter-
action coefficient ¢g, and the friction coefficient k between
the fluid and substrate was specified by the Green—Kubo
expression:

©
1
=—— | (F.(¢) F.(0))dz 5
“ = | O FO) ©
0
where k is the Boltzmann constant, 7" is absolute temper-
ature, Q is the contact surface area, F, is the tangential

component of the total force exerted by the flowing fluid on

the interface and 7 is time. It was found!® that the slip length
(/) is inversely proportional to the squared coefficient crs

D
I~ (6)
C'fs/’quH

where D, and Sy are respectively the collective diffusion
coefficient and the structural factor of the fluid (g is the
reciprocal lattice vector of the solid crystalline substrate),
pw is the density of the fluid contact layer at the solid wall.
From Laplace’s estimate of surface energy 2°

o0

Vs = —Pfﬂsj 1&g (r)dr @

o

and Young’s law it was found that the Young wetting angle
(0y) can be described as follows:!?

2. Cs
cos()Y:—l—ﬁ—% 8)
f

where ps and pr are the bulk densities of the solid substrate
and fluid, respectively, and c¢¢r is the Lennard-Jones param-
eter for the interaction between fluid molecules.

From relations (6) and (8) it follows that at low
interaction energy between the fluid and the solid surface
(cgs << crr), the wetting angle Oy and the slip length / notice-
ably increase. In particular, at ¢ — 0, the Young wetting
angle approaches 180° and / — oo, thus favouring the onset
of plug flow. Thus, wetting and slip of a fluid on a solid
surface are interrelated. This was confirmed by the results of
molecular dynamics (MD) simulations.!®?! Moreover, a
numerical simulation showed that the theory outlined
above correctly describes changes in the slip length [expres-
sion (6)] even for polymer fluids.??

More detailed MD studies revealed that the slip length
of a Newtonian fluid can be shear-rate dependent. For
simple Newtonian fluids the slip length remains constant
(! = lo) only at rather low shear rates and abruptly increases
near a certain critical shear rate . (Fig. 2 a).?? Depending
on the density of thin near-surface fluid layer and on the
energy of intermolecular interaction with the substrate, the
lp value varies from 0 to a few tens of nanometres. A
simulation of the flow of polymer melts also confirmed
this result.?> An increase in the degree of polymerization N
was accompanied by a linear increase in the slip length / (see
inset in Fig. 2 b),>?> while the critical shear rate is related to
the energy landscape of the surface and also depends on the
molecular mass of polymer chains.

It is noteworthy that the results of MD simulation of
flow of low- and high-molecular-mass fluids near solid
substrates fall on a master curve plotted in the coordinates
(I/lo)—(7/79 (Fig. 3).22 The dependence is well described by
the expression 2223

L\ —1/2
I (1 —l) ©)
l() Ve

from which it follows that the slip length increases without
bound at y— j.. Therefore, in the vicinity of the critical
shear rate the shear stress at the wall approaches zero.

An increase in the slip length of Newtonian fluids with
increasing shear rate was observed by atomic force micro-
scopy (AFM) for both hydrophobic and hydrophilic surfa-
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Figure 2. Slip length-vs.-shear rate plots for a low-molecular-mass fluid at different values of the parameters ¢, d and py (a)?? and for

polymer melts of different degree of polymerization N (b).??

Here, © = d(m/e)'/? is the characteristic time of the Lennard-Jones potential and m is the molecular mass.
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Figure 3. Relative slip length (///y) plotted vs. relative shear rate
(7/7.) using data for different smooth surfaces.??
The dashed curve was calculated using expression (9).

ces.>*~30 An analysis of hydrodynamic forces Fy, produced
during normal low-frequency oscillations of crossed cylin-
ders (of radii R ~ 2 cm) with smooth surfaces revealed an
abnormal increase in the slip length.?* This conclusion was
drawn taking into account the deviation of the hydro-
dynamic force from the Reynolds law

Fy, = Fy Rh™! (10)

(Fst = 6mRnv is the Stokes’ frictional force, v 1is the
approach velocity of the cylinders), derived assuming no
wall slip and short distances /& between solid surfaces
compared to R. According to the Reynolds law, a decrease
in /1 to zero should be accompanied by unlimited increase in
the compression force. However, wall slip reduces the
hydrodynamic force Fy, that is given by’

F, =f*FgRh™!

S(EONEOR

The factor f* removes the singularity at # — 0 while the
hydrodynamic force Fy, decreases as the slip length increases
(see Fig. 4).>* Experiments showed that the slip length at
hydrophobic surfaces begins to increase at much lower
shear rates compared to slip at hydrophilic surfaces.?* In
all cases the slip length falls on the micrometre length scale
and thus much exceeds the values obtained from numerical
simulations # 19-21-23 and from the experiments using low-
molecular-mass fluids under Couette and Poiseuille
flows,10-11.31.32

It was assumed’-33 that the experimentally observed
abnormally large slip length can be due to the presence of
a sufficiently thick gas film on the solid surface.
De Gennes 3?3 assumed two sources of gas bubbles:

— thermal fluctuations at the solid wall; and

— external gas dissolved in the fluid.

In the former case the thickness of the gas film (‘mat-
tress’) equals the thickness of the low-density fluid layer at
the solid wall

1/2
5~ (kT>
Y

(T is absolute temperature and y is the surface tension) and
the slip length can be as large as 15 molecular diameters;
this is in agreement with the theoretical concept mentioned
above ! and with certain experimental data.* 3435 In the
latter case, the friction coefficient of the fluid is propor-
tional to the average normal component of the velocity of
the molecules (7,) penetrating into the gas phase from the
bulk of the fluid,

(1

A (11a)

(12)
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Figure 4. Parameter f*(a) and the slip length, /, of the fluid ()
plotted vs. apparent shear rate v/h: the case of smooth cylinder
surfaces.?*

Deionized water (/) and tetradecane (2) between mica surfaces
coated with octadecyltriethoxysiloxane (OTE) [0y = 110° (1), 44°
(2)] and tetradecane containing 0.2 mol.% hexadecylamine (3)
between mica surfaces (0y = 12°).

1/2
V.o <£> (13)

2nm

Then, in the approximation of large Knudsen numbers

/lg
Kn = 5 > 1 (14)

(Ag is the mean free path of gas molecules) for the apparent
slip length 33

1 (1s)
png

Lypp =

(pg is the density of the gas) can be as large as a few
micrometres.?* 3¢ The estimate obtained by de Gennes can
be represented in a more compact form 37

~5(2KnL 1) (16)

Mg

lapp

where 7, is the viscosity of the gas. However, this approx-
imation is inapplicable at rather high gas densities where the
Knudsen number becomes small. In this case, a more
general formula 3’ is valid:

1 n (2Kn+1)(1+6Kn)
4n, 1+3Kn

Ly ~ 0 1 (17)

In the limit Kn — 0, the results obtained using expres-
sion (17) agree with those of MD simulation and theoretical
predictions.?3:3° Nevertheless, this approach gives no
explanation for anomalous dependence of the slip length
on the shear rate, which was observed in the experiments
with vibrating crossed cylinders (see Fig. 4 b).2*

2.2. Nanobubbles at fluid/solid interface

The results considered above were explained within the
framework of theoretical analysis of the compression
dynamics of gas nanobubbles localized at the fluid/solid
interface taking account of gas diffusion into bubbles and
into the surrounding liquid phase.*® This model was termed
‘leaking mattress’. It was shown that normal oscillations of
solid walls initiate compression and expansion of bubbles.
This leads to a decrease in the volume of the fluid displaced
from the thin channel and, therefore, in the force Fj, acting
on the solid wall, which is due to apparent slip.

The existence of stable gas nanobubbles at the interface
between water and hydrophobic surface was repeatedly
confirmed by AFM.#!-3! The wall nanobubbles in low-
molecular-mass fluids are from 10 to 100 nm in size,>2~ 54
being much larger in polymer melts (e.g., hundreds of
micrometres for polybutadiene on smooth silica surface
covered with low-energy perfluorosilane monolayer>°). An
important factor is the lifetime of bubbles, which can vary
from a few hours to weeks.3?-54 56359 These data seemingly
contradict the basic ideas of stability of gas bubbles. Indeed,
the simplest estimates show that the gas pressure in the
nanobubbles can be as high as 100 atm. In this case, nano-
bubbles should rapidly dissolve in water. In particular,
mention was made that, would the Henry law be valid on
the nanoscale, the nanobubble lifetime should be of the
order of 1 ps.%0

Attempts to explain the unexpectedly long lifetime of
nanobubbles at the fluid/solid wall interface led to the
development of some interesting theoretical approaches. In
particular, it was assumed that the gas outflux from nano-
bubbles owing to Laplace pressure can be compensated by
the influx gas in the vicinity of the contact line due to
attraction of gas molecules to the hydrophobic surface (this
can extend the stability of nanobubbles to a metastable
equilibrium under certain conditions).®! However, this
assumption was not confirmed experimentally, viz., the
addition of surfactants had no effect on the lifetime of
nanobubbles.5?

At the same time, it was shown ©3 that the key role in the
increase in the lifetime of nanobubbles at the fluid/solid
surface interface can be played by the following two factors:

— pinning of the interface and

— thickness of the fluid layer above nanobubbles.

Pinning of the contact line causes the radius of curvature
of bubbles to increase with time. This leads to a decrease in
the Laplace pressure and, therefore, to an increase in the
lifetime of nanobubbles. According to calculations, at a
relatively large thickness of the fluid layer, dissolution of
bubbles in the bulk of the fluid occurs a few orders of
magnitude slower than near the free surface. In other words,
the stability of nanobubbles has a kinetic nature.

Surface nanobubbles are usually formed as a result of
condensation of gases dissolved in water at interfaces with
hydrophobic solid surfaces.#!-42.46.48 A direct AFM obser-
vation of the nucleation of gas bubbles at the water/
pyrolytic graphite interface showed that nanobubbles nucle-
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ate upon merging of the clusters of gas molecules adsorbed
on the solid surface.’® It was established that near-wall
nanobubbles have similar mechanical properties. This
implies low surface tension and a liquid-like nature of
nanobubbles. These conclusions were confirmed by the
results of an MD simulation of the interaction of water
molecules with a hydrophobic surface,®* according to which
the density of the gas in nanobubbles should be rather high
(up to 300 kg m—3). It is assumed that it is just this physical
mechanism that is responsible for the high stability of
nanobubbles.®>

2.3. Effect of solid wall roughness on fluid slip

When analyzing experimental data, one should take account
of the roughness of solid surfaces since the presence of
nanoscale and microscopic asperities and troughs can
require significant modification of the boundary conditions
at the fluid/solid interface.?®-39-66-72 For instance, an MD
simulation of shear flow of a low-molecular-mass fluid
showed that the roughness of the hydrophobic wall causes
a marked decrease in the slip length and leads to removal of
singularity predicted for atomically smooth surface at
certain critical shear rate j, (Fig. 5).°° An increase in the
roughness amplitude 4 and period L causes a monotonic
decrease in the effective slip length of both simple and
polymer fluids.’°~72 It was shown that polymer chains
extend along the flow direction over protrusions, being
oriented transverse to the flow in troughs; this changes the
local viscosity of the polymer melt. It is this feature that is
responsible for the deviation of the results of MD simula-
tion from those of the solution of the Navier—Stokes
equation with the Navier boundary condition (in this case,
the local slip length is shear-rate dependent).”! The results
obtained qualitatively agree with the conclusion that the
wave-like character of the surface relief with ideal local slip
leads to dependence of the average slip velocity of a New-
tonian fluid on the parameters 4 and L, viz.,”3

llo

Figure 5. Plots of slip length vs. shear rate for atomically flat wall
(1), for corrugated wall with the wave number 21wA/L = 0.27 (2)
and for the solution of the Navier—Stokes equation for the same
corrugated wall using the Navier boundary condition and the local
shear rate-dependent slip length (3).%°

(18)

The surface roughness patterns of solid materials can
differ from the periodic surface reliefs considered above.
Often, actual heights of protrusions and distances between
them vary stochastically. Mention should be made of
surfaces whose roughness is characterized by self-similar
hierarchy of the sizes of protrusions and troughs. Structural
characteristics of such surfaces on different length scales
almost coincide; this is the case of fractal surfaces. The
fractal dimension dr (see a review ) is used as a measure of
the roughness of a fractal surface. For smooth fractal
surfaces one has dr =2 vs. 2 < dr < 3 for rough ones. An
MD simulation showed that the effective slip length of
fractal surfaces exponentially decreases with increasing
amplitude of protrusions.’ This conclusion was qualita-
tively confirmed by experiments.??>30.67

Studies 7> 76 on flow over model surfaces patterned with
evenly spaced parallel grooves of depth 4, width wy and
period L showed that at 4 > L, the longitudinal effective
slip length /w, || of simple Newtonian fluid depends on the
dimensionless parameter w = wg/L (see Ref. 76):

2hy,, (I =w)In(1 —w) + (1 +w)In(l +w)
7 - (19)

Here the subscript ‘W’ denotes the Wenzel regime, or
homogeneous wetting of the surface of the solid substrate.
The dependences of 2/w, /L on the relative depth of grooves
at different w values are shown in Fig. 6. As can be seen, the
effective slip length considerably increases with increasing
the groove width.

2w, /L
05
77777 6
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4
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Figure 6. Longitudinal slip coefficient plotted vs. groove depth at
different dimensionless width w: w = 0.2 (1), 0.4 (2), 0.6 (3), 0.84
(4), 0.9 (5) and 1.0 (6).7°

Dashed lines denote the results of calculations using expression

(19).

In contrast to hydrophobic surfaces, rough relief of
hydrophilic surfaces can lead to a decrease in the hydro-
dynamic drag. In particular, this manifests itself in a
decrease in the hydrodynamic force as a microsphere
approaches the solid substrate. As the height of asperities,
A, increases, the effective slip length of aqueous saccharose
solutions on a totally wettable surface increases appreci-
ably.?7-%¢ Such a paradoxical conclusion was drawn pro-
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vided that the distance /i between the approaching solid
surfaces was measured relative to the virtual boundaries at
the tips of asperities. However, in this case one ignores the
fact that on a hydrophilic rough surface the virtual boun-
dary corresponding to zero fluid velocity actually lies
between the highest and lowest points of the relief. This
was proved in relation to a wall with a sinusoidal profile,””
where the zero velocity level is somewhat higher than the
average level and is specified by the normal coordinate

A*K(h/L)

Ymax = 24 (20)

For the function K(k/L), one has K(h/L) = 4nh/L at h > L
and K(h/L) ~ 3 at h << L. For this case, the apparent slip
length defined as

I = A = Vinax (21)
was measured in Ref. 66.

Subsequent experiments and results of numerical simu-
lation confirmed the validity of this approach, as applied to
randomly rough solid substrates.”®~8! In particular, it was
shown that the results of measurements of hydrodynamic
drainage force of a water film squeezed from the gap
between rough hydrophilic surfaces are well described by
expression (11) with the factor f* equal to 78

h

S :h+l‘s

(22)

where rs is the distance from the average height of the tips of
asperities to the virtual level at which the flow velocity is
zero. Numerical simulations of displacement of viscous
fluids from gaps between approaching sphere and rough
hydrophilic surface with randomly distributed protrusions
of equal height led to similar conclusion.”-8! Tt was
established that the hydrodynamic thickness of the liquid
film depends on the height 4 and on the fraction of the
surface covered by roughness elements ¢s. As ¢s increases,
the distance rs from the tips of protrusions approaches zero
and the hydrodynamic force approaches the value typical of
smooth hydrophilic surfaces.

Shear flow of concentrated polymer solutions along
rough surfaces is accompanied by a number of interesting
features. Studies of the flow of polystyrene (PS) solutions in
diethyl phthalate (DEP) between rotating stainless steel
disks with a root-mean-square roughness amplitude
A ~ 110 nm showed that the apparent slip length is a
nonmonotonic function of shear stress and can be as large
as 140 um at a polystyrene volume fraction ¢ps of 8%
(Fig. 7a).8>%3 At low measurement accuracy (~ 3.5 um),%3
the slip lengths in a wide range of shear stresses much
exceeded the experimental error; therefore, the results
obtained can be treated as reliable.

In the case of molecularly smooth surfaces (4 ~ 9 nm)
the slip length also depends nonmonotonically on shear
stress. However, an increase in the mean roughness ampli-
tude leads to a marked decrease in the maximum slip length
values (Fig. 7b).%3 This was explained by the change in the
slip mechanism from the formation of a polymer-depleted
layer as a result of the decrease in the configurational
entropy of polymer chains near the solid wall with the
roughness amplitude smaller than the root-mean-square
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Figure 7. Slip length of PS—DEP solutions plotted vs. shear stress
at different volume fraction of polystyrene (@) and at ¢ps = 6% and
different surface roughness values (b).%3

(a) dps =2.5 (1), 3 (2),4(3), 5 4), 6 (5), 8% (6); measurements
were carried out on a steel surface with a mean roughness
amplitude 4 of about 110 nm;

(b) A =~ 110 (1), 9 (2), 1.4 % 10* (3), 657 (4), 168 (5), 8.5 x 103 (6) and
1554 nm (7).

radius of polymer coils to disentanglement of polymer
molecules at the effective interface between the moving
polymer solution and that part of the solution that is
localized between roughness elements on the solid surface.®3

A wall slip mechanism that differs from cohesive slip
due to disentanglement of moving polymer chains and
surface-adsorbed macromolecules was also considered. The
difference consists in the increase in the mobility of polymer
chains near the effective interface as compared to adsorbed
macromolecules. This makes the early disentanglement of
polymer chains less probable and thus favours an increase
in the critical stress slip os. Shortening of the slip length with
increasing shear stress was associated with non-Newtonian
reduction of viscosity of the polymer solution.®3 However,
this explanation ignores the possibility of shear-flow-
induced formation of wall nano- and microbubbles, as was
shown taking a polybutadiene melt as an example.>> Such
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bubbles can be localized in troughs of a rough surface,
which leads to inhomogeneous boundary conditions, from
sticking to solid areas to slip at fluid/gas interfaces. In the
text below we will show that this inhomogeneity of boun-
dary conditions can also lead to a nonmonotonic depend-
ence of the apparent slip length of pseudoplastic fluids on
the shear rate.

2.4. Superhydrophobic surfaces

As mentioned above, in the case of homogeneous wetting of
a hydrophobic surface (Wenzel state %) the surface rough-
ness precludes slip of homogeneous low- and high-molec-
ular-mass fluids and concentrated dispersions and emul-
sions. Physically, this is due to perturbations of the flow
velocity field near microscopic roughness elements.’> 85 At
the same time, localization of gas bubbles in troughs
between micropillars can lead to enhancement of slip
effects. This is the so-called Cassie—Baxter state3¢ and
corresponding surfaces are termed superhydrophobic
owing to very low wettability. Indeed, the Young wetting
angle 0y is at most 120° for a flat chemically homogeneous
hydrophobic surface, while it usually exceeds a value of 150°
and can even approach 180° for superhydrophobic coatings;
this favours a ready rolling of droplets.®” This property is

typical of various biological objejcts (Lotus and cabbage
leaves, flower petals, grass, butterfly wings, bodies of
insects) and  artificial  superhydrophobic coatings
(Fig. 8).88-97

The wetting angle of a superhydrophobic surface in the
Cassie — Baxter state (O¢p) is given by 8¢

cosOcp =re(1 — @) cosby — @ (23)

Thus the Ocp value depends on the fraction of the fluid/
gas interfaces ¢, on the surface roughness rr determined by
the ratio of the true contact area to the nominal surface
area, and on the Young wetting angle Oy of a smooth
surface of the material.84-°8-100 In the limiting case ¢ = 0
one gets the Wenzel equation 84

cos Oy = rycos Oy (24)
which specifies the wetting angle 0w of a rough surface in
the absence of gas.

At ¢ — 1, for the wetting angle one has Ocg — 180°. This
is the case for surfaces with multi-scale structures including
fractal ones.87-101-103 Note that the expressions for the
wetting angles surface in the Cassie—Baxter and Wenzel

Figure 8. Water droplet on a lotus leaf (¢) and the surface microstructure of the lotus leaf (b);” a photograph of a sleeping insect covered
in dew (¢);®® scanning electron microscopy images of post patterns (d),” stripe textures with different surface fraction of grooves (¢),°” and

spiked surface of polyacrylamide (PAA) (f).!0?
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states are only valid for droplets whose size much exceeds
the roughness amplitude.!'04

Alternation of solid microscopic protrusions and gas-
filled grooves fundamentally changes the hydrodynamic
properties of hydrophobic surfaces owing to alternation of
the local boundary no-slip conditions in the fluid—solid
contact zones and slip conditions at the fluid/gas interface.
As a result, such surfaces are more slippery than smooth
hydrophobic surfaces. The effective slip length /g of simple
fluids is given by the ratio of the average slip velocity (V)
to the average shear rate () at the wall 77105

= 9
(hw) = <(3—;’>W> (252)

(u is the horizontal component of the velocity vector and y
is the normal coordinate to the superhydrophobic surface).
Expression (25) is valid for isotropically distributed rough-
ness elements. For anisotropic stripe textures (see Fig. 8¢)
the slip length is different along different directions.®” To
take account of this fact, the effective slip length tensor was
introduced 106-108

Lir = (V) (n((Va),)) (26)

where n is the unit normal vector. The effective slip length
along (/) and transverse (/1) to the stripe texture are
the eigenvalues of the tensor leg. Clearly, one has
legr,|| > legr, 1 - In particular, it was shown '0%-11% that for
ideal slip at the fluid/gas interface (/~ — o0) and the no-
slip condition at solid protrusions (/™ = 0) one gets the
following:

L 1 (m(l—
Legr, 1 :ﬁln {cos ! (%)}

Ler, | = 2 Loy, 1.

(27)
(27a)

where L is the period of the stripe texture and ¢ is the
surface fraction of gas-filled areas. Relation (27) is valid for
a channel whose height / or radius R is much larger than L.
Interestingly, expression (27a) holds for arbitrary local slip
lengths /= and /™.''! It should also be noted that for
Newtonian fluids the effective slip lengths /) and /[ |
are independent of the fluid viscosity. From formula (27) it
follows that an increase in the fraction of grooves ¢ causes a
rapid increase in the effective slip length along an arbitrary
direction. However, near-unity ¢ values are difficult to
reach owing to instability of the Cassie— Baxter state (see
below).

Seemingly, the slip length can be increased appreciably
on fractal superhydrophobic surfaces with low fraction of
the solid phase. However, a theoretical analysis in relation
to 2D structures with the fractal dimension dr < 2 showed
that this is not the case. Here, the effective slip length obeys

the following scaling relationship:!?
(1—dr)/(2—dy)
| 8)

3 [4
legr = §L[E(1 - o)

from which it follows that at specified fraction of solid
areas, fractal superhydrophobic surfaces are less effective
than superhydrophobic surfaces with regularly patterned
roughness. Moreover, at a prescribed wetting angle Ocg the
effective slip length on fractal superhydrophobic surfaces
decreases with increasing fractal dimension dr. It follows
that, unlike smooth hydrophobic surfaces, the effective slip
length of 2D fractal superhydrophobic textures is not
directly related to the wetting angle.!?

It should be noted that the slip velocity and slip length
on superhydrophobic surfaces can depend on the micro-
channel thickness # if, e.g., i is comparable with or less than
the period L of the stripe texture (Fig. 9).113-115 However,
in a sufficiently wide channel at & > L, the effective longi-
tudinal (L)) and transverse (/. ) slip lengths depend only
on the surface fraction of grooves ¢ and on the local slip
length / on the surface of the grooves. Interestingly, at weak
local slip (i.e., at [ << L) over gas-filled areas, the hydro-
dynamic anisotropy of stripe textures decreases and the
longitudinal slip length becomes almost equal to the trans-
verse slip length, thatis, /)| /ler, . — 1. At the same time, at
/> L, the effective longitudinal-to-transverse slip length
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Figure 9. Effective longitudinal I (solid line) and transverse
legr 1 (dashed line) slip length of a Newtonian fluid plotted vs.
relative channel thickness () and the L /L, . ratio plotted vs.
local slip length at fluid/gas contact areas of a superhydrophobic
stripe texture in a wide channel at different ¢ values (b).

(a) ¢ = 0.75, I/L = 20 (see Ref. 115);

(b) @ = 0.05 (1), 0.5 (2) and 0.95 (3).114
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ratio of a stripe texture is consistent with the known result
Lt || /Lesr, L = 2 [see expression (27a)].109- 110

Note that the fluid flow on superhydrophobic surfaces is
accompanied by perturbations of the velocity field. Having
defined such perturbations as

u'(x, y) =u(x, y) = (), (29),
where ((u(y)) is the average velocity profile in a channel
with the effective slip length /[y ), and assuming a flow
transverse to the stripe texture, one can show that the
perturbations form oppositely directed symmetrical vortices
(Fig. 10 a).'® The velocity perturbations are localized near
the superhydrophobic wall in a rather wide channel
(h/L > 1) and propagate to fill the entire cross-section of a
narrow channel (h/L < 1) (Fig. 10b). As can be seen, the
perturbations are much weaker than the velocity U of the
upper wall of the channel and of course cannot significantly
enhance the convective flow. More efficient mixing is
achieved for inclined orientation of the stripe texture
which causes the formation of helical flow.!16-118 However,
this issue is beyond the scope of this review.

The results discussed above were obtained in the
approximation of flat boundary of the fluid/gas contact
zones. This approximation works at small fluid pressure
difference AP = P, — P, between the channel (Pcn) and the
gas-filled grooves (Pg). The fluid meniscus depth can be
estimated !'!° as

0" =¢e"g(h, o)L (30)

where

Slip No-slip
y/H
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Figure 10. Vector field of flow velocity perturbations u’(x, y) at
h/L = 0.1 (a) and the change in the horizontal component of the
flow velocity perturbations u’./U at different channel height at
h/L = 0.5 (1), 0.75 (2) and 2 (3) (b).!1°

. LAP
g = Ty (30a)

In particular, under conditions of the experiment 2 for
a wide channel /1 oc L at ¢ = 0.5, the function g(/, ¢) = 0.4
and the meniscus depth is in the range
0* ~(0.012—0.024)L. In this case the fluid/gas interface
can be treated with high accuracy as a flat surface.

However, this is not a versatile case since various
scenarios of changes in the shape of the fluid/gas interface
are possible. For instance, an increase in the pressure P in
the channel (or a decrease in P,) can cause the meniscus to
sag into the groove, thus leading to instability of the
Cassie — Baxter state and to transition to the Wenzel state
corresponding to complete wetting.!?!-122 In addition, an
increase in P, in grooves (of a decrease in Pcp) will favour
protrusion of gas bubbles towards the channel '23-124 and,
as a consequence, lead to weakening of slip effects. The
search for methods to hold gas bubbles on submerged rough
surfaces is of great practical value for reducing the hydro-
dynamic drag of fluids in microchannels and maintaining
effective wall slip.!?#~127 In this respect superhydrophobic
stripe textures demonstrating a marked decrease in
the hydrodynamic drag at relatively high shear rates
(~11 m s~ 1) proved themselves.!2¢

2.5. Stability of superhydrophobic surfaces

The stability of the Cassie—Baxter state is first of all
determined by the degree of hydrophobicity and by the
surface roughness pattern of the solid wall.?3-°4 A criterion
for thermodynamic stability has the form of inequality for
the Young wetting angle, 6y > 6., where the critical wetting
angle 0. is determined from the expression !28

cosf.=—op(rp—1+ (p)*1 3D

Clearly, one has

0<0, < (31a)

ol a

These inequalities are determined by the value of the rough-
ness parameter rr, which varies from zero for smooth
surface to infinity for microporous surface.

In addition to the thermodynamic approach, one should
take into account the balance of forces related to hydro-
static pressure difference between the channel and the gas-
filled regions (AP), as well as the shape of protrusions (see
reviews 129~ 131) Taking superhydrophobic surfaces covered
with periodically patterned micropillars as examples, it was
established that the Cassie— Baxter state becomes unstable
at

AP > p. = _M (32)
pr

(here r is the radius of the circular section of microprotru-
sions).!32:133 From this criterion it follows that local stabil-
ity of the fluid/gas interface can be improved by reducing
the cross-sectional dimension of protrusions and the dis-
tance between them.!32-134 Experiments showed that the
critical impalement pressure p. also depends on the protru-
sion height 4. Indeed, the plot in Fig. 11 demonstrates that
at 4 <20 um, the critical pressure linearly increases and
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Figure 11. Critical impalement pressure plotted vs. height of micro-
pillars.!33

Experiments: evaporation (/), compression (2) and drop impact (3).
Dashed line is the best fit of experimental data at # > 20 pm.

reaches a plateau at 4 > 20 um.!33 This behaviour of p. was
explained by the fact that at small height of micropillars one
has cosfy ~ A, whereas at relatively large 4 values, the
wetting angle Oy has time to reach its maximum value
corresponding to the critical inflow wetting angle at which
the contact line spontaneously slips along the microprotru-
sion.!33 In addition, in the case of superhydrophobic stripe
textures, the critical pressure increases as the width-to-
depth ratio of the gas-filled grooves increases.!3>

At pressures higher than p., transition from the Cas-
sie— Baxter state to the Wenzel state occurs by gradual
sagging the fluid meniscus into troughs (Fig. 12 a).'?! The
critical time of complete wetting 7. exponentially decreases
with increasing pressure AP (Fig. 12 b).

In addition, the lifetime of a thin gas layer above the
superhydrophobic surface immersed in water exponentially
decreases as the hydrostatic pressure increases.!?® This
phenomenon was explained using the Henry law, according
to which an increase in hydrostatic pressure causes an
increase in the concentration of dissolved gas and an
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Figure 12. Relative sagging depth of the meniscus plotted vs. time
at different fluid pressures («) and the critical collapse time of the
meniscus plotted vs. applied pressure AP (b).12!

(a) AP =15 (1), 20 (2), 25 (3), 30 (4), 35 (), 40 (6), 45 (7), 50 kPa
8.

exponential increase in the partial pressure of the gas in
the fluid. This idea was further developed 1?2123 and it was
shown that pressure-driven fluid flow over superhydropho-
bic wall can lead to acceleration of gas exchange between
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Figure 13. Relative sagging depth of the meniscus //A4 in the metastable state plotted vs. time at a pressure AP of 11.7 kPa and different
Reynolds numbers (Re) () and the change in the wetting angle 0 in the pinned Cassie — Baxter state plotted vs. time due to a pressure drop

from AP = 0.7 to 2.7 kPa; t = 600 s (b).'??
Re = 16.68 (1), 8.34 (2), 4.17 (3), 2.08 (4).
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Figure 14. Transverse effective slip length plotted vs. protrusion
angle 0, at two values of the fraction of the surface covered with
bubbles: ¢ = 0.38 [dashed line is drawn using the results of
calculations, solid circles (/) denote experimental data] and
¢ = 0.54 [solid curve is drawn using the results of calculations,
solid squares (2) denote experimental data].'*!

gas-filled cavities and bulk fluid. A confocal microscopy
study '22 showed that, similarly to hydrostatic pressure, the
flow can cause a gradual sagging of meniscus and thus
trigger the wetting transition (Fig. 13 a). The fluid pressure
in the channel was maintained to acquire the pinned
Cassie— Baxter state, or, contrary to this, depinned
states.!?? 137 Sagging of meniscus into troughs of the super-
hydrophobic surface in the pinned Cassie— Baxter state is
accompanied by changes in the wetting angle (Fig. 13 5).
Shear flow had almost no effect on the equilibrium states of
meniscus in the studied range of Reynolds numbers.!??

When the pressure in the gas bubbles exceeds the fluid
pressure, gas bubbles protrude from troughs. In this case
the efficiency of slip of a simple fluid depends on the
protrusion angle of gas bubbles (0p;). An increase in this
angle towards the liquid layer (0, > 0) initially leads to
some increase in the effective slip length /s compared to flat
fluid/gas interface and then to a marked decrease in
lorr 1387143 This behaviour was qualitatively confirmed in
various experiments 124 141,144 (gee Fig. 14). Slip vanishes at
the critical protrusion angle 0.; at 0, > 0., the effective slip
length becomes negative, thus indicating that the mattress
of convex bubbles causes an increase in friction.

Theoretical and numerical estimates showed that for
different types of roughness including transversely arranged
roughness elements, 0. ~ 65°.140-141 It should be noted that
fluid flow in a channel with superhydrophobic stripe texture
is characterized by an increase in the effective slip length
with increasing protrusion angle up to 90°.143. 146

2.6. Specific features of slip of non-Newtonian fluids in
channels with superhydrophobic wall

The aforesaid concerned effective slip of simple Newtonian
fluids. The nature of slip of non-Newtonian polymer fluids
along superhydrophobic walls has been poorly studied so
far. The authors of numerical and theoretical stud-
ies 144-147.148 o the regularities of slip of non-Newtonian
pseudoplastic media considered aqueous solutions of xan-
than gum '#* and PAA;'%7 the viscosities of these systems
depend on the shear rate y and are well described by the
Carreau— Yasuda model

nG) =1 + (1 — 0 )[1+ ()] (33)

where 19 and 7. are the limiting viscosities at zero and
infinitely high shear rate, respectively; the parameter A
specifies the width of the Newtonian plateau, the exponent
n is the slope of the viscosity curve; and the parameter a
characterizes the sharpness of transition from Newtonian
plateau to non-Newtonian behaviour.

For calculations of Poiseuille flow in a round channel
and Couette flow between parallel plates transverse to the
superhydrophobic texture, it was shown that the extrapola-
tion slip length /l,pp is a nonmonotonic function of the
longitudinal pressure gradient dp/dx (Fig. 15a) 44 and the
basic shear rate y (Fig. 155).'47 This result was confirmed
qualitatively in a theoretical study.'*® The plots in Fig. 15
demonstrate that the maximum extrapolation slip length
noticeably increases with increasing exponent n which
characterizes the rate of change in the viscosity specified
by the Carreau— Yasuda equation (33), viz., the steeper the
viscosity curve the longer the slip length. Figure 154 dem-
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Figure 15. Apparent slip length plotted vs. pressure gradient dp/dx
for Poiseuille flow and cylindrical geometry of channel (@) '4* and
vs. basic shear rate y for Couette flow transverse to superhydro-
phobic texture with the surface fraction of grooves ¢ = 0.5 (b).!47

(a) n =0.563, ¢ = 0.05 mass % (/); n = 0.503, ¢ = 0.10 mass % (2);
and n = 0.406, ¢ = 0.20 mass % (3);

(b)y n=10.1(1), 0.2 (2) and 0.4 (3).
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onstrates a similar behaviour of the ratio of /,pp to the
effective slip length of pure water (/u,0) at the n values lying
in a narrower range 0.406 < n < 0.563 corresponding to the
change in the xanthan gum concentration (c¢) from
0.05 mass % to 0.20 mass %.'** In both cases, the fraction,
¢, of the fluid/gas contact areas is ¢ = 0.5.

The physical mechanism of slip of a pseudoplastic fluid
along a superhydrophobic wall is as follows.!4” Figure 16a
shows that near the superhydrophobic wall the mean
velocity profiles of the flow of aqueous PAA solution
along and transverse to the stripe texture become nonlinear,
whereas the velocity profiles of Newtonian fluids remain
linear. It follows that, unlike the slip of Newtonian fluids,
that of pseudoplastic media is apparent. The effect origi-
nates from the viscosity perturbations near the superhydro-
phobic wall (Fig. 16) due to local perturbations of the shear
rate.'¥’ In the vicinity of the solid areas with the no-slip
boundary condition, the fluid slows down. This causes an
abrupt decrease in viscosity, whereas at the fluid/gas inter-
face the shear rate is zero and the viscosity of pseudoplastic
fluid approaches 7o [see expression (33)]. As a result, an
inhomogeneous near-wall layer is formed. The effective
viscosity of this layer is lower than the bulk fluid viscosity.
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Figure 16. Mean velocity profiles of a Newtonian fluid (/’, 2') and
pseudoplastic aqueous PAA solution (/, 2) across (I', 1) and along
(2', 2) superhydrophobic stripe texture with the fraction of grooves
@ = 0.5 in a channel with the thickness /; (3) velocity profile in a
channel with smooth solid walls (¢ = 0) under the basic shear rate
7 = 1s~! (a) and the relative viscosity field (x,y)/no of aqueous
PAA solution under simple shear flow across the superhydrophobic
stripe texture at /L = 1 (b).1%7

2lapp/w

—0.2  Pposition 1 2 3 4 5
V/ms—1' 10-7 10-¢ 10-5 10—3 10° ¥
1 1 1

1
—-60 30 0 30

1
60 0Opr/deg

Figure 17. Relative apparent slip length 2/pp/w for the flow of
0.2% xanthan gum aqueous solutions (/—5) and water (6) across a
superhydrophobic texture plotted vs. protrusion angle 0, at differ-
ent mean Poiseuille flow velocities (2 = 100 pm, ¢ = 0.5, grooves
10 pm wide).!44

The apparent slip lengths, both along and transverse to the
stripe texture, are much larger than the corresponding
effective slip lengths of Newtonian fluids. Thus, the use of
pseudoplastic media will allow one to significantly decrease
the hydrodynamic drag of microchannels.

In conclusion, mention may be made of an interesting
result.’** For an aqueous xanthan gum solution, it was
shown that the protrusion of gas bubbles in the case of flow
of a pseudoplastic medium in a round capillary causes an
additional increase in the apparent slip length compared to
the situation in pure solvent (see Fig. 17).144 The slip length
is a specific function of the shear rate, which is due to
viscosity variations of the pseudoplastic medium in the
vicinity of gas bubbles (see above).

In summary of this Chapter, factors influencing charac-
teristics of the slip of homogeneous low- and high-molec-
ular-mass fluids demonstrate the variety of slip mechanisms
that should be taken into account in the analysis of
experimental data, design of microdevices and when posing
and solving fundamental problems related to the interaction
of fluids with channel walls made of different materials and
having different surface structures.

3. Interaction of multicomponent fluids with solid
wall

3.1. Structural features of multicomponent fluids

The flow of multicomponent colloidal and polymeric sys-
tems of complex architecture (concentrated microgel emul-
sions and suspensions, colloidal solutions of star polymers,
melts of block copolymers with micellar structure, suspen-
sions of dendrimers, solid particles coated with a layer of
grafted macromolecules, multilayer capsules, efc.) is char-
acterized by nontrivial features of the interaction with solid
walls. For instance, disperse systems behave as viscoplastic
materials with pronounced yield stress if the volume frac-
tion of particles (¢) is of the order of or higher than the
critical value ¢, corresponding to the glassy state. Such
media can flow only at stresses ¢ that exceed the yield stress
o,, while at ¢ < ¢, they exhibit the properties of sol-
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ids.149-150 According to a classification system,!! a glassy
state of suspensions of noninteracting monodisperse solid
spheres is achieved at ¢, values in the range
0.58 < ¢ < 0.64. Microgel suspensions undergo a glass
transition at  higher concentrations, namely, at
0.64 < ¢o < 1; the fraction of the disperse phase in emul-
sions with close-packed droplets can be as high as
0.96.152- 154 High concentration of close-packed star poly-
mers is due to specific features of macromolecular inter-
penetration, while highly concentrated (compressed)
emulsions are prepared by transforming spherical droplets
to hexagonal ones; this is accompanied by dramatic
decrease in the fraction of the free interparticle space
(Fig. 18 @).'>2 The rheological properties of such systems
allow them to be treated as viscoplastic media.!3% 153 Wall
slip of highly concentrated dispersions and emulsions ena-
bles considerabe reduction of the energy loss during the
flow in microchannels, which is of great practical interest.

At relatively low content of the disperse phase (¢ < ¢)
the presence or absence of wall slip of suspensions depends
on the character of the interaction between micro- or nano-
particles. Wall slip of suspensions of stabilized (repelling)
solid particles is only possible is the binder slips. However,
the slip velocity of low-molecular-mass fluids on hydro-
phobic or lyophobic surfaces is very low since in this case
the slip length is a few tens of nanometres.*7-1° If a high-
molecular-mass binder is used as a continuum medium, the
hydrodynamic behaviour of suspensions will be determined
by the laws of wall slip of polymer melts. Besides, colloidal
gels prepared from attracting particles usually demonstrate
wall slip.134-159

Consider specific features of the flow of highly concen-
trated suspensions of soft particles (microgels, capsules,
liposomes, block copolymer micelles, latex particles and
solid particles coated with grafted polymer layers) and
concentrated emulsions. When close packed, particles in
the concentrated emulsions undergo deformation and adopt
the shape of compressed polyhedra.!52:160-162 A model
system comprising soft elastic spheres with the volume
fraction ¢ = 0.8 is shown in Fig. 18 5.163 Close packing of
colloidal particles eliminates the temperature factor, and the

Figure 18. Photomicrograph («) and a schematic (b) of highly
concentrated emulsions containing deformed droplets that adopted
polyhedral shape.

(a) Well-defined polyhedra are clearly seen;!>?

(b) typical configuration of an array of compressed elastic spheres
at ¢ = 0.8.163

rheological response of concentrated dispersions is mainly
due to overcoming of geometric constraints imposed on
particles by their nearest neighbours. Removing constraints
depends strongly on the balance between forces of pair
elastic interparticle interactions and external stresses. Mac-
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Figure 19. Frequency dependences of the elastic modulus of water-in-oil emulsions («) and emulsions containing droplets of different size
at constant concentration of the aqueous phase of 91% [see Colloid J., 69, 185 (2007)].

(a) Emulsions with aqueous phase concentrations of 95 (7), 94 (2), 93 (3), 92% (4);

(b) emulsions with droplet sizes of 8.2 (7), 11 (2), 14 (3) and 20.5 mm (4) at constant concentration of the aqueous phase.
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roscopic motion of such dispersions near solid surfaces
depends on the chemical nature and on the degree of
roughness of channel walls.

At shear stresses lower than the yield stress, the systems
in question behave as elastic solids.!®* Like that of solids,
their elastic modulus (G') is is independent of frequency (w)
in the linear region of viscoelastic response, i.e., at low
stresses and small deformations (Fig. 19).

Depending on the nature of soft polymer particles, their
elastic properties are determined by different physical
mechanisms. For instance, elastic response of neutral star
polymers, microgels and concentrated emulsions is due to
the osmotic pressure of polymers in solvents and to entropy
losses associated with stretching of polymer chains,!65-167
and to interparticle interactions.!3?-16% Contrary to this,
rigidity of polyelectrolyte microgels depends on the osmotic
pressure of counterions,!®® while the elastic properties of
liposomes and capsules are governed by the compression
and flexural moduli of the surrounding membranes.!”?
Here, it is appropriate to mention a new class of droplets
called ‘liquid marbles’. The surface of ‘liquid marble’
droplets is covered with a layer of solid micropar-
ticles;!'71 =175 their Young modulus depends on the interfa-
cial tension, on the equilibrium wetting angle of the liquid
phase as well as on the size and surface density of solid
microparticles.!”3

It is convenient to characterize the elasticity of soft
particles by the dimensionless parameter

_G,R

4 kT

(34

where G, and R are respectively the elastic modulus and the
hydrodynamic radius of particles.!3!-176:177 The parameter
Y varies in a rather wide range depending on the solvent
quality and on the molecular architecture of colloidal
particles. One has y ~ 1 for macromolecular coils, ¥ ~ 103
for star polymers (f ~ 100 arms), ¥ ~ 10 for microgels and
¥ ~ 10° for nanoemulsions, capsules and liposomes.!3!
Unlike star polymers and micelles whose elastic potentials
depend only on the number of stars

Y~ 35)

the elasticity of microgels, droplets and microcapsules
depends on their radius. The corresponding dependences
are as follows:!78.179

R3
v~ W (36a)
LS
V= or (36b)
W ~ VBKR? (36c¢)

where vo and N are the volume and number of statistical
chain segments between microgel cross-link points, y is the
interfacial tension, and B and K are the compression and
bending moduli of microcapsule membranes. The parameter
Yy of non-Brownian particles can take rather large values.

3.2. Wall slip and yield stress

With all the variety of concentrated suspensions and emul-
sions, their rheological behaviour is characterized by a
number of common features (see reviews 18- 151,152,179 -181)
In particular, typical shear flow curves of concentrated
emulsions 179-182-185 shown in Fig. 20 are qualitatively
consistent with corresponding flow curves of concentrated
suspensions of solid particles,!8¢- 190 and soft micro-
gels 191197 and concentrated solutions of star polymers '8
and colloidal gels.'3%-159 As can be seen, the flow curves
depend crucially on the degree of wall roughness. In
particular, flow of concentrated dispersions between two
rough walls is possible only if the shear stress exceeds a
certain critical values, that is, the yield stress ¢,. An increase
in the shear rate is accompanied by nonlinear increase in
stress. This rheological behaviour is usually well described
by the Herschel - Bulkley equation '°°

g = Uy + ky m (37)

where 7 is the true shear rate of the dispersion and the
exponent m is close to 0.5 for almost all concentrated
dispersions mentioned above.!53-163,187.191,192,200 A
stresses higher than the yield stress (¢ > g,), the flow of
concentrated dispersions occurs by local structural rear-
rangements driven by certain particles that succeed to
remove constraints associated with close packing (cage
effect). These processes originate from the competition
between long-range plastic deformations and local elastic
interparticle interactions.?00-201

These regularities are also observed in channels with
smooth walls at rather high shear stresses.!®! 194198 How-
ever, if the stress is lower than the yield stress (¢ < g,), the
flow curves of concentrated dispersions exhibit a kink
instead of a plateau with a constant shear stress; subsequent
decrease in the shear rate is accompanied by a decrease in
the stress (see Fig. 20).186,191-194,198,199.202 Thjs is also
observed in measuring the first difference of normal stresses
N during slow shear flow. Normal stresses are independent
of the apparent shear rate since they are determined by
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Figure 20. Flow curves for a concentrated emulsion sheared
between two rough surfaces (/) and between a rough surface and
a smooth hydrophilic (2) and hydrophobic (3) surface. The solid
curve is a fit to the Herschel-Bulkley equation (37); 75 is the
apparent shear rate at ¢ = o,; and o, is the sticking yield stress.!”?
I-1II are different flow regimes (see text).
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Figure 21. Plots of the first difference of normal stresses N; (open
symbols) and shear stresses o (solid symbols) vs. shear rate for
concentrated emulsions at different volume fractions of the dis-
persed phase: 92 (1), 93 (2) and 94% (3).203

Reynolds dilatancy and abruptly decrease as flow begins
(Fig. 21).293 This behaviour of normal stresses is a direct
consequence of wall slip at low shear stresses. Interestingly,
the inflection point in the dependence of log N; on logy
corresponds to the yield stress a,.

As wall slip arises in the gap between solid surfaces
moving in opposite directions at the velocity U, the true
shear rate of the medium, y, becomes smaller than the
apparent shear rate, ya.pp = 2 U/h, and is defined as

1Vw

7= Yapp — = (38)

where V', is the wall slip velocity, % is the width of the gap
between the plates and the coefficent y = 1 or 2 for one or
two smooth surfaces, respectively. This was clearly demon-

strated by direct measurements of shear rate pro-
files, 182 187,191 193,204 210

3.3. Shear banding and wall slip
The velocity profiles of complex fluids can exhibit local
kinks (Fig. 22 a),?!! thus indicating instability of deforma-
tion processes of complex fluids, which are accompanied by
the appearance of zones of intense shear deformations
called shear bands or strain localization.!7-152,205-207 Typ.
ical flow curves of colloidal dispersions and solutions of
worm-like micelles can include negative-slope portions
corresponding to unstable flow regimes; in this case one
deals with shear rate-dependent stress (see Fig. 22).208-212
Instability of shear flow of concentrated suspensions can
manifest itself in discontinuities of the structure of the
medium, i.e., inhomogeneous motion of layers (Fig. 23).210
The presence of different-type structures in multicomponent
materials owing to bifurcation of their properties (in the
form of coexistence of two structural states) was observed in
various complex fluids including colloidal dispersions and
emulsions,!7- 159 187.205.213-215 mice]lar 209-216-218 and poly-
mer solutions.?!°~222 The effect can be smoothed out by a
broad molecular mass distribution (MMD) of polymers. In
this connection one may talk of continuous nonlinear
profile of simple shear rates instead of a shear rate drop.???
A deep interrelation between wall slip and shear banding
should be emphasized.?07-224-227 For instance, studies of
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Figure 22. Velocity profiles for a cement paste at different rotation
rates of the walls of a Couette instrument (a)2!'! and shear stress
curves for a monodisperse suspension with the volume fraction, ¢,
of PS ¢ = 0.45 under shear banding (b).2'2

(a) Velocities were assessed by magnetic resonance velocimetry;
rotation rate of the walls of the Couette instrument /rpm: 30 (7), 60
(2) and 70 (3).
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Figure 23. Discontinuations appeared under simple shear flow of
granulated materials.?!?
The distance between the lower and upper plates is # = 1.8 mm.

concentrated polymer solutions revealed that wall slip
usually precedes the formation of flow inhomogeneities
under the action of external shear stresses since adhesion
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to the solid wall is wusually weaker than cohesive
strength.208.224-227 Shear bands were observed in, e.g.,
channels with smooth walls when the Weissenberg number
(Wi) exceeded the critical value

21
Wi>WiC=1+$

(39)
where /max and £ are the maximum slip length and the width
of the gap, respectively. Figure 24 a presents the velocity
profiles of concentrated polybutadiene solution at effective
shear rates of 0.3 and 3 s~ !, which corresponds to Wi = 20
and 200, respectively.??* The critical Weissenberg number of
this polymer solution is Wi, = 26. This provides an explan-
ation for the fact that at Wi < Wi, one deals with almost
plug flow with predominantly wall slip, whereas at
Wi > Wi, the velocity profile exhibits a sharp local kink
accompanied by a decrease in V,.2?* Similar changes were
also observed in a study on the flow of concentrated
aqueous suspensions of microgel particles in a channel
with hydrophobic surface (Fig. 24 b), namely, an increase
in the slip velocity V', relative to the bulk velocity U leads to
the appearance of a kink in the velocity profile and to
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Figure 24. Velocimetrically assessed steady-state velocity profiles
of particles of 13% polybutadiene solution (My = 1000 kg mol—1)
in microchannels 50 pm wide at an average effective shear rate of
0.3 (/) and 3.0 s—! (2) (a)?** and concentrated apparent suspen-
sions at different relative wall slip velocities (b).22¢

(b) Vw/U=0.5x1072 (1), 8.5x 1072 (2), 10~ (3). V}, is the central
plug velocity in the plug flow profile.

extension of the region where fluidization of the medium
occurs.?2¢

3.4. Wall slip and the properties of channel walls

To understand the physical nature of wall slip of disperse
fluids, it is critically important to directly measure corre-
sponding flow velocity profiles along rough and smooth
solid walls. The results of flow velocity measurements for a
concentrated microgel suspension (hydrodynamic particle
radius 220 nm) at different shear stresses are shown in
Fig. 25.1°! The measurements were carried out at a fixed
distance from the axis of rotation of a cone—plate rheom-
eter with rough and smooth walls. One can see that at
stresses below the yield stress o,, a linear velocity profile is
formed between rough walls prepared by sticking sand
paper on the shearing surfaces and no wall slip or shear
bands are observed.

Contrary to this, wall slip between smooth walls coated
with a polymer film does occur. A decrease in shear stress
leads to an increase in the slip velocity V., relative to the
linear velocity of the cone at a specified distance from the
axis of rotation and to a decrease in the true velocity
gradient of the suspension. If the stress is lower than the
yield stress (¢ < o)), the slip velocity becomes equal to the
wall velocity; the velocity profile corresponds to plug flow
and the true shear rate is zero (see Fig. 25d).!°! In this case,
the suspension moves like a solid only due to wall slip. This
corresponds to regime III in the rheological curves (see
Fig. 20).!7° If the shear stress much exceeds the yield stress
(see Fig. 25b), wall slip can be ignored (see regime I in
Fig. 20). The true shear rate differs only slightly from the
apparent shear rate (j,,,% 7). In this regime the flow curve
of the dispersion matches the flow curve between rough
surfaces. Direct flow velocity profile measurements showed
that in a narrow stress range near the yield stress
0, <0 < 1.50,, the flow of concentrated suspensions and
emulsions is also accompanied by wall slip (see regime II in
Fig. 20).179- 191,192 [n this case the appearance of a kink in
the flow curve complicates a correct determination of the
yield stress. Seemingly, it is regime II (see Fig. 20) that is
associated with the region of sharp decrease in normal
stresses (see Fig. 21).203

The character of wall slip depends on the nature of
interparticle interaction (attraction or repulsion) and on the
affinity of the wall material and the binder (hydrophilicity
or hydrophobicity).!56-138.167 It was established that in all
cases the slip velocity of a concentrated suspension of soft
polymer particles below the yield stress is a power function
of the stress applied 82, 191-193,204

Ver Vy(o— o)k (40)
where V, is the slip velocity at the yield stress ¢ = ¢, and
os is the slip threshold (stress below which no wall slip is
observed). The coefficient k& is unity for hydrophobic
surfaces and repelling colloidal particles 14294 and k ~ 2
for hydrophobic surfaces and attracting particles.!50-158
Dependence (40) was confirmed experimentally (see
Fig. 26).17°

In Fig. 26 one can see that the slip threshold o of
microgel pastes on hydrophilic surfaces is much lower than
that on hydrophobic ones.!”® In the former case the low slip
threshold can be explained by the fact that at the wall,
microgels are separated from the hydrophilic surface by a
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Figure 25. Velocity profiles for a microgel suspension under shear flow between rough surfaces at /g, = 1.05+£0.1 (a) and between
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Figure 26. Microgel paste slip velocity plotted vs. shear stress on
hydrophilic (7) and hydrophobic (2) surfaces.!”

The dashed arrow denotes the yield stress o, = 34 Pa, the solid
arrows denote the slip thresholds o, = 0.7 and 5.8 Pa for the
hydrophilic and hydrophobic surfaces, respectively.

thin layer of binder (water), which enables their slip at low
shear stresses. Pushing such particles away from the hydro-
phobic wall requires a low force. In both cases the slip
threshold is much lower than the yield stress (6; << 7,). An
indirect proof of the existence of a low-viscous near-wall
fluid layer is provided by the inversely proportional depend-
ence of the slip velocity of the medium, V,, on the solvent
viscosity (#s) at yield stress. Experimental data on the wall
slip velocities obtained for different concentrated microgel
and emulsion pastes with different hydrodynamic radii of
particles (R), degrees of cross-linking of polymer networks
and solvent or binder concentrations and viscosities are well
approximated by the following expression (Fig. 27):!°!

GoR
g

v, ~

(41)

where Gy is the shear modulus of the dispersion. A similar
dependence was observed for apparent slip along a thin
layer of thickness 6 (see Fig. 1b5)7
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Figure 27. Slip velocity V), at the yield stress ¢, plotted for
concentrated emulsions at different volume fractions of the dis-
persed phase ¢ (3, 4) and for microgel pastes (1, 2, 5, 6) at different
cross-link density Ny, solvent viscosity #s and polymer concentra-
tion C.19!

Emulsion: ¢ = 0.86, 0.93 (3), 0.71, 0.75, 0.77 (4)

Pastes:
Position 1 2 5 6
Ny 140 28 140 140
ns /mPa s 9 0.9 0.9 0.9
Clgg! 0.02  0.045, 0.055, 0.065 0.04, 0.06 0.015

The thickness, J, of the near-wall layer of a concentrated
microgel dispersion can be estimated from the dynamic
equilibrium condition for a thin solvent film and a squeezed
particle. From the Reynolds equation for a lubricating
layer 228 it follows that

2V, (43)
Po

where ro is the radius of the flat face of the deformed
particle and pg is the pressure in the thin film at the solid
wall. On the other hand, from Hertzian contact mechanics
one has

ro & RC? (44)

and the elastic stress of the particle is given by
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(45)

where G, and { are respectively the elastic and shear moduli
of the spherical particle.??° From the equilibrium condition
op = po it follows that the thickness of the lubricating layer
increases with increasing solvent (binder) viscosity, particle
radius and wall slip velocity '°!

X (nSVWR)l/z
o~ | =——
GP

o, R GPCI/Z

(46)

For hydrogel pastes (220 nm particle radius) this simple
expression gives the thickness of the near-wall layer
0 ~ 2—10 nm, which is almost independent of the concen-
tration of particles.!®?

Colloidal gels of attracting particles exhibit wall slip at
concentrations that are much lower than concentration
corresponding to close packing of particles. In particular,
slip is observed for flow of weakly flocculated colloidal
dispersions of poly(methyl methacrylate-co-ethylhexyl
methacrylate) 1>* and silica particles with grafted poly(butyl
methacrylate) chains in a poor solvent.!3> The thickness of
the near-wall liquid layer in these colloidal gels agrees in
order of magnitude with the data for microgel pastes (see
above).

The slip mechanism for concentrated suspensions of
solid microparticles is somewhat different. In this case
apparent slip is due to a decrease in the filler concentration
near the solid wall owing to the steric interaction between
particles and channel walls. As a result, the thickness, o, of
the lubricating layer depends on the average size R, the
volume fraction ¢ and the limiting degree of packing ¢max
of the solid particles. A simple relationship 88

ol ®
(SizR(l (bmax)

describes experimental data with a reasonable accuracy;
note that § ~ 0.1R at 0.46 < ¢ < 0.6.230-232 In this type of
suspensions, roughness of channel walls can induce fracture
of the deformed samples instead of preventing slip.?33
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Double S-shaped pattern of the dependence of logyn on
logo observed for certain colloidal suspensions of weakly
attracting particles and concentrated emulsions can be due
to the existence of the slip threshold g .13 155 183.233-235 Ag
an example Fig. 28 presents these dependences for disper-
sions based on poly(methyl methacrylate-co-ethylhexyl
methacrylate) in low-aromatic white spirit that flocculate
on adding nonadsorbing polyisobutylene.!** Measurements
carried out under flow between coaxial cylinders with a
smooth and a rough inner cylinder showed that in both
cases at low shear stress the viscosity of the dispersion is
high. In the case of rough walls at ¢ < g,, the viscosity
decreases continuously, which corresponds to plastic flow
associated with structural breakdown in the bulk. Experi-
ments with cylinders with smooth walls revealed a sharp
decrease in viscosity at lower stresses followed by reaching
an intermediate plateau. This was followed by further
viscosity drops at stresses equal to those observed in the
case of rough-wall stresses inducing macroscopic flow of the
dispersion. The intermediate plateau viscosity, which is a
few orders of magnitude lower than the ‘zero’ viscosity,
reduces as the width /4 of the gap between the rotating
cylinders decreases. This is indicative of wall slip of the
dispersion in the stress range studied.!>°

The results presented in Fig. 28 b and similar data were
obtained by measuring compliance under creep condi-
tions.!3%- 156 At low stresses, creep of the dispersion can be
due to elastic deformations of gel formed by attracting
particles. However, interpreting the results of these meas-
urements in the range of maximum Newtonian viscosity
values requires more thorough studies.!>? Similar curves
were observed in viscosity measurements of low-density
polyethylene (LDPE)/metaboric acid blends using a cone—
plate rheometer (Fig. 29).23¢

Thus, wall slip of multicomponent dispersions and
colloidal systems arises at particular energy and mechanical
interactions. There are two types of wall slip. One arises
under shear of viscoplastic media that can exist in two
different physical states, a solid (at stresses lower than the
yield stress) and a liquid one (at stresses higher than the
yield stress). Transition from the solid to liquid state (either
sharp or thixotropic) is accompanied by transition from
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Figure 28. Steady-state viscosity plotted vs. shear stress for dispersions of 0.4 mass% poly[(methyl methacrylate)-co-(ethylhexyl
methacrylate)] in white spirit containing polyisobutylene flowing in channels between coaxial cylinders with smooth (/) and roughened
(2) walls (a) and in channels with smooth walls at the channel width 4 = 0.5 (1), 1.07 (2) and 5.0 mm (3) (b).'>*
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Figure 29. Plots of steady-state viscosity of LDPE/metaboric acid
blends vs. shear stress at 180 °C.

Volume fraction of metaboric acid: 0.068 (1), 0 (2), 0.141 (3), 0.396
(4) and 0.304 (5).2%¢

wall slip to real flow. The reverse transition from the liquid
to solid state occurs in highly concentrated suspensions
under high shear rates or under large deformations owing
to the glass transition induced by the deformation proc-
esses. The other type of slip arises as a result of dynamic
formation of a thin low-viscous fluid layer at the channel
wall. This leads to drop of the shear rate and looks as
apparent slip.

4. Polymer melts

4.1. Physics of slip of polymer melts along solid wall
Polymer melts are a kind of fluids and it is just the
possibility of irreversible deformations of these systems
that underlies many technological processes of fabrication
of polymeric items. Being single-phase and one-component
media (unlike the materials discussed in Section 3), polymer
melts can slip along solid walls of channels where they flow.
Understanding of the mechanism of this phenomenon is of
great importance for both physical chemistry of polymers
and technological applications. The onset of slip of polymer
melts is due to both physics of molecular (relaxation)
motions of long-chain polymers and interfacial interactions.
It should be noted that the flow—slip transition character-
izes the instability of motion and is closely related to self-
oscillations of the system.

The flow—slip transition at high deformation rates
originates from bifurcation of the rheological properties
related to the relaxation nature of polymer deformations.
Amorphous polymers demonstrate different types of rheo-
logical behaviour depending on the time scale of observa-
tion. A typical dependence of the elastic modulus of
amorphous polymers G on the deformation frequency w is
shown in Fig. 30.

The occurrence of the transition in question means that
elastic deformations become dominant compared to irrever-
sible deformations both under shear and under tension.
This pattern of transitions corresponds to the linear region
of mechanical behaviour (small deformations). However,
the situation remains valid as the deformation rate (or
corresponding stress) rather than the deformation fre-
quency (small deformations) increases since acceleration is

log G

logw

Figure 30. Flow—rubbery transition (ringed) upon increase in
deformation frequency.

equivalent to the decrease in the characteristic time of
deformation. This transition is schematically depicted in
Fig. 31.

Thus, at high stresses (and corresponding high deforma-
tion rates) a polymer melt behaves as a solid-like material.
When under shear, this leads to slip along a solid surface
(¢f. polymer jet break under tension). The concept of slip
onset as a consequence of relaxation transition of the
polymer melt was formulated in the pioneering studies of
researchers from the scientific school headed by Prof.
G.V.Vinogradov,?37-240 who discovered the spurt effect,
i.e., a sudden detachment of polymer melt from the solid

loge a

loga

loga

Figure 31. Flow deformations (&) and elastic deformations (&)
plotted vs. shear stress (a) and tensile stress ().
The regions of flow—rubbery transitions are ringed.
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Figure 32. Flow breakdown in flow curves for series of melts of monodisperse polybutadienes (a) and polyisoprenes (b).237
(a) Molecular mass (MM) x 10—3 = 38 (1), 67 (2), 102 (3), 151 (4), 204 (5), 240 (6), 320 (7) and 580 (8);
(b)) MM x 10—3 = 106 (1), 148 (2), 282 (3), 355 (4), 422 (5) and 575 (6).

wall accompanied by huge increase in the volumetric flow
rate under capillary flow.

This concept was developed 24! =246 from the standpoint
of intermolecular entanglements. A possible mechanism of
the transition in hand was as follows. It was assumed that at
high deformation rate, the characteristic time of the process
becomes shorter than the characteristic time required for
disentanglement to occur. Therefore, as the deformation
rate increases, macromolecules have no time to slip into
entanglement knots while the entanglement knots do not
disentangle. Rather, they are tightened, thus forming a
quasi-stable network (on the time scale of experimental
shear rates). The spurt for series of polymers having differ-
ent molecular masses is schematically shown in Fig. 32.237

The spurt and flow slip most clearly manifest themselves
in the case of flow of monodisperse flexible-chain polymers.
As to the flow of industrial polydisperse samples, the spurt
effect is smoothed over owing to superposition of relaxation
properties of different components in the MMD.

Slip of a dielectric (polymer) on a metallic surface causes
electrization of the polymer jet; the electrostatic charge
increases with increasing slip velocity.?4?>~246 This phenom-
enon is illustrated in Fig. 33.24% Slip of polymer melts on
solid surfaces was observed in many studies (see, e.g., Ref.
247). At present, this phenomenon is basic to rheology of
polymers.

An clearly seen condition for the flow—rubbery transi-
tion is specified by the critical Weissenberg number

Wit =jr~1 (48)
where 7 is the shear rate and 7 is the characteristic
relaxation time. The following simple rearrangements
allow one to relate Wi* to the stress osp, at which flow
breakdown occurs: since

. Oy
P (49)
n
and
n
=G (50)

gx10%/Q

%ﬁ*

1 2 3

Vwfcms—1

Figure 33. Electrostatic charge (¢) of polymer jet plotted vs. slip
velocity on metallic surface of a capillary.?4>

where G is the elastic modulus and 7 is viscosity, one gets
ag
Wit =2 51
= (s1)

The elastic modulus of monodisperse polymers is inde-
pendent of the molecular mass of polymers of a given
homologous series and, therefore, spurt, i.e., the onset of
slip, occurs at a certain constant stress os, = const (see
Fig. 32).

The o, values reported in different publications can
differ from one another since they depend on the method of
measurements. For flexible-chain polymers (polyisoprene
and polybutadiene) the oy, values determined in the earlier
studies 237-240 and more recently confirmed by other
authors are 0.3—-0.4 MPa. The o, value of polydimethylsi-
loxane lies in the range from 0.057 to 0.07 MPa.?*® Poly-
ethylene is characterized by appreciably different o, values
equal to 0.22, 0.1, 0.1 and 0.26 MPa. These differences can
be explained by the effect of subtle differences in the poly-
ethylene chain structure on the properties of the poly-
mer.248-250 A contribution from the roughness of the solid
surface cannot also be excluded. For polyisobutylene one
has os = 0.09 MPa.23! Polymers with different chemical
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Figure 34. Spurt stress plotted vs. Kuhn segment length.2>?

Polyphosphazene (/), polystyrene (2), polyisoprene (3), polybuta-
diene (4) and linear polyethylene (5).

structure, e.g., polyphosphazenes, are characterized by a
very small o, value of 0.009 MPa.?52 Most likely, in this
case the decisive role is played by the polymer chain
flexibility. Indeed, a correlation between o, and the Kuhn
segment b was found (Fig. 34).252

Progress in methods for direct observation of velocity
profiles in the channel cross-section (velocimetry me-
thods 2°3-264) made it possible to measure the flow velocity
in the immediate vicinity of the solid channel wall with a
resolution of at least 30 um. Using these methods, it was
shown that the velocity of flowing polymer melts at the wall
can differ from zero, i.e., the classical no-slip hypothesis is
in some cases invalid.

Spurt can be to some extent smoothed over on going
from monodisperse polymers to mixtures of fractions or to
industrial materials.>>® This can be explained using the
experimental data presented in Fig. 35 where the flow
curves for two monodisperse polymers and their blends are
shown. As can be seen, the rheological properties change
appreciably on going from monodisperse polymers to
blends, viz., an extended region of non-Newtonian flow
appears and the shear rate (not shear stress!) corresponding

7/s7"

® O

10-1 |

>

10-2 |-

10-38 |

102 103 104 10°

g [Pa

Figure 35. Non-Newtonian spurt—slip region appearing on going
from monodisperse polyisoprenes (1, 2) to their blends (3).2%¢

MM = 3.8 x 10* (1), 2.4 x 10° (2); and a blend of polymers / and 2
in a 0.7:0.3 ratio (3).

Vwfcms—1
15 ¢
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Figure 36. Plots of slip velocity vs. shear stress at different MMD
patterns.2¢!

Molecular mass 5.8 x 104, broad MMD (/) and MM = 3.1 x 10%,
narrow MMD (2).

to the onset of slip abruptly increases. Both these effects are
due to superposition of the relaxation properties of different
fractions in the polydisperse polymer;>37-25% as a conse-
quence, high-molecular-mass fractions undergo transition
to the rubbery state, being surrounded by fractions that
retain their fluidity.

Thus, the conditions for the flow —slip transition depend
strongly on the MMD of the polymer.

The influence of the MMD on the slip onset conditions
was demonstrated experimentally.?6! 263 Indeed, slip can
develop gradually in the polymer MMD-dependent stress
region (Fig. 36) rather than arise in jumpwise manner (like
abrupt flow breakdown), as shown in Fig. 32.

Flow of polydisperse polymers is accompanied by defor-
mation fractionation at which low-molecular-mass fractions
undergo diffusion towards high stresses, i.e., towards the
solid wall. This leads to formation of a thin, relatively low-
viscous layer near the solid surface, which looks as apparent
slip. A similar effect is observed in the case of interfacial slip
under layer-by-layer flow of different polymers.239-260

4.2. Slip velocity determination according to Mooney

The possibility for polymer melts to slip when forced
through capillaries was for the first time considered by
Mooney?® taking rubber compounds as examples. The
assumption of slip was made based on the experimental
data that demonstrated an abnormal dependence of the
volumetric flow rate of the mixture on the capillary diam-
eter. The case in point is that under slip one should add the
standard volumetric flow rate Qshear that is determined
using the Hagen — Poiseuille equation with a certain excess
volumetric flow rate Qsiip corresponding to the motion of
bulk material with the slip velocity Vy. The observed
volumetric flow rate Q is the sum of Qgshear and Qsiip. For
a Newtonian fluid with the viscosity # one has

4 2
nD AP nD;

1289L, 4 Y (52)

0 = Qshear + Qslip =

where D, and L, are the capillary diameter and length,
respectively, and AP is the pressure drop along the capillary.
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The equation for the shear stress at the capillary wall
follows from the law of conservation of momentum and has
the form

APD, 53)
4L,

Oy =

At ow = const, one deals with

iy Dy, 54)
0=Fro + 7V, (
or
640 1 16
Sk Ly 55

This equality underlies the Bagley method for slip
velocity calculations. It involves plotting the dependence
yw = 64Q0/n Dg on D;l and its extrapolation to D;l =0.
The slope of the plot is equal to V', while the intersection
point of the straight line with the ordinate axis at D;l =0
gives the true viscosity value. It should be noted that both
measured parameters (Vy and ) characterize a particular
shear stress value and can generally depend on it. This
traditional method for slip velocity calculations was used by
the authors of numerous studies (see, e.g., Refs 251 and
264-266) and is illustrated in Fig. 37.

A similar method for slip velocity measurements was
proposed for rotational flow between two parallel disks.?¢”
In this case, the gap & between disks was varied and the
apparent shear rate y,,,was measured for two values of this
parameter (h; and hy) at different shear stresses oy. The
formula for calculations has the form

hi,o4) — 7, hy, o
VW(O_W) _ ))‘lpp,l( 1 W) ’}dpp12( 2 w)

(56)

20t =iyt

320/nD;
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Figure 37. Volumetric flow rate plotted vs. capillary diameter at
different shear stresses.?>!

ow/MPa: 0.12 (1), 0.14 (2), 0.16 (3), 0.18 (4), 0.20 (5), 0.22 (6) and
0.24 (7). Experimental data demonstrate an increase in the slopes
with increasing shear stresses.

Experimental proof of the ability of DNA solutions to
slip along solid walls obtained by fluorescence microscopy
is of prime importance.?%8- 269 The spatial resolution of the
experiment was better than 1 um.?%% It was found that slip,
like in the case of polymer melts, arises at the Weissenberg
numbers Wi > 1 and the slip length depends on Wi. Thus
slip is indeed determined by the relaxation properties of
macromolecules, although no sharp transition to slip does
occur in solutions as compared to melts.

4.3. Conformations of macromolecules near solid wall
Understanding  physicochemical processes occurring
between the fluid and solid wall requires knowledge of the
of the slip velocity Vy on stress. There are theoretical
grounds '® to believe that slip under capillary flow of a
polymer occurs at any arbitrarily low shear stress. In the
framework of the Doi—Edwards model, this can be
explained by disentanglement of macromolecules from the
entanglement network and subsequent orientation in the
flow.27 A schematic illustration of the phenomenon is
presented in Fig. 38.27!

o |
S

50)

Figure 38. Formation of a near-wall layer of entanglement-free
macromolecules of thickness a, which approximately corresponds,
in order of magnitude, to the Doi—Edwards ‘tube’ diameter (D).2!

This model for slip mechanism represents an alternative
to the idea of tightening of knots in the entanglement
network, according to which slip is due to the flow —rubbery
transition of the polymer. It is believed that this contra-
diction can be to some extent removed assuming that the
‘tube’ model is valid for certain chain segments rather than
the entire macromolecule, so only particular molecular
fragments undergo orientation.

However, central for the present discussion is the so-
called strong slip manifesting itself above a certain critical
shear stress o, rather than weak slip at low flow velocities.
This phenomenon was observed for various polymer melts
and has been a subject of several publications (see, e.g.,
reviews 13- 15-18)

Numerous measurements showed that the dependence
of the slip velocity on the shear stress can be approximated
by the following power function:

Vy o< (0y —0c)" (57

with the exponent n lying in the range from 2.5 to 3.3
[cf. expression (40)].231-264-266 Besides, experiments showed
that the slip velocity depends on the molecular character-
istics of polymers, viz., the mass-average molecular mass
and the width of the MMD.?51-263.272.273 Probably, this is
related to flow fractionation of polydisperse polymers.2””



A.Ya.Malkin, S.A.Patlazhan, V.G.Kulichikhin =~ Russ. Chem. Rev., 2019, 88 (3) 319349 343

4.4. Self-oscillations of deformable melts

Slip of a viscoelastic fluid along a solid wall can be followed
by the onset of stick—slip self-oscillations. This phenom-
enon is associated with stress relaxation upon detachment
from the surface which causes sticking to the wall and a new
stick —slip transition upon accumulation of necessary elastic
deformations. Then the process is repeated. Thus, self-
oscillations are driven by cyclic flow —slip —flow transitions
related to periodic flow—rubbery transitions and vice versa.
This phenomenon is a specific type of instability under flow
of viscoelastic fluids. It was described in numerous studies
(see, e.g., Refs 250 and 274—-282). For an observer, the
stick —slip self-oscillations appear as periodic oscillations of
the volumetric flow rate and(or) pressure accompanied by
the formation of periodic surface defects. The volumetric
flow rate also periodically changes with time while main-
taining the specified ‘average’ flow velocity. The attractor
describing the process in question and the schematic dia-
gram of pressure self-oscillations are shown in Fig. 39.

Thus, the slip —stick self-oscillations represent a charac-
teristic bifurcation in the behaviour of the system, originat-
ing from coexistence of two (flow and rubbery) relaxation
states of the polymer. Visual observation of defects on the
surface of the polymer jet precedes the onset of slip.
Discontinuities on the surface of polymer jet are due to
singularities in the stress field at the channel outlet where
the fluid is no longer confined by the solid surface and is
transformed to a free jet. The process is accompanied by the
development of high normal stresses responsible for the
appearance of discontinuities in the polymer jet.?83 This
mechanical picture of the primary appearance of defects
preceding the slip—stick inside the channel was confirmed
by direct measurements of stress distribution along the
channel.?84-286 The development of periodicity of defects
on the surface of the flowing viscoelastic fluid jet with
increasing flow velocity is demonstrated in Fig. 40.2%7 One
can see that regular defects originating from periodic slip—
flow are developed gradually. The amplitude of oscillations
is determined by the Weissenberg number as the key
characteristic of viscoelastic fluid flow.282288

An example of periodic slip—stick is shown in Fig. 41
where the surface regions corresponding to different types
of motion (flow or slip) are clearly seen.?8?

The concept of periodic slip—flow oscillations is sche-
matically illustrated in Fig. 42. A scraper moving on the
viscoelastic surface clings to the material on the surface and
drags it, so a crest is formed. As the elastic deformation

Pressure

>

Velocity

Pressure

AB AB AB AB

CcD CcD CcD

Time

Figure 39. Hysteresis loop observed upon onset of slip—stick effect
(a) and a pattern of pressure self-oscillations at a specified ‘average’
volumetric flow rate when a viscoelastic fluid is extruded through a
capillary (b).

reaches a certain limiting value, the material breaks away,
slows down and the scraper slides on the surface for some
time. Then the scraper again clings to the viscoelastic fluid
and the process is repeated. This type of relative motion of
the fluid and the solid surface is realized in capillary
channels (the fluid is the moving component while the
solid surface is the fixed component).

An increase in the flow velocity is accompanied by the
development of instabilities and by the onset of elastic
turbulence (combination of wall slip and stochastic motions
in the bulk of the fluid resulting in random flow disconti-

L%

Figure 40. Development of regular defect structure on the surface of viscoelastic fluid jet with increasing the flow velocity of linear
polyethylene from 6.6 to 31.0 mm s~ ! (a—d) in the slip—stick regime.?8” Capillary dimensions: 6 x 32 mm.
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o

Figure 41. Periodic alternating arrangement of smooth and defect
areas of the surface of a polymer jet, corresponding to different
types of motion, viz., flow (dark smooth areas) and slip in the self-
oscillation regime (bright rough areas) when a polymer melt is
extruded through a capillary 2 mm in diameter.?%°

I

Rubber

Figure 42. A scheme illustrating the onset of periodic stick—slip
oscillations during the motion of viscoelastic fluid.

nuities).?°? This phenomenon has been repeatedly described
in original publications.29! 293

4.5. The role of the surface nature

The main physical mechanism of flow breakdown and
periodic slip—stick oscillations is due to the elasticity of
the flowing fluid, which leads to relaxation type flow—rub-
bery transition and back relaxation. However, pushing
away from the wall should depend on the interaction at
the polymer/wall interaction, so the nature of the wall
surface should play a certain role.

High impact of interfacial molecular interactions with
emphasis placed on the role of MMD (especially, contribu-
tions of high-molecular-mass ‘tails’, macromolecular archi-
tecture, temperature) and surface defects was confirmed in
many studies. Since these factors are crucially important to
the quality of extrudate, there is huge body of information
in this field. Besides, experiments showed that the slip
conditions depend on the nature of the solid material
contacting the flowing polymer melt. The simplest examples
are provided by coating the capillary surface with various
adhesives and diffusion of low-molecular-mass (low-vis-
cous) fractions towards the wall.16-276,287

Even if we ignore the formation of thin low-viscous
near-wall layer, it is the nature of the wall material that is of
vital importance in the light of the issue discussed. The
quality of the surface of the flowing polymer jet depends on
the capillary material (see, e.g., Ref. 280). Undoubtedly,
adhesive interactions between the polymer and the wall
should be taken into account when considering the flow —
slip transition. For instance, it was assumed 2°* that the
critical stress corresponding to the onset of slip depends on
the work of adhesion. Direct proofs of the role of the nature
of the wall are presented in Fig. 43.295 Clearly, an increase
in the work of adhesion surface leads to a marked increase
in the critical stress and thus to extension of the no-slip
region.
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Figure 43. Critical shear stress corresponding to the onset of flow
instability for polyethylenes plotted vs. work of adhesion of the
solid surface.?%>

High-density polyethylene (/) and low-density polyethylene (2).

The strength of an adhesive contact depends on the
pressure produced to create the contact. Therefore, the
critical stress at which the fluid breaks away from the wall
upon the onset of slip depends on the hydrostatic pressure.
The critical stresses under simple shear (without pressure)
and under pressure can be compared by analyzing the
experimental data presented in Fig. 44 (see Ref. 296) that
clearly demonstrates the role of hydrostatic pressure in the
onset of slip of the solid surface.

Summing up, shear deformations of polymer melts
representing elastic fluids are accompanied by the onset of
slip as a result of relaxation-type flow —rubbery transition
that is governed by the critical Weissenberg number, viz., at
higher Weissenberg numbers the melt behaves as a solid.
Particular realization of the phenomenon (either continuous
slip or slip—stick self-oscillations) is determined by the
interfacial interaction between the fluid and the wall.

s~
o 1 ﬂf/
102 o2 /
! ; Capillary flow
10" | |
Spurt Simple : i
100 + shear |
o
101 ‘
0.1 1
o [MPa

Figure 44. Spurt (onset of slip) under simple shear (no pressure)
and capillary flow (under pressure).??¢
High-density polyethylene (/) and low-density polyethylene (2).
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5. Conclusion

Classical textbooks and monographs on the continuum
dynamics begin with the balance equations and description
of the boundary conditions that are necessary to solve
particular problems. When posing and solving dynamic
problems, it is hard to find other boundary conditions
except the no-slip condition for the fluid near solid interface
to be treated as a physical law. However, it was Claude-
Louis Navier, the founder of the classical dynamics of
viscous fluids, who assumed that, in principle, the possibil-
ity for a fluid to slip on the solid boundary (wall) should not
be excluded. This phenomenon is characterized by either a
certain slip length (it is conditionally determined by extrap-
olating the actual linear flow velocity profile to a distance
corresponding to zero velocity) or by the slip velocity that is
determined by the friction coefficient. Indeed, there are
physicochemical grounds for the onset of slip of a fluid on
the solid surface. In particular, slip can be due to the
formation of microcavities on the surface, thus being
governed by the energy of the interaction between the fluid
and the surface and by the surface roughness. Long-lived
gas nanobubbles can exist or be formed in the near-
boundary region of the fluid; these bubbles change the
physical properties of the near-surface fluid layer. Other
slip mechanisms are also possible. Recently, this problem
became of particular importance in connection with modern
interest in superfluidity and superhydrophobic surfaces. It
was found that the slip length can be very large. Taking into
account this result, there are various theoretical, experimen-
tal and applied aspects related to the physicochemical
phenomena at the fluid/solid interface.

Considering flow of multicomponent systems (disper-
sions of solid particles and colloidal solutions), there are
two physical properties of the medium underlying wall slip.
The first, most evident property, is the viscoplasticity of a
material that can exist in two states and behave like a solid
under low shear stress and like a fluid under high stress.
Transition from the solid-like to the liquid state occurs at
certain critical stress called the yield stress. This transition is
not necessary sharp, it can be thixotropic in character and
depend on the load (rest) time. Next, a solid-like structure
can form at high stresses or deformations of highly concen-
trated dispersions owing to strain trapping (analogue to
vitrification). This makes internal motions of stuctural
fragments of the medium impossible and it can move only
by the slip mechanism as a solid. In addition, the formation
of inhomogeneous structure with a thin low-viscous near-
wall fluid layer as particular component is possible. High
shear rates in this layer look like as effective slip.

The main mechanism responsible for the possibility of
slip of polymer melts is determined by their viscoelastic
properties. At sufficiently high deformation rates, a relaxa-
tion-type flow—rubbery transition occurs as the critical
Weissenberg number is reached. This parameter is respon-
sible for the balance between viscous and elastic deforma-
tions of a material. The conditions for the onset and specific
features of slip (either continuous or self-oscillating) also
depend on the physicochemical features of the interaction
between the polymer melt and the wall.
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