
1. Introduction

Various chemical technological processes involve jet fluid

flows. For instance, all homogeneous catalytic reactions

proceed under vigorous stirring to ensure contact between

the reactant and catalyst molecules; this increases the yield

of the desired product and improves its homogeneity. Jet

reactors are widely used in gas-phase plasmachemical proc-

esses. One more example of jet flow is provided by chlori-

nation of propylene where the process involves the

interaction of rotational gas flows.

The aforesaid holds for jet flows occurring in liquid or

gaseous media under conditions of chemical reactions

between components. However, of great independent sig-

nificance are free jets moving in air as well as jets moving

under the action of external forces, which allows one to

fabricate micro- and nanofibres and materials based on

them.1, 2 The behaviour of such jets depends on specific

features of the rheological properties of polymeric fluids,

which underlie the surface and physicochemical phenomena

responsible for stability of the flow.

When considering various natural processes and engi-

neering applications, the formation, deformation and

breakup of liquid polymer jets are common to all fluids.

Determination of stability and conditions for the onset of

critical phenomena under deformation conditions is based

on the use of universal principles of fluid mechanics.

Physicochemical phenomena occurring under uniaxial ten-

sion and originating from specific features of the rheological

properties of polymeric fluids are of fundamental interest.

They also underlie the understanding and realization of

basic large-scale industrial processes, such as fibre spinning,

fabrication of oriented films and contribute to the under-

standing of the structure and properties of polymers. Prob-

lems in physical chemistry and stretching mechanics of

polymer melts and solutions are related to classical prob-

lems of the breakup and disintegration of liquid jets in

numerous practical applications including those mentioned

above.

Extension of this field to polymers introduced a variety

of new effects and related theoretical problems. When

considering them, the approaches and solutions proposed

should be correlated with the results obtained during more

than 150 years of research into fluid flow instabilities in
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order to form the basis for further progress in the field.

Recently, problems associated with understanding the

behaviour of polymeric fluids in extension and determining

conditions for the onset of instabilities of different physical

nature have been intensively and fruitfully discussed from

the standpoint of both basic research and application to

validation and optimization of engineering processes.

Theoretical and experimental studies on the dynamics of

Newtonian fluid jets made it possible to develop a consis-

tent methodology for explanation of the following main

groups of phenomena responsible for understanding the

instability mechanisms:

Ð jet breakup into droplets;

Ð changes in jet shape and the onset of jet bending

instability; and

Ð the influence of the environment on the jet dynamics.

Meanwhile, fibre spinning from polymer solutions is

accompanied by some new phenomena that have been

intensively studied recently. Key features of the mechanics

of the process are governed by complexity of the rheological

properties of polymeric systems and by phase transforma-

tions of the systems in question under conditions of intense

deformation. The dynamics of polymer jets are described

using nonlinear models for viscoelastic media, which means

that elastic properties of the medium are considered in

explicit form.3 Such models enable a correct description of

stable fibre formation. Recently, there has been an idea that

it is the elasticity of polymer solutions that is the key

property responsible for stable fibre spinning. No less

significant is the fact that the relative importance of

elasticity and other characteristics of polymer solutions is

directly related to the critical conditions for the onset of

different-type instabilities. This understanding of the

mechanics of fibre spinning from polymer solutions led to

the development of a novel engineering process called

mechanotropic spinning.4

The aim of this review is to analyze the state of the art in

studies on and the available concepts of specific features of

the onset of instabilities in uniaxial stretching of polymer

melts and solutions as viscoelastic media, which are natural

evolution of general physical models instability of fluid

flows. We will consider classical mechanisms and criteria

for instability in extension of viscous fluid jets, analyze the

mechanics of extension of viscoelastic fluids and the reasons

for stability of liquid polymer jets as a consequence of their

elasticity, and discuss physics of phase separation of poly-

mer solutions under stretching and also the possibility to

develop new engineering processes of polymer fibre fabri-

cation using the mechanisms considered.

The list of notations and abbreviations used in the

review is as follows:

a Ð radius of cylindrical jet;

Bo Ð Bond number;

Boe Ð electrical Bond number;

c Ð concentration of a solution;

c* Ð crossover concentration;

cstab Ð concentration corresponding to formation of

stable jet;

C Ð total curvature of jet surface;

Ca Ð capillary number;

szz, srr Ð stress tensor components along the z axis and

in radial direction, respectively;

D0 Ð nozzle diameter;

E Ð electric field strength;

e Ð dielectric constant of a fluid;

e. Ð jet deformation rate;

F Ð jet deformation force;

Fr Ð Froude number;

g Ð surface tension;

G Ð growth rate of jet disturbance;

G* Ð maximum growth rate of disturbance;

g Ð gravitational constant;

l * Ð characteristic length;

L* Ð jet length before breakup into droplets;

l Ð monomer unit length in polymer chain;

l Ð modulation period of cylindrical jet;

M Ð mass of a drop;

N Ð number of monomer units in polymer chain;

n Ð amplitude of modulation of cylindrical jet;

n* Ð initial amplitude of modulation of a jet;

Oh Ð Ohnesorge number;

Q Ð fluid flow rate;

R * Ð radius of liquid bridge at which polymer chains

unfold;

R ** Ð radius of liquid bridge at which polymer chains

become fully stretched;

R(z,t) Ð jet radius;

R0 Ð nozzle radius;

Re Ð Reynolds number;

r Ð fluid density;

Z Ð fluid viscosity;

Zef Ð effective viscosity of a solution of extended chains;

t Ð time;

t * Ð critical time to breakup;

tb Ð jet breakup time;

t Ð relaxation time of polymeric fluid;

t* Ð jet disintegration time;

V Ð jet velocity;

V0 Ð initial jet velocity;

We Ð Weber number;

Wi Ð Weissenberg number;

z Ð coordinate along the cylinder axis.

2. Classical problems

An analysis of liquid jet dynamics has a long history. Main

problems in the field were formulated more than 100 years

ago and subsequently became the subject of many years of

research. Among classical studies, mention should be made

of original and fundamental publications by Plateau,5

Rayleigh 6, 7 and Bohr,8 who established that basic mecha-

nism of jet breakup is related to surface tension. Plateau 5

pioneered in demonstrating that it is surface tension that

underlies instability of a cylindrical filament-like liquid jet

and its fission into droplets. He considered disturbance of

such a filament and determined the surface area of a

cylinder whose radius is modulated by the harmonic func-

tion

R�z� � a� n cos kz (1)

where a is the average radius; z is the coordinate along the

axis of the cylinder; the amplitude of modulation of the

radius n meets the condition n 55 a; and the projection of

the wave vector k is related to the modulation period l as

follows:

l � 2p
k

(2)

If l exceeds the jet circumference 2 pa, the surface area

of the modulated cylinder is always smaller than that of the
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initial cylinder provided that both have equal volumes. It

was concluded that the cylinder should break into segments

of minimum length l=2 pa.
More recently, Rayleigh 6 studied the growth dynamics

of disturbances with periods l4 2 pa. The time-dependent

harmonically modulated radius of the cylinder was repre-

sented by

R�z; t� � a� ne Gt cos kz (3)

where G is the growth rate of jet disturbance. Based on the

fluid dynamics equations, Rayleigh found a mode corre-

sponding to the maximum growth rate G=G *, which is

responsible for the characteristic breakup time of liquid

cylindrical filament

t*=
1

G�
(4)

Ignoring viscous forces, the wavelength of this mode and

the breakup time are respectively equal to 6

l& 9.02 a (5)

t*& 8.46

�
a3r
g

�1=2

(6)

where r is the density and g is the surface tension. Rayleigh

also for the first time determined7 the breakup time of

inertialess fluid jet (fluid viscosity is Z):

t�&
6 a Z
g

(6a)

In this case, one has l??. The results obtained allow one

to estimate with ease the critical length of a free jet that

emerges from a nozzle at the velocity V0 and retains

continuity up to fission into droplets:

L� � V0t
� ln

R0

n�
(7)

Here the time t* is determined using expression (6) or (6a),

R0 is the radius of the nozzle and n* is the initial amplitude

of the fastest growing mode. Clearly, in the inertialess mode

the critical jet length increases with increasing viscosity:

L*! Z. A common solution to the jet stability problem at

arbitrary viscous-to-inertial force ratios can be found in a

monograph by Chandrasekhar.9 The results agree well with

experimental data.10

In some cases, a liquid jet is surrounded by another

fluid, with the fluids being immiscible. This situation was

studied by Taylor,11 who analyzed the mechanism of for-

mation of emulsions and more recently by Tomotika,12, 13

who reported a thorough theoretical analysis of the onset

and development of instabilities in inertialess fluid jets. It

was established that the period of the fastest growing mode

depends on the ratio of the fluid viscosity in the jet Z0 to the

viscosity of the surrounding fluid Z1 and is finite.12 This

causes the formation of finite-size drops, as was observed in

Taylor's experiments. Only in the limiting cases, where

Z0/Z1?? (this case was studied by Rayleigh) and

Z0/Z1= 0, the period tends to infinity. One more important

result was obtained by Tomotika 13 in a study of the

disturbance dynamics of an extending liquid cylindrical

filament immersed in another fluid, viz., at certain length

scales, extension suppresses the growth of disturbance and

stabilizes the filament; this is also in agreement with

Taylor's experiment.11

Modern studies of jet instabilities are characterized by

wide use of numerical methods of solution of the hydro-

dynamics equations and by carrying out experiments

involving high-speed digital cinematography.14 ± 18 The

behaviour of a liquid jet is analyzed within the framework

of a few main models. They can be classified with respect to

the action of external forces, such as drag forces, gravita-

tional force (free falling jets) or electrostatic forces (electro-

spraying and electrospinning).

A theoretical analysis of the dynamics of a liquid jet

should be performed taking into account the action of all

forces, which requires consideration of a number of dimen-

sionless criteria. These are the Reynolds number (Re), or

the ratio of inertial-to-viscous friction forces; the Weber

number (We), or the ratio of inertial-to-surface tension

forces; and the capillary number Ca, or the ratio of

viscous-to-surface tension forces. For free falling jets, an

important role is played by the Bond number (Bo), or the

ratio of gravitational-to-surface tension forces; the Froude

number (Fr), or the ratio of inertial-to-gravitational forces.

In the case of a charged jet, one should use the electrical

Bond number (Boe), or the ratio of electrostatic-to-surface

tension forces. These criteria are given by the following

expressions:

Re � 2 rVR
Z

(8)

Ca � ZV
g

(9)

We � 2 rV 2R

g
(10)

Bo � 4rgR2

g
(11)

Fr �We

Bo
� V 2

2Rg
(12)

Boe �
2 eE2R

g
(13)

Here V is the characteristic velocity of the jet, R is the

radius of the jet, g is the gravitational constant, e is the

dielectric constant and E is the electric field strength.

Studies on the dynamics of instabilities using the system

of Navier ± Stokes equations for free boundary flows are

highly complicated. A way to simplify the problem is to

analyze the behaviour of axially symmetric linear jet in the

slender body approximation which allows one to reduce the

3D problem to the 1D case.14, 15 This approximation is

based on weak dependence of the jet radius R(z,t) on the

coordinate z along the jet axis, i.e.,���� qR�z; t�qz

����55 1 (14)

It is also assumed that the tangential component of the

jet velocity depends only on z and time t, i.e., V=V (t, z).

For instance, the dynamics of a jet, ignoring the action of

external forces, is described by the fluid volume conserva-

tion equation
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qR2

qt
� q
qz

ÿ
R2V

� � 0 (15)

and the force balance equation

q
qt

ÿ
rR2V

�� R2 q
qz

ÿ
gC
�� q

qz

�
R2
ÿ
rV2 � srr ÿ szz

�� � 0 (16)

Here C is the total curvature of the jet surface

C&
1

R
ÿ q2R

qz2
(17)

szz7 srr is the first normal stress difference (szz and srr are
the components of the stress tensor along the z axis and in

the radial direction, respectively). For a Newtonian fluid

one has

szz7 srr=3 Z
qV
qz

(18)

For polymeric fluids the relation between the stress

tensor and the deformation rate (in this case, qV=qz) is

given by the rheological equations of state (constitutive

equations). Substituting the first normal stress difference

for a Newtonian fluid into Eqn (16) and expression (3) into

Eqns (15) and (16) gives the parameters of the fastest

growing mode

l � 2pa
�
2�

�����
a�

a

r �1=2

(19)

G=
3Z
ra2

�����
a

a�

r �
2�

�����
a�

a

r �ÿ1
(20)

Here the radius a*=18 Z2/rg separates the regime where

inertial forces dominate (a44 a*) from the regime governed

by viscous forces (a55 a*). It is easy to show that the

limiting cases where one can ignore inertial or viscous forces

correspond to the results obtained by Rayleigh.

A study of the competing mechanisms of jet breakup

associated with surface tension, inertia and viscosity

revealed the decisive role of the Ohnesorge criterion 18

Oh=

�
Ca

Re

�1=2

� Z��������
rga
p (21)

which characterizes the relative importance of two jet

thinning mechanisms. Namely, inertial forces and surface

tension dominate at Oh55 1, while at Oh44 1, jet thinning

is mainly determined by the surface tension and viscous

forces. Three main regimes were specified for Newtonian

fluids.19 ± 23 The inertial regime occurs for large-diameter

jets at Oh& 0.19, 20 In this case the minimum radius of the

jet changes as follows:

Rmin(t)! (tb7 t)2/3 (22)

where tb is the jet breakup time. The viscous regime

dominates the behaviour of small-diameter jets at

Oh??, Re& 0 and the jet thinning obeys the expres-

sion 17, 18

Rmin(t)! (tb7 t) (23)

The third, inertial-viscous regime, is characterized by Re

*1 and jet thinning obeying formula (23).17, 23 Transitions

between different regimes have been studied recently.24

Fluid flow with gravity can follow various scenarios. At

low fluid velocity (We 55 0), one deals with periodic drip-

ping. The mass of the drop (M) is almost independent of the

fluid flow rate 25

M �
�
2 pgR0

g

�
f

�
R0

l�

�
(24)

Here R0 is the nozzle radius, l*= g/rg is the character-

istic length, which depends on the action of capillary forces,

and the function f is determined experimentally. As the

Weber number increases, the flow regime is changed to

quasi-periodic or random dripping 26 and then to a stable

jet.27 In the last-mentioned case, the question arises as to

what is the shape of the jet. It can be answered using

Eqns (15) and (16); the latter equation written with inclu-

sion of gravitational force takes the form

q
qt

ÿ
rR2V

�� R2 q
qz

ÿ
gC
�� q

qz

�
R2

�
rV 2 ÿ 3 Z

qV
qz

��
� rgR2 (25)

It should be supplemented with the boundary condition

at the nozzle outlet. If the flow rate of the fluid at the nozzle

outlet is Q, from Eqn (15) it follows that the fluid velocity

along the z axis in the steady regime is

V�z� � Q

pR2�z� (26)

The solution of Eqn (25) for the radius ignoring capil-

lary forces was obtained by Clarke.28

A systematic study on the shape of stable falling liquid

jet using modified Bernoulli equation including viscous

energy loss was reported.29 An analytical solution was

obtained to the jet shape problem, which revealed the

influence of surface tension on the change in the radius of

the jet along the jet length. Namely, the change in the radius

was found to be a function of the Fr and Bo numbers.29 At

long distances from the nozzle, where inertial forces domi-

nate, the radius of the jet changes as follows:30

R! z71/4 (27)

The theoretical profile of the jet was in good agreement

with experimental data. Noteworthy, the role of viscosity in

disintegration of the jet was left out of consideration. The

asymptotic expression for the radius of the jet can be

obtained from Eqn. (25) ignoring capillary and viscous

forces

R*
�

Q2

2gp2z

�1=4

! zÿ1=4 (27a)

The velocity of the jet is determined by the free-fall law

V �
�������
2gz

p
(28)

It is easy to show that, if the capillary and viscous forces

dominate, the dependence of the radius of the jet on the

distance has the form 30

R! z71 (29)
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It was repeatedly mentioned that a falling jet of a

viscous fluid retains its continuity for unusually long time

in spite of little effect of viscosity included in the model for

this phenomenon.30 Meanwhile, it was shown 31 that vis-

cosity can play a significant role since its increase causes a

considerable increase in the wavelength of perturbations

and subsequent increase in the jet length to breakup. The

role of viscosity was re-investigated in an experimental

study,32 which confirmed that the stable jet of highly

viscous fluid is much longer than that the jet of low viscous

fluid. In the limiting case of highly viscous fluids the

dependence of L* on the parameters of the fluid is given by

L�*
�
gQ2Z4

g4

�1=3

(30)

Thus, the length of stable jet is proportional to Z4/3,
which agrees with the experimental data.32 Expression (30)

can be derived from Eqn (27) assuming z&L* and from

relation (7) using V& Q/R2. Of course, this result is only

relevant to a particular range of fall regimes of a free jet.

The authors of all known studies on the dynamics of

falling jets used only the model of Newtonian fluid. Even in

the case of strongly non-Newtonian fluids (e.g., semidilute

polymer solution), experimental data were analyzed using

the equations of Newtonian fluid dynamics.33

The authors of the studies mentioned above considered

instabilities originating from the properties of fluids (sur-

face tension, density, viscosity). One more type of instability

is due to the interaction between the jet and the environ-

ment (see pioneering studies 34, 35 and a more recent pub-

lication 36). Further research into the mechanism of jet

fission into droplets was aimed to deeper analyze various

surface effects. Factors responsible for the critical jet length

are `summarized' in the following correlation equation for a

laminar flow:35

L�

D0

� 19:5

�
We1=2 � 3We

Re

�0:85

(31)

where D0 is the nozzle diameter.

The influence of flow velocity and viscosity on the

stability of liquid jets was analyzed in original publica-

tions 37, 38 and in a monograph.39 Experiments and theoret-

ical estimates showed that the higher the flow velocity the

shorter the critical jet length; however, an increase in

viscosity causes the latter factor to dominate and thus

stabilize the jet. A thorough analysis of studies on jet

breakup into droplets and spraying can be found in review

articles.15, 40

Instability of a liquid jet moving in air can manifest itself

not only in jet breakup into droplets, but also in the loss of

linear cylindrical shape (jet bending instability). Taking

account of the onset of transversal deformations (so-called

whipping instability) is of particular importance in studies

of electrospinning processes. The problem was posed by the

authors of Refs 41 ± 44 and more recently comprehensively

analyzed in Ref. 45 using a 1D model that describes bending

deformation of a liquid jet with retention of cylindrical

shape (surface phenomena were ignored). However, it is

assumed that jet disintegration into droplets becomes pos-

sible when the amplitude of deviation from the vertical axis

is a multiple of jet radius.

The jet bending effect was for the first time discussed by

Taylor 43 who pointed out that coiling of a jet falling on the

surface requires the appearance of normal forces similarly

to the case for compression of an elastic cylinder. This idea

was critically analyzed in a more recent study,44 followed by

estimation of the critical jet length corresponding the loss of

stability.46 Various coiling mechanisms of falling jets have

been discussed.47 The phenomenon termed `fluid rope-coil

effect' is observed if, e.g., `a thin stream of honey is poured

onto toast'. Three possible mechanisms of the phenomenon

were studied 47 numerically: a viscous, a gravitational (fall-

ing from a moderate height) and inertial (falling from a

great height). When inertial forces dominate, the three

mechanisms can act simultaneously.

Bending of a viscous fluid jet incident on a moving

surface can be used to fabricate continuous threads.48

Theoretical and experimental studies on the dynamics of

Newtonian fluid jets made it possible to develop a consis-

tent methodology to explain the following main groups of

phenomena:

Ð jet breakup into droplets;

Ð changes in jet shape and the onset of jet instability in

the form of either breakup into droplets or bending; and

Ð changes in jet dynamics under the action of external

factors.

3. Instability of polymeric fluid jets

3.1. Main effects
Numerous experimental observations of the behaviour of

polymeric fluid jets revealed the appearance of qualitatively

new instability effects that are not observed in studies of

Newtonian fluids. They can be classified as follows:

Ð neck formation at large deformations (in other

words, extension occurs as continuous transition of the

material from the initial state to the neck);

Ð formation of periodic waves on the jet surface;

Ð formation of periodic structures of the `beads-on-a-

string' type in extension of moderately dilute solutions of

flexible-chain polymers; and

Ð phase separation of polymer solutions at high defor-

mation rates and(or) upon large deformations.

All these phenomena are related to conformational

transformations of polymer chains since extension is accom-

panied by uncoiling and orientation of polymer chains

along the stretching axis. The decisive role is played by a

dimensionless criterion called the Weissenberg number (Wi)

defined as the product of the deformation rate, e.= qV=qz,
of the polymeric fluid by its relaxation time t

Wi= e. t (32)

At a certain critical value of this parameter (of the order

of unity), the polymeric fluid undergoes a relaxation tran-

sition from the flow state to the rubber-like state. In other

words, the flow under the action of external factors is

changed to the development of large recoverable (rubber-

like) deformations, which are of crucial importance to

mechanics and physical chemistry of polymeric materials.

Thus, the classical mechanism of Rayleigh instability

leading to breakup of the jet on extension of the polymeric

fluid is only realized at very low deformation rates. The

higher the stretching rate the larger the contribution of

elastic (rubbery-like) properties to various manifestations of

instability.
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3.2. Instability in extension of polymer melts
Stable extensional flow of polymer melts, which occurs up

to the Rayleigh breakup of the jet, is possible at relatively

low deformation rates since an increase in flow velocity

leads to fast approach to the critical Weissenberg number

(Wi& 1). This does not mean that irrecoverable deforma-

tions do not occur at high deformation rates. They occur in

the transient mode where extensional flow is mainly

changed to large rubber-like deformations (up to jet

breakup). In this respect melts behave like cross-linked

rubbers. The role of chemical cross-link points is played by

quasi-stable junctions of the entanglement network whose

lifetimes are longer than the deformation time.49, 50 The

limiting extension is determined by the length of unfolded

macromolecule, which in turn depends on the molecular

mass of the polymer.51, 52 The limiting elastic deformations

corresponding to rupture of linear polymers are governed

by the Weissenberg number. The dependences of the limit-

ing deformations of linear polymers and rubbers (unflow-

able systems!) on this parameter are similar (Fig. 1).53 It

follows that rupture of both types of materials is induced by

their rubber-like deformations rather than surface instabil-

ity (according to Plateau ±Rayleigh).

However, perturbations at large deformations should

not always lead to jet breakup since rupture of viscoelastic

materials is characterized by durability rather than tensile

strength. Disturbances in extension leading to jet breakup

develop with time, and the critical time to breakup (t*) can

be long enough for large deformations to occur without jet

breakup and thus stabilize the fibre spinning regime.

Figure 2 presents the generalized dependence of dura-

bility (time t* normalized using the reduction coefficient aT )

on stress (normalized to the elastic modulus, sE , at the

rubbery-like plateau). Thus, the key factor is deformation.55

However, at large deformations the extension becomes

nonuniform and instability of the deformation process first

of all manifests itself as necking.56 ± 58 Neck formation in

extension of polymers was best analyzed taking solid (both

crystalline and amorphous) polymers as examples. Instabil-

ity at large deformations of crystalline polymers is due to

the appearance of dislocations and other structural all

correct.{ Necking in amorphous polymers is similar to the

instability in extension of melts of polymeric fluids since

viscoelastic melts behave like solids at high deformation

rates. Therefore, the concept of neck formation as a

consequence of an increase in the free volume under

uniaxial stretching 59 can also be considered in the case of

polymeric fluids, although relevant studies are unavailable.

One more macroscopic manifestation of instability

under extension of polymeric fluids is the formation of

periodic structures, which is usually interpreted as draw

resonance. The phenomenon was for the first time observed

long ago;60 ± 64 however, its mechanism is still to be clarified.

The formation of a periodic structure along a thread under

stable fibre spinning conditions is termed a `varicose jet'.60

The process can be accompanied by periodic self-oscillatory

variations of the jet diameter (Fig. 3).62

The formation of periodic structures was also inter-

preted as a consequence of ambiguity of solutions to the

dynamic equations obtained taking into account peculiar

features of the rheological properties of polymeric fluids,

such as the non-Newtonian character of flow, the viscoe-

lastic properties of the medium 65, 66 and the destabilizing

effect associated with the emergence of the jet from the

capillary when using more complicated rheological mod-

els.67 The onset of draw resonance (oscillatory variation of

the jet diameter) was also associated with a feature of the

boundary conditions for the jet in extension, viz., if the

force is specified, the extension is always stable, but the

draw resonance is `sensitive' to changes in the jet cross-

section.68 In particular, the onset of draw resonance in the

eel

1073 1072 1071 100 Wi
1072

1071

101

100

1

2

Figure 1. Limiting rubber-like deformations of linear polymers (1)
and rubbers (2) plotted vs. Weissenberg number.53

{Consideration of this issue is beyond the scope of this review.

log (t *aT) (s)

5 6 7 log sE (Pa)

74
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1

Figure 2. Plot of polybutadiene durability under extension vs.
normal stress.54

Normalized t* values correspond to the temperature range from
710 to 50 8C; different points correspond to the t* values obtained
at different temperatures.

a b c

Figure 3. Sequentially taken photographs of a jet (a ± c) emerging
from the nozzle. Illustration of periodic self-oscillatory variations
of the jet diameter in extension.62 Natural size.
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falling jet depends on the relative contributions of inertial

forces and gravity.69 The general formulation of the

dynamic problem with inclusion of all factors mentioned

above and the output rate of the fluid was considered by

researchers from France.70 One more possible reason for

instability of the process in question is non-isothermicity of

the viscoelastic jet.71

Thus, the main rheological mechanisms of draw reso-

nance in extension of polymer jets usually included dynamic

deformations of fluids characterized by constant chemical

composition and some rheological properties at different

boundary conditions. However, when studying extensional

flow of polymer solutions under actual conditions, changes

in their chemical composition and physicochemical proper-

ties should not be ignored. In addition, mechanisms under-

lying the stability of extension of polymer solutions should

also be investigated taking into account physicochemical

processes that occur in the jet and are typical of fibre

spinning technology, namely, orientation of macromole-

cules and the fluid ± solid transition.72 This approach is

similar to the mechanism of formation of `beads-on-a-

string' structures (see below), although these phenomena

are little comparable. In any case, the rheological properties

of the polymer solution (especially, its elasticity) undoubt-

edly contribute to stabilization of the jet shape.

Tensile deformation plays a significant role in polymer

processing technologies, the more so, as particular laws of

uniaxial stretching of polymer melts are closely related to

structural features of linear and branched polymers.72 ± 77

Various physical aspects of the breakup of polymer melts

and concentrated polymer solutions are still discussed in

scientific literature.78 ± 92 The attention of researchers

remains focused on the character of deformation, the

breakup mechanism, the nature of strengthening at large

deformations as function of long-chain branching,93 molec-

ular mass and molecular mass distribution,89 and stretch-

ing-induced structural transformations.94, 95

The rheological and physicochemical properties of poly-

mer solutions are or particular importance to fibre spinning

because they determine the parameters of engneering proc-

esses and the properties of the final fibres.96 ± 99

3.3. Instability in extension of dilute polymer solutions
The presence of a solvent is crucial to extension of semi-

dilute and dilute polymer solutions. In the early stage of

research into viscoelastic fluids, it was found that under

particular critical conditions, jets form repeating series of

spherical droplets connected by nearly cylindrical liquid

bridges rather than break up.100 Further experiments

showed that the bridges experience exponential thinning

prior to breakup.101 ± 104 The formation of such a `beads-on-

a-string' structure stabilizes the jet, thus favouring realiza-

tion of very large deformations without breakup. This type

of fluid dynamics is also observed in stretching experiments

with highly dilute solutions.102 In this case, the main

stretching and jet-stabilizing mechanism is associated with

the action of surface tension forces and elasticity (so-called

elasto-capillary thinning).101 ± 110 The concept of elasto-

capillary deformation and breakup was also extended to

viscoplastic media with yield stress.111

The function describing the thinning of a jet under

uniaxial stretching versus time is determined by the domi-

nating physical mechanism. An analysis of the elasto-

capillary mechanism of jet deformation 102, 103, 112, 113

showed that the jet diameter should decrease with time

exponentially

R(t)! e7t/(3 t) (33)

The same result was also obtained in experimental study

of extensional flow on the microsecond time scale.114 The

process involved stretching of polymer coils, so polymer

chains become oriented downstream. This behaviour was

qualitatively different from the thinning modes of New-

tonian fluid jets observed elsewhere.14, 15, 24, 115 The authors

of yet another experimental study 116 observed a two-step

thinning of viscoelastic liquid jet involving the appearance

of sinusoidal waves corresponding to the capillary pertur-

bation model followed by transformation of these pertur-

bations into a periodic `beads-on-a-string' structure.

Middleman 117 pioneered in theoretical analysis of the

influence of linear viscoelasticity on the stability of jets. He

showed that a viscoelastic fluid jet is less stable than a

Newtonian fluid jet under identical dynamic conditions.

The result obtained was confirmed more recently 118 using

the Oldroyd equation to describe the viscoelasticity. This

contradicts to some extent experimental observations;100, 101

however, the contradiction was removed upon inclusion of

nonlinear effects. Goren and Gottlieb 118 studied viscoelas-

tic jets under elastic tension and showed that they are more

stable than jets without initial elastic tension.

There are various rheological models for nonlinear

viscoelastic media that can be used to analyze the dynamics

of polymer jets. Such models provide a correct description

of the initial stages of the process. However, predictions of

different nonlinear models differ significantly. Predictions

of jet thinning dynamics made using different rheological

models were compared.119 The formation and behaviour of

drops in a polymer jet was studied in detail using the

Oldroyd rheological equation and the FENE-P (see {) and

Giesekus models.120 ± 123 A numerical study on the dynam-

ics of drops in the `beads-on-a-string' structure in viscoe-

lastic fluid jets revealed the decisive role of elastic force in

the flow of smaller drops into larger ones by drainage

through filaments.124 The bead evolution patterns predicted

in Ref. 124 were observed experimentally.125

A computer simulation 126 of the behaviour of a macro-

molecule represented by a chain of N rigid rods connected

by beads showed that the longitudinal Brownian viscosity of

the fully extended straight chain increases as N 3. At small

Weissenberg numbers, the results obtained using this model

are qualitatively equivalent to those obtained using the

FENE-P phenomenological model. The stability and

breakup of the jet were not studied.

The behaviour of semidilute solutions of unentangled

polymer is best described by the FENE-P model,127 ± 129

which includes finite extensibility of polymer chains. This

model predicts three main modes of solution behaviour

under extension. At low deformation rates, where the

Weissenberg number is small (Wi55 1), the solution

behaves like a Newtonian fluid. The stress tensor compo-

nents are given by well-known expressions

szz & 2 Z
qV
qz

(34)

{FENE-P is an abbreviation, where FENE stands for `finitely extensible

nonlinear elastic' (model) and P stands for the closure proposed by

Peterlin.
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srr & ÿ Z
qV
qz

(35)

In this case viscoelasticity plays an insignificant role. As

the deformation rate increases (Wi& 1), polymer chains are

stretched downstream and the zz-component of stress dom-

inates, szz 44 srr . The rheological equation for the stress

tensor is separated into two independent expressions

t
�
qszz
qt
� V

qszz
qz
ÿ 2

qV
qz

szz

�
� szz & 2 Z

qV
qz

(36)

t
�
qsrr
qt
� V

qsrr
qz
� qV

qz
srr

�
� srr & ÿ Z

qV
qz

(37)

Finally, at Wi 44 1, polymer chains become highly

stretched along the flow direction, namely, their longitudi-

nal size rz is comparable with the chain length L, and the

behaviour is changed to pseudo-Newtonian

szz & 2 Zef
qV
qz

(38)

srr & ÿ 2 Z
3

qV
qz

(39)

where Zef& ZN is the effective viscosity (N=L/l is the

number of monomer units in the polymer chain, l is the

length of the monomer unit). Thus, the viscosity of the

solution of stretched polymer chains is N 44 1 times higher

than that of the initial polymer solution.

To describe the dynamics of the jet, Eqns (34), (36) and

(37) should be analyzed in combination with Eqns (15) and

(16). When studying the dynamics of the liquid bridge,

Eqn (16) should be augmented with the boundary condition

at the drop/jet interface. This means that the jet is extended

by the force

F=2 pRg (40)

Considering the polymer solution as highly viscous

system and ignoring inertial forces (Oh44 1), from

Eqn (16) one gets for the first normal stress difference

szz ÿ srr &
g
R

(41)

A combined solution to Eqns (41), (34) and (15) gives a

well-known linear thinning of the jet in the viscous mode

and the following expression for the deformation rate:

e.&
g
ZR

(42)

When the radius of the jet becomes equal to

R � R �&
gt
Z

(43)

(i.e., Wi& 1), polymer chains begin to stretch. Further

stress dynamics is determined by Eqns (36) and (37). Com-

bining them with Eqns (41) and (15), one gets

R(t)=R*& e7t/(3 t) (44)

The deformation rate in the bridge is

e.=
2

3 t
(45)

and the first normal stress difference is equal to

szz ÿ srr &
Z
t
et=�3 t� (46)

Stretching of polymer chains takes the time

t& 3 t ln
Zef
Z

& 3 t lnN (47)

Thinning causes the bridge radius to decrease by a factor

of N :

R ��&
R �

N
(48)

In the pseudo-Newtonian mode [see Eqns (38), (39)],

thinning of fully stretched polymer chains obeys a linear

law. The bridge breaks up at the time instant

Dt&
ZefR

��

g
& t!N2 (49)

In semidilute polymer solutions (see above) unentangled

chains are stretched gradually (coil ± stretched coil transi-

tion). As to dilute solutions, where polymer coils do not

overlap, the stretching of polymer chains occurs as sharp

coil ± stretched coil transition.130, 131 Quantitative parame-

ters of the jet structure depend on the polymer concentra-

tion in the solution and on the molecular mass of the

polymer. It was assumed 109 that an entanglement network

exists in solution at polymer concentrations 4c* (see

below). It was assumed that the formation of the entangle-

ment network underlies possible formation of polymer

solution jets in the form of continuous filaments.132 How-

ever, the behaviour of the polymer jet in extension is

determined by not only the initial characteristics of the

solution, but also by orientation of macromolecules in the

course of extensional flow, by changes in the character of

intermolecular interactions and, as a consequence, by

changes in the structure and properties of the solution.

Therefore, a correct understanding of physics of structural

transformations becomes the key point. The situation was

formulated in the form of self-explanatory question:133

`How dilute are dilute solutions in extensional flows?

What is the minimum concentration of the polymer in

solution to form a stable jet? One can assume that the

concentration should be high enough to bring macromole-

cules that form the network into contact with one another.

For flexible-chain polymers, intermolecular contacts

between macromolecular coils can be formed at the so-

called crossover concentration c* (product of the crossover

concentration by the intrinsic viscosity is approximately

unity). However, systematic experimental studies of series

of different polymers in a wide concentration range showed

that a stable jet with a lifetime much longer than the time

corresponding to the Plateau ±Rayleigh capillary stability

condition can also exist at very low concentrations, viz., at

c55 c�.132 This result is illustrated by Fig. 4. The upper

right group of points (region I ) corresponds to fibre spin-

ning from polymer solutions containing intermolecular

entanglements, i.e., above the crossover point. In this region

the minimum concentration at which a stable jet (cstab)

exists is proportional to [Z]71. The lower left group of

points (region II ) corresponds to very low concentrations of

the solution c55 c� at which the formation of a stable jet is

also possible; in this region cstab is proportional to [Z]0.
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The possibility of formation of a stable jet at c55 c* can

be explained by the fact that stretching is accompanied by

the coil ± (partially or fully) extended polymer chain tran-

sition and subsequent changes in the local concentrations of

the polymer.110 This can lead to changes in the intermolec-

ular interactions between macromolecules and thus stabilize

the jet under certain conditions.

In some cases the thinning dynamics of a jet with

stretched macromolecules is accompanied by the formation

of periodic hierarchical system of drops (blistering pattern)

on the jet.132 ± 139 An example is shown in Fig. 5. Establish-

ment of the nature of this phenomenon is of fundamental

importance for understanding the development of large

deformations in extension of polymer solutions. A possible

explanation140 is based on the dependence of the diffusion

coefficient of polymer chains on not only the concentration

of the polymer, but also the mechanical stress.141 ± 143

Instability of the jet shape at a certain critical deformation

is associated with migration of polymer chains in the

nonuniform stress field. However, this approach is inappli-

cable to the high-strain region and gives no description of

the formation of blistering patterns.

3.4. Phase separation of polymer solutions
Oriented polymer jets can also form by af fundamentally

different physical mechanism. Stretching of a polymer jet

(fibre) can be accompanied by not only the formation of

continuous periodic structure, but also phase separation of

the polymer solution. In this case the fibre being spun

represents an oriented thread bearing solvent drop-

lets.4, 134, 144, 145 An example of solvent separation from the

stretching jet is shown in Fig. 6, while separate drops are

clearly seen in Fig. 7. Separation of solvent drops from the

polymer solution at large deformations in the final stage of

the process was also observed elsewhere.138

Using high-speed digital cinematography, it was shown

that separation of drops is a complex process. The liquid

phase (solvent of low viscosity) is continuously separated on

the jet surface as a liquid shell and rolls down the jet surface

formed by the oriented and extended (up to fully stretched

state corresponding to jet breakup) polymer molecules. The

liquid surface has the shape of an unduloid; the thin liquid

surface layer decomposes into separate waves by the Ray-

leigh ± Plateau instability mechanism, which results in the

formation of a system of liquid drops on homogeneous jet.

One actually deals with separate drops rather than segments

1
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I

II

cstab /g dL71

0.01 0.1 1 [Z]71 /g dL71
1074

1073

1072

1071

100

101

Figure 4. Limiting spinnability values (cstab) corresponding to
stable fibre formation plotted vs. reciprocal intrinsic viscosity.134

Straight line visualizes the condition for the formation of entangle-
ments: [Z]cstab& 1. Polymer: polyethylene oxide (1), poly(vinyl
acetate) (2), polyacrylamide (3) and polyacrylonitrile (4); for I
and II, see text.

0 50 100 150 200 250 300 350

Figure 5. Blistering pattern development on stretching a polymer
solution.135

Numbers denote the time (in ms). Image size: 22662317 mm2.

300 mm

Figure 6. Sequential stages of solvent separation from the poly-
mer jet under extension in the course of fibre spinning from
polyacrylonitrile solution. For details, see Ref. 145. Numbers
denote the time instants (in seconds).

1

2

4

3

Figure 7. A solvent drop on the surface of the solidified jet
(fibre).145

Liquid segment of the jet (polymer solution) (1); solidified segment
of the jet (2); phase separation boundary (3); and separate drops on
the jet surface (4).
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of the jet. This fact is clearly confirmed by the possibility to

remove the drops using a piece of cotton wool or soft cloth.

Meanwhile, the `beads-on-a-string' structures and the

blistering patterns look very similar and determination of

actual mechanism of the instability in the form of periodic

structure deserves additional research and analysis.

Electrospinning is also suitable for the formation of

drops on the jet surface. In this case one deals with the

loss of longitudinal stability and jet bending occurs. Both

mechanisms of flow stability violation can overlap, which

eventually leads to jet fission into droplets.146, 147

Phase separation causes the formation of elastic threads

comprising highly oriented macromolecules. The process

can be driven by either stress-induced diffusion or changes

in the interaction between macromolecules owing to con-

formational transitions. According to previous

views,140 ± 143 phase separation of a polymer solution origi-

nates from the onset of concentration fluctuations, which

grow rapidly in the flow regime since is it assumed that the

diffusion coefficient depends on external stress.

One more approach to phase separation is based on

principles of nonequilibrium thermodynamics.131, 148 ± 150 In

this case, phase separation of a polymer solution is driven

by violation of the balance between the attractive and

repulsive forces acting between macromolecules oriented

by the flow. Orientation leads to weakening of inter-chain

steric repulsion, i.e., the volume of oriented macromolecules

makes a smaller contribution to the interactions. Attractive

forces vary only slightly and dominate at high deformation

rates, which leads to separation of the solution into the

polymer and solvent phases. Studies on the kinetics of phase

separation of a solution of oriented chains revealed three

main stages of the process.148 ± 150 The first stage involves

spinodal decomposition of the solution and the appearance

of polymer-depleted and polymer-rich domains of aniso-

tropic shape. The time taken to form the inhomogeneous

structure is much shorter than the relaxation time of the

polymer chain. Next, transverse compression of the poly-

mer-rich domains occurs, followed by their transformation

to microfibrils. The concentration of the polymer in the

microfibrils reaches an equilibrium value. Since the length

of macromolecules exceeds that of microfibrils, polymer

chains pass through several microfibrils, thus linking them

to form a network. The characteristic time of formation of

the microfibrillar network is of the same order of magnitude

as the spinodal decomposition time.

The third stage is characterized by separation of the

polymer phase from the solvent. Two mechanisms of the

process were studied. First, closely spaced microfibrils

aggregate into bundles and the surface energy of the net-

work rapidly decreases. Some proportion of bundles thicken

through absorption of smaller bundles. Since the growth of

bundles is a very slow process, the other mechanism

associated with uniform compression of the network

through displacement of the solvent begins to dominate in

the final stage. In this case, the energy of the system also

decreases and the minimum value of the free energy is

attained at complete separation of the polymer and solvent.

As a result, the solvent is localized at the jet surface.

Clearly, the surface layer of the solvent should break into

drops owing to capillary instability. The breakup dynamics

is analogous to that reported by Goren,151 who studied the

behaviour of a liquid layer on the surface of a cylindrical

body. He showed that the period of the structure formed

depends on the thickness of the fluid layer and that for a

thin layer one has l=4pa (a is the radius of the cylinder).

This result is consistent with the experimental data.138 In

our case (radial collapse of the microfibrillar network)

drops grow due to absorption of the solvent displaced

from the network and the fibre diameter decreases. With

fibre thinning, conditions may arise for the appearance of

new smaller droplets. This occurs if the fibre segment

between neighbouring droplets becomes shorter than 4pa
and the fibre radius becomes time dependent. This mecha-

nism causes the formation of hierarchical structure of drops

(i.e., successive formation of different-size drops) on the

fibre surface, which is indeed observed in the experiment.

The solvent velocity inside the drops is relatively low, so

partial dissolution of the fibre is possible.

Yet another mechanism of solvent displacement on the

jet surface is realized in ultrathin jets whose diameter is less

than the length of the macromolecule. It is based on the

action of capillary forces. As a result, solvent annuli are

formed on the jet surface. The mechanism has the activation

nature and has been studied in detail for a solution of rod-

like macromolecules.152 Since the process is driven by

capillary forces, domination of attractive inter-chain forces

over repulsive ones is not assumed.

A decrease in the polymer concentration in the solution

causes both viscosity and elasticity to decrease. Although

experimental determination of parameters of such systems

is necessary to understand physics of the phenomena in

question, it faces certain difficulties owing to short relaxa-

tion times.153 Therefore, microfluidics rather than extension

of jets began to develop. This approach proved itself in

studies of rheologically complex elastic fluids under exten-

sion and breakup of their droplets. It is based on the use of

T-shaped or mutually perpendicular microchannels. As the

flow direction of a droplet under study changes, the droplet

is stretched and eventually breaks down. This experimental

technique has long been proposed by researchers from

Keller's group 154, 155 and more recently developed else-

where.156 ± 158 The method allowed one to observe elasto-

capillary breakup and to evaluate the characteristic param-

eters of weakly elastic media using deformation of droplets

of the limiting dilute polymer solutions under extensive flow

in microchannels.159, 160

4. Conclusion

General principles of analysis of the behaviour of jets in

nature and in engineering processes are based on solution of

the system of balance equations using relevant boundary

conditions. The system includes the dynamic (rheological)

equation for fluid and the energy and mass conservation

equations to respectively describe heat exchange and the

interaction between the solution being formed and the

environment. Solution to this system of equations for a

particular chemical engineering process flow diagram

requires the determination of a large number of physical

and physicochemical characteristics of the material and

process parameters. This also fully applies to theoretical

foundations of fibre spinning that were developed long ago

(see, e.g., fundamental monographs 161, 162). The necessary

quantitative solutions can be obtained with specified accu-

racy using modern computational methods provided that

characteristics of spinning solutions and the process param-

eters are known with certainty.

Besides, stability analysis of an engineering process is a

must when considering its optimization from the standpoint
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of the quality of the final product and performance. This is

the subject of the present review. Our approach is based on

general physicochemical concepts of the onset and develop-

ment of deviations from steady-state deformation regime,

which leads to instability of the jet up to breakup. When

studying polymer melts and solutions, consideration of the

ability of polymers to undergo large recoverable (rubber-

like) deformations and related relaxation phenomena

appeared to be necessary. In the case of uniaxial stretching

of jets during fibre spinning these factors favour the onset of

specific instability effects, such as necking, appearance of

periodic structures and phase separation of polymer solu-

tions.

Extension of polymeric viscoelastic fluids is governed by

the Weissenberg criterion characterizing the ratio of the

relaxation time of a material to the characteristic time of the

action of external factors. The threshold value of this

criterion corresponds to transition from the flow state to

the dominating development of rubber-like deformations

and the fluid now behaves as quasi-cross-linked elastomer.

In addition to the constitutive rheological equation, specific

features of the properties of polymers (see above) determine

the laws of the process of fibre spinning from polymer

solutions and the mechanisms of stability loss.

The review has been financially supported by the Rus-

sian Foundation for Basic Research (Project No. 19-18-

50078).

Figure 5 is courtesy of the AIP Publishing LLP.
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