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Instability of Electrically Driven Polymer Liquid Jets

Minhyung Lee*, Seung Baik Kang, Joo Hyuk Park
Department of Mechanical Engineering, Sejong University,
98 Kunja-Dong, KwanglJin-Gu, Seoul 143-747, Korea

Polymer nanofibers can be generated by a electrospinning process. The process involves

electrically charged jet of polymer solutions evolving from a droplet. The jet stretches in vertical

direction due to the difference between charged particle and constant current located at the

collector, while the Coulomb and viscoelastic forces start to contribute to radial and azimuthal

(torsional) stretching. In this paper, the unstable dynamics of the liquid polymer jet is examined

experimentally and theoretically. A complex viscoelastic rheological model has been adopted to

analyze the behavior of a charged liquid jet. The model includes complex phenomena of stress

relaxation of the liquid jet resulting from the competing force components. The experimental

data of the jet paths captured by high-speed videocamera also confirm the similar behavior with

the predictions.
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1. Introduction

A number of processing techniques such as
drawing, template synthesis, phase separation and
electrospinning have been used to produce poly-
mer nanofibers in recent years. Among them, ele-
ctrospinning has been emerged as a cost effective
and reliable method to produce nanofibers of
diameter ranging from 3 nm to 1 gm. Due to high
area-volume ratio, which is about 100 times
larger than that of conventional microfiber, the
practical applications of nanofibers are found
in various medical and industrial fields such as
wound dressings, drug delivery and reinforced
composite. The technique takes advantage of Cou-
lomb force between charged ions. The charged
ions are confined in and are carried by a visco-
elastic fluid. Unlike a Newtonian fluid, the visco-
elastic force exhibits solid-like reponse as well
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as fluid-like reponse under the deformation by
the repulsive force between charges.

The fluid contains electrical charges, which are
excess charges. The (excess) charge denotes the
difference in the number of positive and negative
ions which are assumed to be evenly distributed
in the fluid domain. In the presence of an external
electrical field, positive and negative ions tend to
migrate toward opposite directions. The negative
(positive) ions are attracted toward the positive
(negative) electrode. The charge mobility in solid
is infinitely fast while that in a moving fluid is not
as fast. In general, the conductivity of liquid can
be enhanced by increasing ions per unit volume.
However, the excess charge cannot change.

The work of thin liquid jet in electric field
dates back to the work of Rayleigh (1882). The
electrospinning process was first patented by Form-
hals and he succeeded to make fine polymer fi-
bers (1934). Acrylic micro fiber was then pro-
duced in range from 0.05 to 1.1 microns by
Baumgarten (1971). Other types of polymeric li-
quids were adopted to generate micro-thin fibers
such as polyethelene, polypropylene (Larrondo
and Manley 1981), polyethelene oxide (Doshi
and Reneker 1995), polyamid (Dersch et al.,
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2003), polyvinylacetate (Viswanathamiruthi et
al., 2003) and polyurethane (Pedicini and Farris
2003). Reneker and Chun (1996) suggest that
electrospinning provides a straightforward and
practical way to produce polymer fibers with dia-
meters ranging from 40-2000 nm. The use of ato-
mic force microscope (AFM) is found to be bene-
ficial in finding a highly ordered surface pattern
of electrospinning process. The experimental ap-
proaches are commonly used due to nano-scale
phenomena. Thus, little has been devoted to the
theoretical work of nanofiber system of realistic
physical system.

The theoretical work associated with the elec-
trospinning process dates back to the work of
Taylor. The introduction of Taylor’s cone greatly
helps to identify unstable wave-like propagation
of thin liquid jet (Taylor 1964). Taylor’s theorem
suggests the critical voltage at which the strongest
instability develops. More recently, the minimum
spraying potential was calculated for a suspended,
hemisphere, conducting drop in air (Horning and
Hendricks 1979). The rate of spinning and elec-
tric field strength was also estimated by measur-
ing the length of PE fiber (Larrondo and Manley
1981). Fang and Reneker (1997) revealed a rela-
tionship between the strength of electric field, sur-
face tension, air permeability and capillary radi-
us. More recently, Reneker et al. (2000) identified
the source of bending instability with a mathe-
matical model. Shin et al.(2001) also investigat-
ed the stability of electrospinning jets using the
method based on asymptotic expansion for the
equation of electro-hydrodynamics.

In current research, we performed some experi-
ments using a high-speed camera (CCD) to cap-
ture the evolution of a liquid polymer jet. A
theoretical approach is then taken to represent the
experimental data, such as the radial stretching
and axial elongation in nanofiber. Since one of
the most interesting characteristics arising in a
viscoelastic fluid is stress relaxation, which deter-
mines the time when the stress relaxation occurs,
we use a novel viscoelastic fluid model to de-
scribe the bending instability of the liquid jet. The
model effectively accounts for the memory effect
of polymeric liquid, which balances out with the

repulsive Coulomb force. The equation of motion
is presented in the three-dimensional frame of
reference. The theoretical predictions are com-
pared with the experimental data.

2. Experiments

Figure 1 shows the schematic view of current
experimental apparatus. Since a difference in elec-
trical potential is applied between the droplet
and the collector, polymeric liquid emerges from
a pendant drop and approaches to collector at
a distance /. from the pendant. A small syringe
was used to inject a fluid droplet in the field.
Once the force due to the electrical charge over-
comes the surface tension effect near the nozzle
exit, the droplet forms a fiber, which moves to-
ward the collector. Then the fluid undergoes axial
and lateral deformation in the presence of the
Coulomb force (repulsion) and electric field from
the collector (attraction).

The experiment was performed at room tem-
perature. In order to capture the liquid jet with-
out causing any disturbance to the electric field, a
lens and a high-speed CCD camera were located
30 cm away from the nozzle exit. The camera is
equipped with 24~70 mm, f 2.8 zoom lens and
takes shots at every 0.5 ms (2000 frame/second).
The source of light is 1000W halogen lamp. A
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Fig. 1 Schematic view of experimental apparatus for

the polymer liquid jets in electrospinning
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frensel condenser lens of 30 cm diameter and 19
cm focal length was used to project an image of
the halogen lamp and its reflector onto the Taylor
cone region. We used two nozzles of different
diameter, which were placed 0.2 m (/) away from
the collector. The inner and outer diameters of a
small nozzle are 0.16 mm and 0.31 mm, resepcti-
vely, while those of a large nozzle are 0.838
mm and 1.2 mm. The polymeric solution used in
the experiment was a mixture of of Poly-Methyl
Methacrylate (PMMA) and DiMethyl Forma-
mide (DMF) 10%wt.

A typical oscillatory behavior of jets taken at
two different times is shown in Fig. 2. The small
nozzle was used for the flow-rate of 0.4 ml/h
and the electric charge of 5 KV. Initially the
fluid travels downstream in axial direction (z-
direction). As it moves further downstream, the
bending instability plays a part causing the fiber
to experience radial stretching while the axial
velocity gradually decreases. From the picture,
the ratio of the jet diamter (estimated near the
nozzle tip) to the nozzle outer diameter is about
1:5. This means that the ratio of jet diamter to
the nozzle inner diameter is 2:5. Then the diame-
ter is further reduced during the evolution of
liquid jet. The further reduction in diameter,
which is measured at the end of loop in the pic-
ture, is abut 30%. This does not appear to be

Fig. 2 Typical images of electrically driven liquid
jets taken at different times. The inner diame-
ter of the nozzle is 0.08 mm and the electric
charge is 5 KV

significant reduction, and will be further discuss-
ed in the theory section. It is interesting to note
that the jet is not in parallel to its axis and bents
to a radial direction due to some distaurbances.
However the source is not identified yet.

The influence of an electrical potential differ-
ence, which is established between the surface of
liquid drop and the collector, is shown in Fig. 3.
The collector voltages used here are 5 KV and 10
KV, while other parameters are kept the same
with the previous case. The bending instability
occurs around the same location for both cases.
For larger voltages, the radial stretching is re-
latively less significant and the jet diameter be-
comes smaller. This is because the attractive force
from the collector increases with the increase of
collector voltage.

The liquid jets for different flow rate and dif-
ferent nozzle inner diameter are compared and the
results are shown in Fig. 4. For a large nozzle, the
contact point between the fiber and the nozzle
moves around at the tip of nozzle, and the exces-
sive amount of fluid destabilizes the system by
forming an oversized deposit at the nozzle tip
when the applied voltage is relatively low. The
increase of nozzle diameter does not affect much
on the jet diameter, thus evolving profile is simi-
lar each other. From the pictures, the jet diamter
estimated at the nozzle tip is about 0.08 mm for
the small nozzle and 0.11 mm for the large noz-
zle. The bending instability in the tail of fiber is

I....
Fig. 3 The fiber responses to different voltages, 5

KV (above), 10KV (below)
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Fig. 4 The influence of flow rate and nozzle inner

radius on the evolution of liquid jets, 0.4 ml/
h and 0.08 mm (above), 0.08 ml/h and 0.419
mm (below)

pronounced a little bit for the smaller nozzle.

We have examined the influence of some para-
meters such as the collector voltage, flow-rate,
and nozzle diameter. Our experiments reassured
that the optimum values are required to produce
nanofiber under various operational and geomet-
rical conditions. For example, if the collector vol-
tage is too big the radial stretching is suppressed
by the axial elongation. The complex force bal-
ance will be further discussed by a mathematical
model in the next section.

3. Viscoelastic Model

3.1 Viscoelastic dumbbell model for a jet
segment

A linear viscoelastic model of Maxwell type
is adopted for the charged flow of a liquid jet
exiting from a nozzle, as shown in Fig. 5. First a
segment of the jet is modelled as a spring and
damper system, that is a viscoelastic dumbbell.
Two successive beads, A and B, are assumed to
preserve charge and mass denoted by e and m.
The first bead, bead A, is fixed in the absence of
the Coulomb force while bead B is under the
influence of Coulomb force of repulsive na-
ture —e?//% where 1 is the length of the seg-
ment. The force due to the external electrical field
is given by — Voe/h. A generalized Maxwellian

Z)
hF=F == Dead A
l %
v \g,beadB
0-_.____

Fig. 5 A schematic view of a simple viscoelastic
model

fluid obeys the following equation for the stress
o excited by the rate of deformation, d//dt (Bird
et al., 1987),

do 1 dl G(7 (1)

where G is the elastic modulus, g viscosity, and
t time. It is well understood that the Maxwell
model effectively represents the rheological beha-
vior of concentrated polymeric fluid in excessive
lateral deformation. The momentum balance for
bead B is (Yarin 1993)

nau__ ¢
dt 2

e Vot ndo 2)
where ¢ is the cross-sectional radius of the fluid
segment and U is the velocity of bead B. The
kinematic condition for the rate of deformation is
related to the local bead velocity U by,

dl _
i U. (3)

3.2 Nondiemnsional equations

We adopt the following non-dimensional para-
meters. / is nondimensionalized by L which is an
initial segment length. # is divided by the relaxa-
tion time, 8=/ G, which physically denotes the
time required for a fluid to release accumulated
stress. Stress ¢ is scaled by G, such that

=l _a ;_t -_0 5_0U

Z_L, a_L,t_ea O__G’ U_ L (4)
Using the conservation of mass for a segment of
initial radius of a, at £=0,

wd?l=rna} L (5)
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the dimensionless form of Egs. (1) ~ (3) becomes

dl__ 5
ar- Y
aU_,. 6 - Q
ar ey I (6)
do__U__
di 1

where the dimensionless parameters are denoted
by bars. Here three dimensionless parameters are,

0= eyt V= e Votf

_ _ ﬂd%#z (7>
L*mG* hLmG*

" mLG

@ represents the non-dimensional Coulomb force,
V'is electrostatic force in the presence of external
electrical field, and F%. represents the effect of
inherent elasticity. If we choose the length scale
as L=(e%/1aoG)"®, Q= Fy.. However this is not
restrictive and can be one of the important para-
meter to control the jet’'s dynamics. Note that
the influences of evaporation and surface tension
are neglected in the current model. The effect of
solvent evaporation on the values of the rhe-
ological parameters of the polymer solution is not
fully known at present.

3.3 Three-dimensional equations for the
electrospun jets

With the analogy used in the previous section,
we generalize a three-dimensional model system
by a series of viscoelastic elements as shown in
Fig. 6. Each bead has the charged amount ¢ and
the mass . The length of the upper and the
lower segment for bead 7 denoted by subscript #
(up) and d (down), respectively are given by

lui= [ (xi+1_xi> 2+ (yi+1—yi)2+ (Zi+1_2i) 2] 05 (Sa)
L= (ti=xim) 24+ (yi— i) 24+ (z—2-0)2]™° (8b)

where x, v and z are independent variables in
Cartesian coordinate. The rates of strain of ad-
jacent filaments are (dlu:/dt) /Ly and (dla/dt)/
la;. The elastic forces acting on the upper and
lower filaments of bead ¢ are given in dimensional
form,

hl— — . ?N

X
Fig. 6 A schematic view of a three-dimensional
bead-spring model

ddui _G 1 dlui G

dt ~ Che dt p % 0
dei:G 1 dldi_QO‘A
dt Zdi dlL y22 di

The following conservation of mass is applied
for the upper and lower filaments,

ﬂa?;zlui:ﬂd?ii ldi:ﬂ'dzoL (10)

For the 3-D model with the total number of
beads N increasing over time, the net Coulomb
force acting on the ith bead must be approximated
by counting all the other beads existing in the
system. The force balance is obtained for bead 7
from the second law of Newton. The right hand
side of Eq. (11) consists of the Coulomb force,
electrostatic force, viscoelastic force, and surface
tension effect.

25 N 2 )
T o At
ﬁd%ﬁ(id,- ar (0’2> aveki ( 11 )
Tl T T e

X [i| x| sign (x:) +j x| sign (x:) ]

where r; is a position vector for bead 7, which
has three components (x, y and z). a is the sur-
face tension coefficient, k; is the local curva-
ture, and @qo=(a@z+aq) /2. The symbol sign(x)
is a unit vector, providing the direction of sur-
face tension force. If x >0 (x <0) then, sign(x) =
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1(=—1), while sign(x) =0 when x=0. R;; de-
notes the distance from bead 7 to bead j, and
solely depends on the geometry of beads.

Ri= [ (xi_xj)2+ (yi_yj)2+ (zi—2) 2]0'5 (12)

Upon adopting the scaling factors and parame-
ters introduced in Eqs. (4) and (7), together with
additional non-dimensional parameters,

2
Azifﬂ?;’éi, K=Y, Hz% (13)

the momentum conservation results in three com-
ponents in dimensionless form,

du; _ ~ & (ri—x)
dt _szlﬁ#ﬁ R
+F, [Gm (xi+}gsz‘> ” (xz'z%fi—l) } (142)
A (@uit aa)*kovisign (x;)
4y/xi+yi
dvi & (yi—w)
dt _szlz#ﬁ ?j
+E, [Gw (yi+}57yi> ” (%‘;g?’i—l) } (14b)
_ 4 \autaa)*kyssign (v,
4y/x3+yi
dwi ¥ (2—%)
dl‘ _szlz#j) 13‘j
(ZH—I_Zi) (Zi_zi—1> (14C)
+Fve {O‘ui 1231 — Odi lgl }_ V

Note that the upper bar notation is eliminated for
simplicity in Eq.(14) and the preceding equa-
tions. Then the dimentionless form of the stress is,

i 1 i i 1 i

= o = ou (1)
A coupled system of Egs. (10), (14) and (15) are
solved using numerical integration for every
beads at every time step. Upon inception at ¢ =0,
the stress components, 0y; and 0q;, as well as the
local velocity are assumed to zero.

The initial number of bead (N) is given by 2.
When N increases, the first bead is pushed down-
stream till it reaches the collector. Once any bead
reaches the collector, it is removed from calcula-
tion. The generation of new bead (sth) always

occurs at the nozzle exit. If the distance between
this bead and the nozzle tip exceeds a certain cri-
teria, a new bead is added. Finally a time depen-
dent sinusoidal perturbation with frequency w is
used for every new bead inserted.

x:/L=10"%sin(wt)

(16)
v:/L=1072cos (wt)

3.4 Results

In this section we present the theoretical pre-
dictions for the jet paths calculated from the
electrically driven bending instability. The posi-
tions of all beads NV are calculated at every time
step. The required parameters are density, vis-
cosity, surface tension coefficient and bulk mo-
dulus. Some reference values are taken from the
similar polymeric blend used by Reneket et al.
(2000). The carried charge by the jet was esti-
mated to be 1 C/I (Yarin 1993), which is the
value we used in our simulation as well. More
realistic parameters are obtained from our experi-
ments.

For the first analysis, the adopted properties
are go=150 um, p=10°*Kg/m®, h=2m, Vo=10
KV, ¢=0.07Kg/s?, ©=10*Kg/ms, G=10°Kg/
ms®. The corresponding non-dimensional para-
meters are Q=F,.=78356, V=156.8, A=17.21,
H=627.3, K;=100. The charge on each bead
is e=2.68X107*kg"?m®?/s=2.83X107° C. The
mass of a bead is m=2.83X107° Kg. The relaxa-
tion time §=y/G=0.01, which is equivalent to
the typical lab noise range of w=10"/s. @ and
Fye are often of the same order of magnitude
each other while the non-dimensional surface
tension coefficient (A) is relatively small. Figure
7 illustrates the predicted development of typical
jet paths estimated at different time steps. There is
virtually no difference between {=0.8 and £=1.0
in the figure, indicating that the fiber profile is
fully developed. The evolution of fiber exhibits
the similar response as it was shown in the ex-
periment. It can be noted that in the experiment
only the region near the vertex of the envelope
cone was imaged in order to capture the develop-
ment of instability in detail. This is because the
liquid jet is very thin. The influences of gravity,
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Z (dimensionless)

Z (dimensionless)

Fig. 7 The fully-developed profile of charged jets at
two different times, /=0.8 and £=1.0

surface tension, and evaporation can be negligi-
ble, although the surface tension is taken into
account.

Consider now the development of perturba-
tions into a bending instability in a realistic jet,
which is quite similar with the current experi-
ment. The adopted properties are @o=100 um,
0=10*Kg/m? 2=0.2m, Vo=5KYV, ¢=0.07 Kg/
s?, #=10° Kg/ms, G=2X10° Kg/ms® The corre-
sponding non-dimensional parameters are Q=
Fo.=164168, V=123.2, A=1.7, H=88.7, Ks=
100. The charge and the mass of a bead is as-
sumed to be the same with the previous case.
Figure 8 shows the predited jet paths estimated at
two different time steps, which indicate the fully
developed pofiles. The most efficient stretching
occurs almost in the middle of fiber and levels
off at the tail of fiber, which was also observed

100

Z (dimensionless)
o
[=]

100

Z (dimensionless)
h
(=]

Fig. 8 Charged jets with values of the dimension-
less parameters, Q=F,.=14683, V=176,
A=1.36, Ks=80, H=99.2, at two different
time £=0.5 and f=1.0
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Fig. 9 Longitudinal stress along the jet with values
of the dimensionless parameters in Fig. 8

in the previous experiments. If more beads are
generated, the stretching continues until the elas-
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tic force due to deformation overcomes the Cou-
lomb force. The result in Fig. 9 shows the dis-
tribution of the logitudinal stress along the jet.
The maximum appears before the middle of the
jet.

4. Conclusions

A combined experimetnal and theoretical study
has been conducted to analyze the evolution of
an electrically driven liquid jet of polymer solu-
tions. The study indicates that the profile of fiber
jets is governed by the parameters such as the
distance between the nozzle and collector, the
charge voltage, material properties, and the nozzle
radius. The experimental data of the jet paths
captured by high-speed videocamera has success-
fully captured the unsteady bending instability.
A viscoelastic rheological model, which takes the
competing force components such as the Cou-
lomb force, electrostatic force, viscoelastic force,
and surface tension effects into account, has con-
firmed the similar results observed in the ex-
periments. The theory using the best values for
rheological and electrial parameters of the poly-
mer solutions can predict the general behavior of
the liquid jets. However, the following assump-
tion and definition made in the model requires
further investigations; (1) the ionic charge is
fixed in the fluid and moves with the jet, (2)
using the definition of length scale L as an initial
segment length such that @ =Fy.. This is because
L controls the total number of beads NN existing
in the system, and N also governs the evolution
of the electrically driven liquid jets.
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