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1. Introduction

Abstract In order to study atomization mechanism of a viscoelastic liquid sheet in an electric field,
the spatial-temporal stability analysis of a viscoelastic liquid sheet injected into a dielectric station-
ary ambient gas in the presence of a vertical electric field is conducted. The dispersion relations of
both sinuous and varicose disturbance modes are solved to explore the spatial-temporal instability
of a charged viscoelastic sheet, by setting both the wave number and frequency complex. A para-
metric study is performed to test the influence of the dimensionless parameters on the absolute
instability of the sheet. The results show that the increase of liquid Weber number and time constant
ratio, or decrease of gas to liquid density ratio and Reynolds number, can damp the absolute insta-
bility. The effect of the liquid elasticity depends on the value of time constant ratio: when time con-
stant ratio is small, the increase of liquid elasticity could amplify absolute growth rate, but the effect
is weak when the elasticity number is relatively large; when time constant ratio is large, the increase
of liquid elasticity cannot affect the absolute growth rate. Moreover, the variation of electrical Euler
number can hardly influence the absolute instability of a charged viscoelastic sheet.
© 2015 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. Thisis an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

complete when used for formation flying and constellation
positioning, the tiny spacecraft has made itself concerned by

In recent years, with advantages of short development cycle,
low cost, high reliability and being able to complete work that
many large, complicated and expensive satellites cannot
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all the aspects both at home and abroad, and has obtained
rapid development and application. In view of the developing
trend of current space propulsion, electrospray micro propul-
sion system is considered as one of the best choices of small
satellite propulsion control systems. In this case, as one kind
of electrospray micro propulsion, colloid propulsion should
be studied seriously. In other words, studies on atomization
mechanism of a viscoelastic liquid sheet in an electric field
are of great significance.

Numerous efforts have been devoted to gaining insight into
the behavior of liquids under the influence of aerodynamic and
capillary forces and subjected to electric fields. It is well-known
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that a circular jet and a thin planar sheet are two basic forms in
which a liquid issues from an injector. The stability of circular
liquid jets subjected to electric fields has been studied exten-
sively. Basset' first studied the stability of perfectly conducting
jets subjected to axisymmetric disturbances. Huebner and
Chu’ investigated the stability of charged inviscid jets
subjected to both axisymmetric and non-axisymmetric
disturbances. Saville’ examined the stability of perfectly con-
ducting Newtonian jets of arbitrary viscosity stressed in a
radial electric field. Baudry et al.* and Artana et al.” checked
the effects of electrical field, jet velocity, liquid properties
and ambient gas on the temporal growth rate of inviscid liquid
jets in the radial electrical field. Mestel® examined the stability
of viscous liquid jets in the axial electrical field. Li et al.” and
Yang et al.® explored the effect of liquid elasticity in the pro-
cess of electrospinning by studying the stability of electrified
viscoelastic liquid jets.

Comparatively, the stability of planar liquid sheets sub-
jected to electric fields is less studied. Traveling waves of arbi-
trary amplitudes and wavelengths on liquid sheets when an
electric field acts has been studied by Papageorgiou and
Vanden-Broeck.”'" In their studies, the fluid is taken to be
inviscid, incompressible and non-conducting. El-Sayed'' stud-
ied the electro-aerodynamic instability of a dielectric, com-
pressible liquid sheet streaming into a stationary
compressible gas in the presence of a uniform horizontal elec-
tric field. The results show that the electric field is found to
have a stabilizing effect and there exists a critical Weber num-
ber above which instability is suppressed by the surface tension
effect. Yang et al.'” investigated the instability characteristics
of the electrified viscoelastic liquid sheets. The linear viscoelas-
tic constitutive relation is used to describe the viscoelasticity of
dilute polymer solutions under small or moderate deforma-
tion. Besides, a number of researches have devoted their efforts
to describe the instability of viscoelastic jets or sheets in the
absence of electric environments.'* '®

In all the above-mentioned references, however, the studies
are confined to the scope of temporal stability analysis. They
analyzed the temporal stability of this base state by imposing,
at ¢t = 0, an interfacial disturbance with Fourier wave numbers
k in the x direction. They determined the evolution of this ini-
tial disturbance using normal modes 1 = fjexp(ikx + wi),
where x is along the thread axis and w is complex. They used
normal mode analysis to linearize the governing equations,
constitutive equations and boundary conditions, and solve
for the complex angular frequency w in terms of the real wave
number k. The temporal theory only provides information
about the growth rate and whether a system is temporally
stable or unstable. The theory is incapable of describing the
additional spatial-temporal behavior observed in experiments,
which indicates that the wave starts after the liquid is ejected
from a tube and develops downstream along the sheet.'”

A more physically consistent analysis can be made in terms
of spatial-temporal instability by treating both k and @ com-
plex.’” 2! There are two kinds of instabilities in spatial-tem-
poral evolving disturbances: the disturbances can only be
convected downstream in convective instability, but in abso-
lutely instability the disturbances are propagated in the down-
stream, as well as in the upstream direction.?” This concept was
first developed in the context of plasma physics™ and later on
applied to optics and hydrodynamics.”* Monkewitz*® showed
that the sequence of transitions behind a cylinder wake takes

place as follows when the Reynolds number is increased: tran-
sition from stability to convective instability, transition from
convective to local absolute instability and finally transition
to a self-sustained global mode when a sufficiently large por-
tion of the flow has become absolutely unstable. It is of con-
siderable interest to know if a similar transition between
absolute instability and convective instability would take place
for a charged viscoelastic liquid sheet.

In this paper, the atomization mechanism of a charged vis-
coelastic liquid sheet is reported by the method of spatial-tem-
poral instability analysis. The effects of flow parameters on the
spatial-temporal stability of a charged viscoelastic sheet are
examined by observing whether an increase of the value of
parameter tends to increase or decrease the value of absolute
growth rate.

2. Mathematical formulation of the problem

A two-dimensional viscoelastic incompressible liquid sheet of
thickness 2a, moving through a quiescent, inviscid, incom-
pressible gas medium, is examined here. The coordinates are
chosen so that the x-axis is parallel to the direction of the liq-
uid sheet flow and the y-axis is normal to the liquid sheet with
its origin located at the middle plane of the liquid sheet. The
basic velocity of the sheet is steady and uniform, denoted by
U= (U, V). The sheet has only a nonzero axial component
in the present study, i.e., ¥ is assumed to be zero. The liquid
and gas have densities of p, and p, respectively, and the surface
tension of liquid is . To electrify the liquid sheet, two flat elec-
trodes are set on the top and bottom surfaces of the liquid
sheet respectively and the distance between the flat electrode
and the liquid sheet is d. A voltage ¥V, is imposed between
the sheet surface and electrodes. The liquid is perfect conduc-
tor and the ambient gas is perfect dielectric. A basic electric
field of magnitude —V,/d, which is vertical to the sheet sur-
face, is thus formed in the ambient gas. The density of free
charge on the unperturbed gas-liquid interface is —¢yVy/d,
where ¢ is dielectric constant of ambient gas.

If a protuberance is produced on the interface owing to any
disturbance, forces acting on the interfaces develop. The sur-
face tension always tends to restore the interface back into
its original equilibrium position, while the disturbance gener-
ally enhances the degree of instability, i.e., increase the ampli-
tude of the disturbance. A relative velocity between the liquid
and gas promotes the growth of disturbances until the liquid
sheet disintegrates into fragments. In this paper there are
two types of disturbances for liquid sheet. When the distor-
tions on two liquid—gas interfaces are in-phase, it is called sinu-
ous disturbance wave (see Fig. 1(a)); while the phase contrast
of distortions on two interfaces is 180° and it is called varicose
disturbance wave (see Fig. 1(b)).

The linear stability analysis of electrified liquid sheets is dif-
ferent from that of non-electrified sheets because the effect of
electrical Maxwell tensor should be taken into account. The
derivation of the dispersion relation is standard and we just
simply outline the derivation procedure of the dispersion rela-
tion for sinuous disturbances. The detailed derivation of dis-
persion relation of an electrified viscoelastic liquid sheet
refers to Yang et al.'”

The governing equations of liquid are the conservation laws
of mass and momentum:
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