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a b s t r a c t

The absolute and convective instability of an electrically charged viscoelastic liquid jet is studied. The 
liquid is assumed to be (i) a dilute polymer solution described by the Oldroyd-B viscoe lastic model,
and also and (ii) a leaky dielectric defined by the Taylor–Melcher leaky dielectric theory. A generalized 
eigenvalue equation is obtained and solved numerically. Two different viscoelastic liquids, i.e. a PEO 
aqueous solution and a PIB Boger fluid, are taken as examples to study the effect of electric field and elas- 
ticity on the absolute and convective ins tability characteristic of the axisymmetric and first non-axisym- 
metric modes of a viscoelastic jet. The analysis shows that normal electric field may induce absolute 
instabili ty of both axisymmetric and non-axisym metric modes, being the effect of electric field larger 
on the latter. Elasticity has a profound destabili zing effect on the absolute and convective instabili ty of 
the axisymmetric mode while its effect on the non-axisymmetric mode is quite limited. Strategies for 
suppressing absolute instability of an electrically charged viscoelasti c jet are explored. The result indi- 
cates that increasing jet velocity or decreasing jet radius may ef fectively avoid the occurrence of absolute 
instabili ty.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction 

In electrospr aying and electrospinning, high-mo lecular polymer 
solutions are frequently used, see e.g. [1–4] among others. Differ- 
ent from Newtonian liquids, polymer solutions usually exhibit dis- 
tinct rheological features. Particularly , the viscoelastici ty of a
polymer may substantially influence the behavior of the issued 
jet, consequently affecting the morphology of resulting products.

On the other hand, the behavior of a jet in either electrosprayin g
or electrospinni ng is highly related to its instability characteristics.
It is a well known fact that the dominant mode in electrosprayin g
is the varicose mode, where axisymmetri c perturbation s tend to 
predominate over other perturbations, as is shown in Fig. 1a, while 
in electrospi nning the dominant mode is the kink mode, i.e. the 
first non-axisy mmetric perturbations are absolutely predominant 
ones, as is shown in Fig. 1b. These facts simply reflect the different 
underlying breakup mechanism s behind electrospr ay and electros- 
pinning: while the object of the former process is to produce a
spray by electrical forces, and thus breaking the jet into small 
pieces is essential, the latter aims to stretch a certain material 
(viscous liquid or polymeric solution) into extremely thin, ideally 
continuous filaments. In this latter case, the natural way to dra- 
matically increase the jet’s length without a drastic overall mass 

accelerati on is to deviate and stretch the jet perpendicularly to 
the issuing direction, i.e. the kink mode. The force necessary to pro- 
voke this stretchin g perpendi cular to the issuing direction of the jet 
is provided by the strong radial electric field generate d by its own 
enormous surface charge.

To date, a number of researche s have devoted their efforts to de- 
scribe the instability of viscoelastic jets in the presence or absence 
of electric environm ents. Among them, Reneker el al. [5] and Yarin 
et al. [6] established a viscoelastic mode to simulate numerically 
the highly nonlinear bending instability of a jet in electrospinni ng.
Brenn et al. [7] and Liu and Liu [8,9] studied the axisymmetric and 
non-axisy mmetric instability of a non-Newton ian jet in the absence 
of electric fields. Carroll and Joo [10,11] studied the linear axisym- 
metric instability of an electrified viscoelastic jet. Montanero and 
Gañán-Calvo [12] analyzed the spatiotempor al instability of the 
axisymmetr ic mode of an Oldroyd-B viscoelasti c liquid jet in a
medium of a co-flowing liquid flow. Li et al. [13] performed a linear 
analysis of the competition between axisymmetr ic and non- 
axisymmetr ic instabilit y of an electricall y charged viscoelastic 
liquid jet. It was found that either the axisymmetri c mode or the 
first non-axisymme tric mode is predomin ant in jet instability 
depending on the level of electrification and that elasticity destabi- 
lizes both modes, particularly the axisymmetr ic one. Ruo et al. [14]
examine d the influence of unrelaxed elastic tension on the 
three-dim ensional temporal instability of a viscoelastic liquid jet.
They concluded that in the presence of unrelaxed tension elasticity 
plays a stabilizing role in the instability of the axisymmetri c and 
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non-axisym metric modes. Later they extended their research to the 
electric environment [15].

Electric field is the driving factor in electrosprayin g and electros- 
pinning. First, at the outlet of flow, electric field provides the condi- 
tions for the formation of a critically stable meniscus structure ,
which is called Taylor cone, characterized by the equilibrium be- 
tween surface tension and the electrostatic force due to the surface 
charges. In turn, this meniscus provides the sustaining mechanic 
structure for a singular fluidic phenomeno n: from its apex, a stable,
extremely thin jet is formed under certain electric potential and 
flow rate. The diameter of that jet is normally two or three orders 
smaller than that of the outlet, down to micro-and nano-meters 
[16–18]. The downstre am evolution and breakup of the electrically 
charged jet yields small drops and ultra-fine fibers. The electric field
due to the surface charges promotes the instabilit y of jet, enhancin g
its breakup into droplets or its violent stretching by a whipping 
movement [13,19]. Besides, the electric charges induced by the 
electric field in the droplets and fibers normally prevent their coa- 
lescence before solidification takes place [20].

The present work is motivated by the fact that in electrospr ay- 
ing and electrospinni ng the stable cone-jet structure is only formed 
under a certain range of applied electric fields and flow rates. Be- 
yond this range the jet may become globally unstable, which 
may provoke catastrophic situations in continuous production 
[21–23]. Therefore it is of importance to study the global instability 
of the jet. Here, the absolute- convective instability transition pro- 
vided by a spatiotemp oral analysis is the first step to understand 
the global instability phenomeno n [24–29]. Absolute and convec- 
tive instability was soon identified as a fundamenta l concept in 
instability analysis. In fact, while convective instabilities leave 
the system locally unaffected (they are ‘‘flushed’’ by the basic 
flow), absolute instabilit ies grow without limitation at the point 
where they appear, leading to a global catastrophe of the system.
In practical terms, for a flow released from a capillary, if a jet is 
formed and becomes unstable at some distance downstream , it is 
regarded to be convectively unstable, but if no jet is formed and 
instability happens near the exit of capillary, the hypotheti cal jet 
structure is regarded to be absolutely unstable [30].

The absolute and convective instability of jet has been studied 
extensively. Taking an axisymmetric model of a charged Newto- 
nian liquid jet, López-Herrera et al. [24] calculated the critical We- 
ber number at the boundary of absolute and convective instability 

and found that the electric force has a secondary role in the abso- 
lute to convective instability transition of jet. Extending their re- 
search to three-dim ensional scope, Li et al. [25] studied
systemati cally the linear spatiotemp oral instability of a viscous 
jet of low permittivity, low conductivity liquid under both radial 
and axial electric fields. The absolute and convectiv e instabilit y
transition was explored in the four-paramete r space (the Weber 
number, the Reynolds number, the electrical Bond number and 
the tangential electric field) for both the axisymmetri c and first
non-axisy mmetric modes. Taking flow focusing as application 
background, Herrada et al. [26] studied the jetting-dr ipping transi- 
tion of a compound capillary jet. They calculated the critical Weber 
number as a function of the radius ratio for the axisymmetr ic case.
Vega et al. [27] studied experime ntally and numerically the influ-
ence of the flow rate, the distance between the capillary meniscus 
and the orifice, as well as liquid propertie s on the status of flow.
Three different regimes, i.e. the steady jetting regime, the local 
instabilit y regime and the global instability regime, were identi- 
fied. Montanero et al. [28] and Acero et al. [29] performed an 
experime ntal study on the global instability of a viscous liquid 
jet focused by a coaxial jet stream, considering different geometric 
configurations of the experimental apparatus utilized to generate 
the jet. Si et al. [31] explored the modes in flow focusing, among 
which the axisymmetri c jetting mode was considered to be con- 
vectively unstable and the dripping mode to be absolutel y unsta- 
ble. Clasen et al. [32] investigated the jetting-drippin g transition 
of a dilute polymer solution jet.

In this paper we investiga te the absolute and convective insta- 
bility of an electrified viscoelastic liquid jet. It is organized as fol- 
lows. In Section 2 the theoretical model is established and the 
formulat ion is presente d. The governing equations and boundary 
condition s are transformed into a generalized eigenvalue problem 
and the numerical method utilized to solve the problem is briefly
stated. In Section 3 the absolute and convective instability charac- 
teristic of the axisymmetri c and first non-axisym metric modes of 
the selected liquid jets are explored. The effects of normal electric 
field and elasticity on the absolute and convective instability of the 
unstable modes are studied. In addition, strategies for suppressing 
absolute instability of a viscoelasti c jet are discussed. In Section 4
main conclusio n is drawn.

As a general consideration, this work aims to provide additional 
theoretical basis for the adequate physical description of 

Fig. 1. Photographs of (a) the axisymmetric varicose mode, (b) the non-axisymmetric kink mode, and (c) schematic description of the theoretical model.
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