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A temporal linear stability analysis is carried out for a coflowing jet with two immiscible inviscid liquids
under a uniform axial electric field. According to the electrical properties of the inner and outer liquids, four
cases, i.e., IDOC �inner: dielectric; outer: conductor�, ICOD �inner: conductor; outer: dielectric�, ICOC �inner
and outer: conductor�, and IDOD �inner and outer: dielectric�, are considered. The analytical dimensionless
dispersion relation is derived for both axisymmetric and nonaxisymmetric perturbations and is solved for
axisymmetric ones. Three unstable modes, i.e., the paravaricose, parasinuous and transitional modes, are
identified in the Rayleigh regime. The influences of the axial electric field, liquid electrical properties, and
Weber number are studied at length. The results show that the axial electric field has a generally stabilizing
effect on the unstable modes. The effects of the liquid electrical properties are quite different but all great for
each case. The change of dominant mode is detected with the variation of the electric field intensity, electrical
properties or Weber number. It is found that the parasinuous instability is the easiest to realize in IDOC. And
the comparison with the experiment validates that the parasinuous mode is predominant in coaxial electrospray.
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I. INTRODUCTION

Liquid jets subjected to appropriate electric fields exhibit
an amazing advantage in making micro/nanoparticles �elec-
trospray� and ultrafine fibers �electrospinning�. The most re-
markable function of electric field is to help control produc-
tion process easily and get ideal products. According to the
orientation of electric field relative to liquid flow, there are
usually two kinds of electric field, i.e., the axial and the
radial, being used in various applications for different pur-
poses. In general, the axial electric field stabilizes a jet and
the radial destabilizes it.

Recently, an electrified coaxial jet with one liquid coated
with the other was proposed �1� and proved to have an ex-
cellent ability in producing hollow or compound micro/
nanoparticles �coaxial electrospray� and ultrathin fibers �co-
axial electrospinning�. Extensive experimental researches on
the mechanism of generating compound droplets, the rel-
evant scaling laws, and the feasibility of producing hollow or
composite nanofibers have been carried out �1–7�.

The behaviors of electrified coflowing jets are closely
connected with the propagation and growth of disturbance
waves on them. Amplified disturbance waves propagate
downstream under the influence of surface tension and elec-
trostatic force, making the jet break up ultimately. Therefore
instability analysis is one of the most important subjects for
jets. Up to now, most reports dealt with the axisymmetric
instability of single liquid jets in electrospray �8–24�. The
instability process occurring in electrospinning is essentially
different from that in electrospray owing to its strongly non-
axisymmetric characteristic �25,26�. An electrically driven
bending instability has been established �27,28�. By using a
one-dimensional model �29,30�, three unstable modes, i.e.,
the Rayleigh, axisymmetric conducting and whipping con-
ducting modes, were identified.

Compared with single liquid jets, the behaviors of coflow-
ing jets are much more complicated because two liquids with
two interfaces �the inner liquid-liquid interface and the outer
gas-liquid interface� are involved. In the axisymmetric insta-
bility analysis of a coflowing jet under a radial electric field
�32�, three unstable modes, i.e., the parasinuous, the para-
varicose and the transitional mode, were identified in the
Rayleigh regime. Obviously, coaxial electrospray is associ-
ated with the parasinuous instability �1–3�. As to coaxial
electrospinning, it is probably associated with the first-order
nonaxisymmetric mode in the early evolution process of jet
instability �33�.

The authors have studied the effect of a radial electric
field on the axisymmetric instability of a coaxial inviscid jet
�32,34,35�. The purpose of this paper is to study the effect of
an axial electric field. The paper is organized as follows. In
Sec. II, the theoretical model is described and the dispersion
relation is given. In Sec. III, the unstable modes are calcu-
lated. The effects of the axial electric field, the interface ten-
sion and the electrical properties of the liquids on the jet
instability are discussed. In Sec. IV, main conclusions are
drawn.

II. THEORETICAL MODEL

Consider an infinitely long coflowing jet consisting of a
cylindrical liquid jet of radius R1 and an annular liquid jet of
radius R2 �R2�R1� �as shown in Fig. 1�. The ambient gas
medium is maintained stationary in the unperturbed state. It
is assumed that both the liquids and gas are incompressible
and inviscid, having uniform density �1 �the inner liquid�, �2
�the outer liquid�, and �3, respectively, and that the inner and
outer liquids have uniform basic axial flow velocities U1 and
U2, respectively. The whole system is subjected to a uniform
electric field E0 in the axial direction. The flow is irrota-
tional. Those effects of gravity, magnetic field, and tempera-
ture are neglected. It is also assumed that there is no mass*Electronic address: xzyin@ustc.edu.cn

PHYSICAL REVIEW E 74, 036304 �2006�

1539-3755/2006/74�3�/036304�7� ©2006 The American Physical Society036304-1

http://dx.doi.org/10.1103/PhysRevE.74.036304


transfer across interfaces and that there is no source or sink
of charge in bulks or on interfaces.

It is well known that for a conducting liquid the electrical
relaxation time Te��0� /� �where �0, �, and � are the
vacuum permittivity, the relative permittivity, and conductiv-
ity of liquid, respectively� is much smaller than the charac-
teristic hydrodynamic time Th, so that free charge is relaxed
on the liquid surface almost instantaneously. For a perfectly
dielectric liquid no free charge can be transported down-
stream unless the charge injection technique is used, which is
beyond our research. In the present model, the surface charge
density, if any, is assumed to be so low that the electric field
due to surface charge is negligible compared with the axial
electric field E0.

The electrical property of a liquid plays an important role
in coaxial electrospray. If the outer liquid is a conductor and
the inner a dielectric, the electrical relaxation time of the
outer liquid is much smaller than that of the inner and there-
fore charge is located on the outer gas-liquid interface. Con-
versely, if the inner liquid is a conductor and the outer a
dielectric, the electrical relaxation time of the inner liquid is
much smaller and charge lies on the inner liquid-liquid inter-
face �2�. In the following theoretical analysis, four indepen-
dent cases are taken into account according to the electrical

properties of the inner and outer liquids. They are IDOC
�inner: dielectric; outer: conductor�, ICOD �inner: conductor;
outer: dielectric�, ICOC �inner and outer: conductor�, and
IDOD �inner and outer: dielectric�. The electrical conductiv-
ity and permittivity of the liquids are assumed to be uniform
and constant in all the cases.

For the flow the governing equations and boundary con-
ditions used in the stability analysis are similar to those de-
scribed in Ref. �34� �i.e., the continuity equation �1�, the
momentum equations �2� and �3�, the kinematic boundary
condition �7�, and the dynamic boundary conditions �8� and
�9� there�. Although the governing equation of electric field
is the same as that in the case of the radial electric field �34�,
i.e., �2Vi=0, i=1, 2, and 3, where the subscripts 1, 2, and 3
stand for the inner liquid, the outer liquid and the ambient
gas, respectively, and Vi is such a potential function that the
electric field intensity Ei=−�Vi. The only thing that should
be stressed is that the boundary conditions related to electric
field, which must be used in derivation, are a little different
in the four cases. Besides the continuity condition of the
tangential electric fields, i.e., n� �E�=0, which should be
satisfied on both the interfaces of all the cases, the continuity
condition of the normal current densities, i.e., n · ��E�=0, is
used on the interfaces having free charge, including the outer
interface of IDOC, the inner interface of ICOD, and the outer
interface of ICOC �the treatment of the inner interface of
ICOC is delicate, and here we also choose this condition�,
and the Gauss’ law, n · ��E�=0, is used on the other inter-
faces having no charge. Here, the symbol �*� is used to de-
note the jump of a quantity across the interface.

The perturbed velocity field, pressure, and electrical po-
tential are all decomposed into the form of �u ,v ,w , p ,V�i

= �U+u� ,v� ,w� , p0+ p� ,V0+V��i, i=1, 2, and 3, where u, v,
and w are the axial, radial and azimuthal velocity compo-
nents, respectively. The subscript 0 and the prime denote
the basic and perturbation parts of the corresponding quanti-

TABLE I. Expressions of the symbols in the dispersion relation for the four cases.

Cases h1 h2 h3 h4 T

IDOC ��p2

�p1
−1��4

T

�p2�1

�p1T
In���a��2−

�p2

�p1
In��a��3

T

��p2

�p1
−1� a

ICOD 1

In���a�
0

��p2−1�In���a�Kn���
�2

T
�p2Kn��� b

ICOC � 1

�r
−1��4

T

�1

�rT
In���a��2−

1

�r
In��a��3

T

� 1

�r
−1� c

IDOD ��p2

�p1
−1���p2Kn����4−Kn�����2�

T

�p2

�p1
��p2−1�Kn����1

T
Kn�����p2−1�

�p2

�p1
In��a��3− I�n��a��2

T

�p2��p2

�p1
−1�Kn���

d

a:�In���a�Kn��a�−�p2 /�p1In��a�Kn���a��In����+ In��a�In���a�Kn������p2 /�p1−1�,
b:�In���Kn����−�p2In����Kn����In���a�Kn��a�+ In��a�In���a�Kn���Kn������p2−1�,
c:�In���a�Kn��a�−1/�rIn��a�Kn���a��In����+ In��a�In���a�Kn�����1/�r−1�,
d:In��a�In���a�Kn���Kn������p2 /�p1−1���p2−1�− �In���Kn����−�p2I�n���Kn�����In���a�Kn��a�−�p2 /�p1In��a�K�n��a��.

FIG. 1. Schematic description of a coflowing jet under a uni-
form axial electric field.

LI, YIN, AND YIN PHYSICAL REVIEW E 74, 036304 �2006�

036304-2



ties, respectively. The interfaces being perturbed are rsj =Rj
+	 j, j=1 and 2, where 	 j is the displacement of the interface
from their original radius Rj, and the subscripts 1 and 2 de-
note the inner liquid-liquid and outer gas-liquid interfaces,
respectively. Then the classical process of the normal modal
method is implemented straightforwardly. The perturbations
of the velocity, pressure, electrical potential and interface are
all decomposed into the form of a Fourier exponential, i.e.,

�u� , p� ,V��i= �û�r� , p̂�r� , V̂�r��ie

t+i�kz+n��, i=1, 2, and 3, and

	 j =	0je

t+i�kx+n��, j=1 and 2, with û�r�, p̂�r�, and V̂�r� the

amplitudes of the corresponding quantities, 	0 the initial dis-
turbance amplitude on the interface, k and n the axial and
azimuthal wave numbers, respectively, and 
 the complex
frequency.

After straightforward calculation, the dispersion relation
can be obtained. It is written in the dimensionless form as
follows:

D��,�� =
H1�5 + �4

H2�5 + �1
+

H4�5 − �6

H3�5 − �3
= 0, �1�

with

H1 =

− S�� + i��2 In��a�
In���a�

+
��

We�2 �1 − n2 − ��a�2� + �2EIn��a���p2 − �p1�h1

�� + i��2 ,

H2 =
�2EIn��a���p2 − �p1�h2

�� + i��2 ,

H3 =

Q�2 Kn���
Kn����

+
�

We
�1 − n2 − �2� + �2E��p2 − 1�h3

�� + i��2 ,

H4 = −
�2E��p2 − 1�

�� + i��2 ·
In��a��6h4

T
.

The expressions of h1–h4 for the four cases are given in
Table I. And �1–�6 are

�1 = In��a�Kn���a� − In���a�Kn��a�, �2 = In��a�Kn���

− In���Kn��a� ,

�3 = In���a�Kn��� − In���Kn���a�, �4 = In��a�Kn����

− In����Kn��a� ,

�5 = In���a�Kn���� − In����Kn���a�, �6 = In���Kn����

− In����Kn��� ,

where In�x� and Kn�x� are the nth-order modified Bessel
functions of the first and second kinds, respectively, and the
prime denotes the derivative with respect to x.

Here � and � are the dimensionless wave number and
frequency, respectively, which are normalized by 1/R2 and
U2 /R2. The dimensionless parameters involved include the
density ratios S=�1 /�2 and Q=�3 /�2, the velocity ratio 
=U1 /U2, the diameter ratio a=R1 /R2, the interfacial tension
coefficient ratio �=�1 /�2, the relative electrical permittivi-

ties �p1=�1 /�3 and �p2=�2 /�3, the conductivity ratio �r
=�1 /�2, the Weber number We=�2U2

2R2 /�2, and the dimen-
sionless electrostatic force E=�3E0

2 /�2U2
2. Compare with the

results in Refs. �32,34�, it can be found that the dispersion
relation here is more complicated, predicting that the effects
of the axial electric field on the jet instability are more dif-
ficult to analyze than the case of the radial electric field.

The dispersion relation �1� can be reduced to that of the
single liquid jet subjected to a uniform axial electric field.
For example, in IDOC, if the radius of the inner liquid jet
approaches zero �i.e., R1→0�, the coaxial jet turns into a jet
of a conducting liquid. Note that under this condition both
Kn�kR1� and Kn��kR1� approach infinity. The corresponding
dispersion relation written in the dimensional form is

�3
2 Kn�kR2�
Kn��kR2�

+
�2k

R2
2 �1 − n2 − �kR2�2� −

In�kR2�
In��kR2�

��2�


+ ikU2�2 + k2E0
2��2 − �3�� = 0. �2�

In ICOD, if R1→0, the coaxial jet becomes a jet of a dielec-
tric liquid, resulting in the following dispersion relation
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�3
2 Kn�kR2�
Kn��kR2�

+
�2k

R2
2 �1 − n2 − �kR2�2� − �2�
 + ikU2�2 In�kR2�

In��kR2�

+ k2E0
2��2 − �3�

��2

�3
− 1�In�kR2�Kn�kR2�

In�kR2�Kn��kR2� −
�2

�3
In��kR2�Kn�kR2�

= 0.

�3�

Zakaria �21� and Othman �36� obtained the same dispersion
equations in their stability researches of single liquid jets,
respectively.

III. NUMERICAL RESULTS AND DISCUSSION

In order to have an insight into the axisymmetric instabil-
ity behaviors of the coflowing jet under a uniform axial elec-
tric field, the dispersion relation �1� is solved numerically.
We use the typical data in experiments, for example, water is
chosen as the outer liquid and sunflower oil as the inner
liquid for IDOC �their physical properties can be found in
Ref. �2��. The values of the Weber number and dimensionless
electrostatic force are estimated at 10 and 0.0001, respec-
tively �3,34�. The values of the other dimensionless param-
eters chosen as references are shown in Table II for the four
cases. For convenience of comparison, in the following cal-
culations these parameters are fixed as a reference state ex-
cept clarified otherwise.

A. Unstable modes and effect of the axial electric field

Similar to the instability analysis of the coaxial jet under a
radial electric field �32�, the calculation results show that in
the case of the axial electric field there generally exist three
unstable modes according to the phase difference of initial
disturbances at the inner and outer interfaces. They are the
paravaricose mode �out of phase�, the parasinuous mode �in
phase�, and the transitional mode �changing continuously
from in phase to out of phase�. In most situations, the
parasinuous and transitional modes are combined together.
Figures 2�a�–2�f� illustrates the effect of the axial electric
field on the growth rate �r of the unstable modes for IDOC,
ICOD, and ICOC, respectively �IDOD is not plotted because
it is very similar to ICOC�. In Fig. 2, the left column corre-
sponds to the paravaricose mode, the left peaks in the right
column correspond to the parasinuous mode, and the right to
the transitional mode.

Completely different from the destabilizing effect of the
radial electric field �32�, it can be seen from the figures that

the axial electric field has a stabilizing effect on the unstable
modes, no matter for which case. But the details are quite
different in these cases. For IDOC, the growth rates of the
paravaricose and transitional modes are suppressed by the
electric field much more evidently than that of the parasinu-
ous mode. When the dimensionless electrical force E reaches
0.0005, the paravaricose and transitional modes vanish,
whereas the parasinuous mode is almost unchanged. When E
is larger than 0.0005, the parasinuous mode begins to be
stabilized visibly but slowly. Hence, the parasinuous mode is
always the most unstable, and dominates the jet instability in
IDOC. However, for ICOD the electric field has a remark-
ably stabilizing effect on the parasinuous and transitional
modes. When E is 0.001, these two modes vanish, but the
paravaricose mode is affected greatly only if the electric field
is sufficiently large. Obviously, the paravaricose mode may
be predominant in this case, provided that the axial electric
field intensity is large enough. As is well known �31�, the
parasinuous and paravaricose modes are associated mainly
with the inner and outer interfaces, respectively. According
to our result that in IDOC the paravaricose mode is sensitive
to the electric field but in ICOD the parasinuous mode does,

TABLE II. Values of the dimensionless parameters in the reference state.

Cases S Q a  We � �p1 �p2 �r

IDOC 0.84 0.001 0.8 0.8 10 0.23 3.4 80 /

ICOD 1.19 0.001 0.8 1.25 10 0.51 80 3.4 /

ICOC 0.8 0.001 0.8 0.8 10 0.40 10 10 0.8

IDOD 0.8 0.001 0.8 0.8 10 0.40 10 10 /

FIG. 2. Influence of the dimensionless electrostatic force E on
the growth rate �r of the paravaricose mode �left column� and the
parasinuous and transitional modes �right column� for �a,b� IDOC,
�c,d� ICOD, and �e,f� ICOC.
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it comes to the conclusion that the axial electric field influ-
ences the unstable mode related to the outer surface of the
conducting liquid much more strongly than that related to the
outer surface of the dielectric liquid.

ICOC and IDOD is another case. For them, the growth
rates of both the paravaricose and the parasinuous mode are
diminished distinctly, while that of the transitional mode is
amplified visibly by the axial electric field. We attribute these
different behaviors of the unstable modes under the electric
field to the difference of the electrical property of liquid in
the four cases. On the other hand, the effect of the electric
field on the unstable wave number range is quite similar to
its effect on the growth rates in the four cases.

B. Dominant mode due to the surface/interface tensions

In our model, the dimensionless parameters relevant to
surface/interface tensions are the Weber number We and the
interfacial tension coefficient ratio �. According to the pre-
vious studies �31,34�, the interfacial tension coefficient ratio
� behaves in a similar way with the Weber number in jet
instability. Therefore we only investigate the influence of
Weber number in the following. For the sake of a more gen-
eral view, a relatively wide range of Weber number �i.e., 1
�We�50� is calculated.

When arbitrary disturbances are enforced on a jet, the
wave having maximum growth rate and those close to it
grow faster than the others and dominate in the breakup pro-
cess of the jet ultimately. In Fig. 2 it is shown that the axial
electric field diminishes the dominant axial wave number
generally. Now we will investigate the effect of the Weber
number together with the axial electric field on the dominant
wave number �max and corresponding maximum growth rate
�max. Taking IDOC as an example �as shown in Fig. 3�, it is
notable that at relatively large Weber numbers and relatively
small dimensionless electrostatic forces the transitional mode
is dominant �the characteristic of the transitional mode is that
its corresponding dominant wave number is larger than one�.
But with the electric field increasing, the dominant mode
turns into the parasinuous one �the position of the “mode
shift” is marked with arrows in the figure�. On the other
hand, when the transitional mode is dominant, the dominant
wave number is augmented by the Weber number, whereas

when the parasinuous mode becomes dominant, the Weber
number can reduce �max slightly. And the maximum growth
rate is generally diminished by the Weber number. It is ob-
vious that at different We’s the maximum growth rate is al-
ways stabilized by the axial electric field.

In order to illuminate the influence of We and E on the
shift of dominant mode further, Figs. 4�a�–4�d� represents
the fitting curves of the boundary between dominant modes
for the four cases, respectively, on the We-E plane. For a
wide range of We and E in IDOC �as shown in Fig. 4�a��, the
parasinuous mode is predominant except in a small region
with large We’s and small E’s where the transitional mode is
dominant. In ICOD, three boundary lines are found, which
divide the plane into three parts �Fig. 4�b��. When E is
smaller than a critical value ��0.000 35�, the parasinuous
mode dominates the region where We�12, and the transi-
tional mode dominates where We�12. When E exceeds the
critical value, the dominant mode is the parasinuous, para-
varicose, and transitional modes successively with We in-
creasing. Both ICOC �Fig. 4�c�� and IDOD �Fig. 4�d�� have
only one boundary line. The dominant regions of the
parasinuous mode and the transitional mode appear below
and above it, respectively. Figure 4 reminds us that the mag-
nitudes of We and E must be treated carefully. In general, it
seems easier to realize coaxial electrospray in IDOC, which
is the very case that most experiments dealt with success-
fully. For the other three cases, our result shows that it is
better to keep We and E relatively small.

C. Dominant wave number due to the electric field and liquid
electrical properties

In this section, we discuss briefly the importance of the
electrical property of liquid in coaxial electrospray through
their effects on the dominant wave number and maximum
growth rate. Taking IDOC and ICOD as examples, the influ-
ences of the relative electrical permittivities �p1 and �p2 on
the dominant wave number �max and maximum growth rate
�max are illustrated in Figs. 5 and 6, respectively. It can be

FIG. 3. �a� The dominant axial number �max and �b� maximum
growth rate �max for IDOC versus the dimensionless electrostatic
force E under different values of the Weber number We.

FIG. 4. Boundary curves on the We-E plane for �a� IDOC, �b�
ICOD, �c� ICOC, and �d� IDOD.
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seen that in both the cases the electrical permittivities of the
inner and outer liquids have obvious effects on the magni-
tudes of �max and �max. Moreover, the dominant mode may
be changed by the relative electrical permittivities with the
help of the axial electric field. In general, the parasinuous
mode is predominant when the electric field is relatively
small, regardless of the permittivity and conductivity of liq-
uid. In addition, the dominant wave number and correspond-
ing growth rate are decreased more or less by the electric
field. However, as the electric field intensity is amplified suf-
ficiently, the “mode shift” may be induced, and the electrical
properties of the liquids influence this shift greatly. For ex-
ample, larger �p1 accelerates the shift of dominant mode
from the parasinuous into the paravaricose in ICOD, and �p2
makes the dominant mode change into the transitional at
relatively large values while into the paravaricose at rela-
tively small values. Unfortunately, it is difficult to figure out
clearly the effects of liquid electrical permittivity and con-
ductivity in the four cases, so we cannot give a general pic-
ture of them for the moment. And it seems better that every
case is analyzed specially.

D. Comparison with the experimental results

In coaxial electrospray experiments, the typical diameter
of coaxial liquid jets is approximately of the order of ten
micrometers. For such a thin jet, effect of liquid viscosity is
of remarkable significance. That is, liquid viscosity plays an
important role in jet instability, not only influencing basic
velocity profile but also providing viscous shearing force to
balance tangential electrical stress on the interface. Our in-
viscid model is a simplified one. But, in this paper we aim to
get an analytical dispersion relation and a primary under-

standing about the behaviors of the axial electric field. The
inviscid model does help in a sense.

As to the basic velocity profile, besides the uniform one
assumed in this inviscid model, Mestel �10� and Turnbull
�13,14� both used a more realistic parabolic radial velocity
profile, taking account of the influence of electrical shear
stress, in their instability analysis of a single liquid jet under
electric field. López-Herrera et al. �18� discussed briefly the
effect of the Ohnesorge number that weighs viscous force
against capillary force on the radial profile of axial velocity.

In spite of all these assumptions, we simply compare our
numerical result with the experiment �3�. In Chen’s coaxial
electrospray with an outer driving liquid �i.e., IDOC�, the
inner liquid is cooking oil and the outer liquid a mixture of
ethanol, glycerol, and tween. Their physical properties and
experiment conditions can be found in Refs. �2,3�. The cor-
responding dimensionless parameters are as follows: S
=0.95, Q=0.001, n=0, a=0.77, =1, �=0.12, We=0.44,
E=7�10−4, �p1=3.4, and �p2=41. The location of the ex-
periment state is plotted on the We-E plane �the triangle
marker in Fig. 4�a��. It lies in the dominant region of the
parasinuous mode, indicating that the parasinuous mode is
predominant, which is accordant with the experiment quali-
tatively. Noting that the value of the dimensionless electro-
static force is considerably small, the effect of electric field is
limited. However, it should be mentioned that the electric
field in experiments may be very complex and the above
value is just an approximate one.

IV. CONCLUSION

In this paper, we have studied the instability of a coflow-
ing cylindrical jet subjected to a uniform axial electric field

FIG. 5. The dominant axial number �max and maximum growth
rate �max for �a,b� IDOC and �c,d� ICOD versus the dimensionless
electrostatic force E under different values of the relative electrical
permittivity �p1.

FIG. 6. The dominant axial number �max and maximum growth
rate �max for �a-b� IDOC and �c,d� ICOD versus the dimensionless
electrostatic force E under different values of the relative electrical
permittivity �p2.
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using a simple inviscid model. According to the electrical
properties of the inner and outer liquids, four different cases,
i.e., IDOC, ICOD, ICOC, and IDOD, are considered. The
dimensionless dispersion relation is derived analytically for
all these cases and the eigenfrequency is solved numerically.
Three unstable modes, i.e., the paravaricose, parasinuous,
and transitional modes, are identified in the Rayleigh regime.

The axial electric field is found to have a stabilizing effect
on the unstable modes except that it destabilizes the transi-
tional mode a little in ICOC and IDOD. The numerical result
shows that the parasinuous mode, the paravaricose mode,
and the transitional mode are influenced the least by the axial
electric field in IDOC, ICOD, and ICOC �or IDOD�, respec-
tively, and accordingly may dominate in the corresponding
cases. The electrical property of liquid proves to play an
important role in jet instability. They not only result in four
different cases with different dispersion relations but influ-
ence the instability details of each case. The effects of the

electric field and electrical properties on the dominant wave
number and maximum growth rate are studied for each case.
Though their effects are various, the axial electric field and
the electrical properties of the liquids influence the jet insta-
bility significantly. In particular, they can induce the change
of dominant mode. The Weber number also has a great effect
on the instability of jet. The dominant regions of the unstable
modes are distinguished on the We-E plane. It is shown that
in IDOC the parasinuous mode occupies most of the region
on the parameter plane. And therefore coaxial electrospray is
relatively easy to realize in this case.
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