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Electrospinning is a new type of free-end spinning built on the electric field. The electric force of PAN
polymer solution overcomes the surface tension of the solution, and then it causes wave and forms jet
flow. In the process of injection, the solution is evaporated or solidified, and eventually forming a fiber
on the receiving device. Different from ordinary single needle head, in this study, a new type of three-
dimension free surface nozzle is used to produce multiple jets at the same time, this will greatly improve
production efficiency. In this paper the model of three-dimension free surface is analyzed by the theory of
fluid mechanics, the relationship among the wave length and surface tension and the electric field is
obtained. Through the experiment, the conclusion is verified, and the formula is correct.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Electrostatic spinning method is a kind of new method for
preparation of polymer nanofibers. Because of its simple equip-
ment, less cost and convenient operation, it is widely used in mass
production of polymer nanofibers. Since 1970, Dupont Company
developed nanofibers, a lot of breakthrough have been achieved
in the development of electrostatic spinning. Reneker started the
study of electrostatic spinning in 1995, they first proposed that
nanofibers with axial orientation. In 2002, Hohman studied the
electrostatic spinning’s stability, and the stability theorem is pre-
sented. Domestic research also presents a diversified trend. Don-
ghua university uses the PAN and Cellulose Acetate to make
porous nanofibers. Jiang Nan University uses nylon 6 (PA6) and
polymerization of ethylene oxide (PEO) to make composite nanofi-
ber felt. Zhejiang University of science and technology uses formic
acid as solvent to make regenerated silk fibroin nanofibers by elec-
trostatic spinning method. Although electrostatic nanofibers have
many advantages, but the existing spinning method’s output is
low, it is not conducive to industrialization production.

By applying high voltage to PAN solution, it creates a large elec-
tric field between the nozzle and the receiver. The electric field
force exerted on the surface of the solution produces an electrical
current. Since like charges repel each other, electric field force is
contrast to the solution surface tension. When electric field force
is equal to the solution surface tension, the charged droplet is
hanging in balance at the end of the capillary. With the increase
of electric field force, capillary at the ends of the droplet under
the action of electric field force will be stretched into cone shape,
and then a Taylor cone is formed. Finally, the solution overcomes
the surface tension and forms the jet flow. After evaporation and
curing, the solvent becomes nanofibers on receiving device.

As a result of the traditional single needle spinning method can
only produce a single jet, the production efficiency is extremely
low, this study adopts three-dimensional free liquid surface elec-
trostatic spinning technology. This research adopts a kind of three
layers of round free surface nozzle which is designed by Donghua
University. Because at the edges of each layer of the nozzle have
maximum electric field intensity, the electric charge accumulation
produced by polymer solution surface will make larger electric
field force imposed on the edge of the solution. So when the elec-
tric field force is large enough, the edge of the solution surface will
produce tiny fluctuations. Each peak position is equivalent to a
Taylor cone. In this way, the peak position will pull out fiber, this
will greatly improving the production efficiency. The nozzle’s
sketch map is shown in Fig. 1:
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Fig. 1. The three dimensional free surface nozzle’s sketch map.

Fig. 2. 3-d model for the free surface electrostatic spinning.
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2. Mechanism analysis of three dimensional free surface
electrostatic spinning

2.1. Current physical theory analysis

Electro-fluid mechanics study involves the fluid mechanics,
computational fluid mechanics, electromagnetism, physical chem-
istry and so on, it mainly analyzes the electric field force and fluid
force interaction and its impact in the medium. Electro-fluid
mechanics equation consists of electromagnetism equations and
fluid mechanics equations.

Maxwell’s equations as follows:

r� E ¼ 0

r � eE ¼ qf

@qf

@t
þr � qfm ¼ �r �rE

Fluid equations of mass conservation equation and momentum
conservation equation are as follows:

r � m ¼ 0

q
@m
@t

¼ �rpþ lr2mþ f e

The leakage medium model of electric field to:

f e ¼ qE� 1
2
E2reþrPst

Equations on the right side respectively express Coulomb force,
bound charge force and electrostrictive force.

2.2. The three-dimension model of the free surface electrostatic
spinning method

The three-dimension free surface electrostatic spinning method
of experimental model can generate multiple Taylor cone. Due to
the small fluctuation occurs on the surface of the polymer solution
and combined with the related knowledge of fluid mechanics we
can establish a microwave on the surface of the polymer solution
model to analyze it. Due to round nozzle is adopted in the experi-
ment, each layer within the edge has the maximum electric field
strength, electric field distribution is uniform, the electric field
intensity is determined by the applied voltage. We only select a
layer of solution to analyze. The circular symmetrical model is sim-
plified to one-dimension linear model. As shown in Fig. 2, solution
connects the anode voltage, receiving device is polarity negative
ground. The high voltage static electric field between the two
metal plate can make the solution surface charge polarization
and produce electric field force. If the voltage is large enough,
the solution surface will break through the steady state and con-
tinue to fluctuate, finally it will pull out nanofibers in the wave
crest.

2.3. Mechanics analysis of the electrostatic spinning jet

The surface tension of liquid surface is due to the gravitational
pull of uneven between molecules. The existence of surface ten-
sion, by definition, is to shrink the surface of the polymer solution.
Because of the stress uniform symmetry, the internal molecular of
solution’s resultant force is zero. The surface molecule’s gravity is
greater than the air molecule’s. Surface molecule has a tendency
of inward movement. On the edge of the solution is in a horizontal
steady state. In electrostatic spinning jet, tensile force is imposed
by the difference of electric field force and surface tension. As a
kind of leaky dielectric, charges only distribute on the surface of
the polymer solution. After high pressure electric field applied,
edge layer solution will be subject to an electric field force which
is produced by charge polarization.

2.4. Layer of polymer solution under the effect of high-voltage
electrostatic field mathematical model

In the free surface electrostatic spinning of study, this study
uses PAN solution is a kind of incompressible Newtonian fluid.
The density of the solution of different concentration and shear vis-
cosity are constant. Due to the molecular thermodynamic instabil-
ity, in the gas-liquid interface solution can produce capillary wave
disturbance. We generally adopt sine wave equation to describe
the disturbance. First we present the equation of motion of the dis-
turbance wave:

hðx; tÞ ¼ h0 þ fexpðiqxþ t=sÞ
By the Navier-Stokes equations of fluid mechanics:

q
@m
@t

þ qðm � rÞm ¼ �rpþ lþ 1
3
k

� �
rðr � mÞ þ f
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In the above formula, q is fluid density, m is fluid velocity, t is
time, p is pressure, l is coefficient of viscosity, k is expansion vis-
cous coefficient, f is outside force.

In this study, the solution we adopt is a kind of incompressible
fluid. By its definition we can know that fluid density is constant,
that is @q

@t ¼ 0. By the fluid continuity equation @q
@t þ qr � m ¼ 0 we

can get: rm ¼ 0, for further reduction formula available:

q
@m
@t

þ ðm � rÞ � m
� �

¼ �rpþ lDmþ f

Considering the solution of the viscous effects, the flow of the
solution speed is very slow, almost can be thought of as the static
flow, namely @m

@t ¼ 0. External force in the form of volume force can
be added to the pressure and then we can get:

lr2m ¼ rP

Polymer free liquid on the surface of the internal pressure is
equal to the external surface tension of liquid. By the continuity
on the surface of the gas-liquid interaction can be obtained:

lliquid �
@mliquidðzÞ

@z
¼ lair �

@mairðzÞ
@z

Because there is no pressure on the surface of the gas, that
result in the gas phase on the interface of viscous force and the sur-

face tension force is equal to zero, that is sxz ¼ l @mliquidðzÞ
@z ¼ 0.

Because the rate of non-zero entries in x direction so the above for-
mula can be represented as:

@2mðzÞ
@2z

¼ 1
l

@P
@x

� �

After integral it can be represented as:

mðzÞ ¼ 1
2l

@P
@x

� �
� z2 þ c1zþ c2

c1 and c2 are constant, they can be obtained by the boundary
conditions.

Analyze the motion of the solution we can get that solution
layer and metal solid border have no slip boundary, at z ¼ h, the
solution and gas phase interface is a free pressure liquid surface.
Therefore we can analyze the following boundary conditions:

z ¼ 0;m ¼ 0
h;s ¼ l @m

@z ¼ 0

(

Considering these boundary conditions, we can obtain

c1 ¼ � @P
@x
l h, c2 ¼ 0. Then we can obtain the velocity distribution:

mðzÞ ¼ 1
2l

@P
@x

� �
ðz� 2hÞz

By the velocity distribution, the average velocity of solution can
be obtained:

�m ¼ 1
h

Z h

0
mðzÞdz ¼ h2

3l
� @P
@x

� �

On the surface of A ¼ h, the flow can be obtained by the average
speed:

Q ¼ h � �m ¼ h3

3l
� @P
@x

� �

Further, through the law of conservation of quality, we can get
this experimental model of incompressible fluid flow conditions,
namely:
@h
@t

dx ¼ ðh � �mÞxþdx � ðh � �mÞx

ðh � �mÞxþdx � ðh � �mÞx ¼
@ðh � �mÞ

@t
dx

And since Q ¼ h � �m, further we can obtain:

@h
@t

þ @Q
@x

¼ 0

The above formula is free surface electrostatic spinning’s conti-
nuity equation of the one-dimensional model of polymer solution.
From the above formula we can know that the change of the height
of the solution in the vertical direction will cause the horizontal
movement. Solution appears fluctuations, produces peaks and
troughs and the movement of solution gradually moves forward.
Through the above analysis, we can obtain the equation of motion
of the polymer solution, namely:

@h
@t

¼
@ h3

3l
@P
@x

� �h i
@x

The equation of motion can be concluded that the stress P and
polymer solution at the gas-liquid interface of exercise has a direct
relationship. From our research object and you can see, the pres-
sure mainly includes electric field force and surface tension. The
above analysis shows that the surface tension of the solution sur-
face is to make the solution surface tend to shrink, the solution sur-
face will therefore tend to be gentle and steady. On the contrary,
the electric field force which is produced by high voltage electric
field is opposite to surface tension, this will make the solution sur-
face tends to be unstable. Through the analysis, the expression of
pressure can be given as follows:

PðhÞ ¼ PLðhÞ þ PelðhÞ þ Pg

PLðhÞ is the surface tension, or known as capillary pressure,
PelðhÞ is the electrostatic voltage which is produced by high voltage
electric field, Pg is gravity pressure. For capillary pressure, it can be
obtained by the following formula:

PLðhÞ ¼ �c 1
R

R is the radius of curvature of the liquid layer of polymer solu-
tion, it can be obtained by the following formula:

1
R
¼ � @2f

@x2 ¼ � @2h
@x2

Based on the analysis of all the above, we can obtain:

@h
@t

¼
@ h3

3l
@Pel
@x � c @3h

@x3 � qg @h
@x

� 	h i
@x

For the electrostatic voltage, it can be obtained by the following
formula:

PelðhÞ ¼ �1
2
e0e1ðe1 � 1ÞE2

1

e0 is the permittivity of vacuum and e0 ¼ 8:85� 10�12 F=m. e1 is
the dielectric constant of the polymer solution, it differs from dif-
ferent concentration of the polymer solution. E1 is the electric field
intensity of the surface solution. We can calculate the total capac-
itance by cascading the air capacitor and the solution capacitor.

1
C
¼ 1

Cair
þ 1
Cliquid

¼ d� h
e0h

þ h
e0e1h

¼ e1h� ðe1 � 1Þh
e0e1h
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For the electrostatic voltage PelðhÞ, it can be obtained by the fol-
lowing formula:

PelðhÞ ¼ U2

2h
@C
@h

¼ � e0e1ðe1 � 1ÞU2

2½e1d� ðe1 � 1Þh�2

E1 ¼ U
e1d� ðe1 � 1Þh

By the wave theory of knowledge, the arbitrary tiny vibration
wave equation can be approximately seen as a sine curve:

hðx; tÞ ¼ h0 þ fexpðiqxþ t=sÞ
f is the amplitude of the wave, q is the wave vector, 1=s is the rate
of rise.

After derivation, the above formulas can be calculated:

@h
@t

¼ h2

l
@h
@x

@P
@x

þ h3

3l
@P
@x2

¼ h2

l
@h
@x

�c @y
@x

@3h
@x3 þ

@Pel

@x
@h
@x

� qg
@h
@x

 !

þ h3

3l
�c @

4h
@x4 þ

@2Pel

@x2

@h
@x

� �2

þ @Pel

@x
@2h
@x2 � qg

@2h
@x2

" #

After dividing out all the nonlinear term, we can get:

@h
@t

¼ h3

3l
�c @

4h
@x4 þ

@Pel

@x
@2h
@x2

 !
þ Oðf2Þ

After calculating partial differential and dividing
fexpðiqxþ t=sÞ, the above formula can be written as:

1
s
¼ � h3

3l
cq4 þ q2 @Pel

@h

� �

We can know from the dispersion relation that the change of
wave vector is closely related to the dispersion relation. Without
outside pressure, the disturbance will gradually disappear because
of the existence of surface tension, and it will finally reach a steady
state. We need to require wavelength when the fluctuation grows
the fastest. When the above formula’s derivation is zero, the
growth of the fluctuation reaches peak, and then the growth will
be subdued.

q ¼
ffiffiffiffiffiffiffiffiffiffiffi
� @Pel

@h

2c

s

When q ¼
ffiffiffiffiffiffiffiffi
�@Pel

@h
2c

r
, the fluctuation grows the fastest, then we can

obtain the corresponding wavelength is:

kmax ¼ 2p

ffiffiffiffiffiffiffiffiffiffi
�2c
@Pel
@h

s

Finally substituting the electric field intensity and electrostatic
voltage formula into the above formula, we can get the relationship
between the wavelength k and surface tension c and the voltage U:

k / c1
2

k / U�1

Conclusion from the above two formulas: the wavelength k is

directly proportional to the surface tension c1
2 , the wavelength k

is inversely proportional to the voltage U.

3. Conclusions

This paper involves a thorough theoretical deduction on the
three dimensional free surface nozzle of the electrostatic spinning
equipment’s working mechanism. Through the establishment of
the fluid mechanics model and the basic formula, we get the rela-
tionship of the wavelength of the nanofibers and the surface ten-
sion of the PAN polymer solution and the voltage of high voltage
electric field. In conclusion:

(1) In the three-dimension free surface electrostatic spinning,
the polymer solution surface is mainly subject to surface
tension and electric field force. When the electric field force
is big enough, the solution at the surface of edge will fluctu-
ate and generate jet flow a peak position. After evaporation
and curing, the solvent becomes nanofibers on receiving
device.

(2) For three-dimension free surface electrostatic spinning
method, we establish a one-dimensional mathematical
model. We analysis the surface boundary solution’s wave
equation and Navier-Stokes equation. We also combine elec-
tromagnetism principle with the dispersion relations to
study. Finally we obtain the related formula, from these for-
mula we can get wavelength is directly proportional to half
time the surface tension of solution, is inversely proportional
to the voltage.
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