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An electrospun composite fiber process is a multi-phase and multi-physics process. It was very difficult to study a charged jet in the electrospinning process for
the fabrication of composite fibers by experiments. In this study, the liquid-solid
two-phase flow in the electrospinning process for fabrication of composite fibers
was researched numerically. The results showed the addition of conductive nanoparticles resulted in the increase of the jet flow velocity, and the decrease of
the fiber’s diameter. The CFD results corresponded well with the experimental
data.
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Introduction

In the electrospinning (ES), an external electric field is applied to overcome the polymer solution surface tension and a charged jet is then ejected from the so-called Taylor cone
at the tip of the spinning nozzle [1-10]. The technology has been known as an efficient and
simple method for fabricating polymer nanofibers [11, 12]. Composite fibers possess unique
surface, bulk and structural properties which make them used widely in various applications,
such as filtration, separation, sensor, catalysis, tissue engineering, and drug delivery system
[13-15]. Various kinds of composite fiber membranes can also be prepared easily by ES
through controlling the spinning parameters, such as additive particles, voltage, flow rate, solvent ratio, solvent evaporation, and humidity [16-21].
The spinning process is a multi-phase and multi-physics process, fig. 1. In this process, the solvent evaporates from the moving jets and a composite fiber membrane is formed
on the receptor [22]. Many types of studies, such as experimental research [23-25], theoretical
analyses [26-28] and mathematical models [29, 30], have been carried out on the ES nanofiber process. Xu et al. [31] modeled ES processes and established a multi-phase model for
ES process [32]. Fan et al. [33] presented a fluid-mechanic model considering solvent volatilization to research nanopores structure formation in the ES process. Xu [34] established a
modified particle suspension model to research the ES process. However, these studies were
all about the establishment of mechanic models, which cannot offer in-depth insight into
physical understanding of the ES process and also could not numerically simulate the jet flow
in the ES process.
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In this paper, the liquid-solid two-phase flow in the ES process is researched numerically through using CFD technique to obtain a significant insight of the process, fig. 1. Based
on the multi-phase flow model considering solvent volatilization and dispersion of additive
particles in our previous work [18-20], the two-phase flow would be simulated by solving
numerically the modified Navier-Stokes equations. The CFD simulation results indicated the
effects of spinning parameters on the quality of products and they could be applied to gain the
optimal spinning parameters for fabrication of electrospun composite fibers.
The 3-D model of the polymer jet in the
electrospun composite fiber process

The spinning process was shown in fig. 1. In the experiment, firstly a controlled
amount (8 wt.%) of polyvinyl alcohol (PVA) particles were dissolved in the deionized water,
then a small amount (0.5 wt.%) of Fe3O4
nanoparticles of 20 nm in diameter were
dispersed in the already prepared 8 wt.%
PVA solution. The density, viscosity and
electrical conductivity of the 8 wt.% PVA
solutions with and without Fe3O4 nanoparticles were shown respectively in tab. 1. The
internal diameter of the needle was 0.2 mm.
The tip-to-collection distance was 12 cm.
The applied voltage was 15 KV. The flow
Figure 1. Schematic of the electrospun composite
fiber process
rate was 1.8 mL per hour.
Table 1. Properties characterization of spinning solutions
Spinning solution

Density [kgm–3]

Viscosity [mPas–1]

Electrical conductivity [μscm–1]

Pure PVA solution

1013

317

870

PVA/Fe3O4 solution

1038

476.8

980

Simulation of the polymer jet

The dynamics of the polymer jet in the ES composite fibers process was simulated
using CFD. Obviously, dynamical change of the liquid-solid interface in the ES was a crucial
phenomenon of the ES process. Therefore, tracking the liquid-solid interface location was
very important in numerical simulation. To simulate the mechanism of the jet motion, two different phases including liquid and particles were considered in the simulation. The Lagrangian
discrete phase model (DPM), which followed a Euler-Lagrange approach, was adopted in the
simulation. In the Euler-Lagrange approach, the liquid was treated mathematically as a continuous phase and the particles were treated as a discrete phase. Therefore, the Navier-Stokes
equations were solved for the liquid phase and the motions of particles were followed using
Newton’s second law.
Equations for the liquid phase

Assuming the jet to be isothermal and ignoring interphase mass transfer, the conservation equations for the qth phase could be written:
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Continuity equation
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Momentum transfer equation

where aq is the volume fraction, rq – the density, uq – the velocity, t – the viscous stress tensor, p – the pressure shared by both fluids, and Mq – the total interphase force acting on the
qth phase.
Equations of motion for particles

A trajectory of a particle by integrating the force balance on the discrete phase,
which was written in a Lagrangian reference frame. This force balance, Mq, equated the particle inertia with the forces acting on the particle and could be written (for the x direction in
Cartesian co-ordinates):
du p
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p

where FD(u – up) is the drag force per unit particle mass and Fx – an additional acceleration
force, which was important in the particle force balance when r > rp:
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where u is the liquid phase velocity, up – the particle velocity, m – the molecular viscosity of
the liquid, r – the liquid density, rp – the density of the particle, and dp – the particle diameter.
Numerical simulation

The variational-based finite element method [35-37] are widely used in numerical
methods, however, the present two-phase problem is complex and we have difficulty in establishing a needed variational formulation, so the CFD technique is adopted for this purpose. In
the simulation, finite-difference interpolation schemes and the explicit approach were used to
solve Navier-Stokes equations. A realizable k-ε model was used to model the turbulent viscosity. In addition, three of CFD sub-models, MHD model, turbulent model and DPM model
were applied to simulate the two-phase jet flow numerically.
Computational domain and simulation parameters

The computational domain of the 3-D simulation, as shown in fig. 2, was a circular
cylinder with diameter D = 30 mm and height h = 120 mm. In order to simulate the effect of
the addition of Fe3O4 nanoparticles on the jet velocity, the following simulation parameters
were the PVA solution dynamic viscosity, μ, of 317 mPa·s, the PVA solution electrical conductivity of 870 μs/cm, the PVA solution mass density, ρ, of 1013 kg/m3, the Fe3O4 particle
mass density, ρp, of 5180 kg/m3, the PVA/Fe3O4 solution dynamic viscosity, μ, of 476.8 mPa·s,

the PVA/Fe3O4 solution electrical conductivity of 980 μs/cm, the PVA/Fe3O4 solution mass density, ρ, of 1038 kg/m3, the
volume flow rate, Q, of 0.5 mm3/s and the
jet unit charge, q, of 300 C/m3.
Boundary conditions

Figure 2. Computational
domain and mesh

Figure 3. The jet motion
in the ES

Figure 1 illustrated three boundaries,
each boundary condition was set:
– flow inlet: uin ≈ 0.02 m/s (according to
the volume flow rate),
– free surface: zero normal gradients for
all variables, ¶f/¶n = 0,
– no-slip boundary: zero velocity relative to the wall, uwall = 0.
Results and discussion

Figure 3 showed the motion of the jet in the ES, which was traced by a streamline
plot. And the effect of the addition of Fe3O4 nanoparticles on the jet flow velocity was studied
by numerical simulation. The calculated jet flow velocities were indicated in fig. 4. Figure
4(a) illustrated the jet flow velocity of pure PVA solution and fig. 4(b) showed the jet flow
velocity of PVA/Fe3O4 solution. The results showed the addition of Fe3O4 nanoparticles resulted in an increase of the jet flow velocity due to the increase of the electrical conductivity.
In addition, in order to obtain more detailed information of PVA/Fe3O4 jet flow, the velocities
of liquid phase (PVA solution) and solid phase (Fe3O4 nanoparticles) were exhibited in fig. 5.
It could be seen that the liquid phase and the solid phase had nearly the same velocity due to
the uniform distribution of Fe3O4 nanoparticles in PVA solution.

Figure 4. The calculated jet flow velocities of PVA solution (a) and PVA/Fe3O4 solution (b)

According to the conservation of mass, pr2ru = Q, the diameter of the jet decreased
with the increase of the velocity of the charged jet. Therefore, the average diameter of electro-

Figure 5. The velocity change vs. spinning distance; (a) liquid phase and (b) solid phase

spun nanofibers would decrease with the increase of the jet velocity, and the average diameter
of electrospun PVA/Fe3O4 nanofibers was smaller than electrospun PVA nanofibers. The numerical simulation and theoretical analysis results corresponded well to our previous experimental data [10], as shown in tab. 2.
Table 2. The average diameters of electrospun nanofibers [10]
Nanofibers

Average diameter [nm]

Standard deviation [nm2]

Confidence interval [nm]

PVA

357.5

84.7

±16.6

PVA/Fe3O4

320.4

77.3

±15.1

Conclusions

The liquid-solid two-phase flow in the ES composite fibers was researched numerically through using CFD technique to obtain a significant insight of the process. The CFD
simulation results indicated the effects of Fe3O4 nanoparticles on the quality of product and
the addition of Fe3O4 nanoparticles resulted in the increase of the jet flow velocity due to the
increase of the electrical conductivity. Therefore, the diameter of the jet would decrease as the
jet velocity increased according to the conservation of mass, and the average diameter of electrospun PVA/Fe3O4 nanofibers was smaller than electrospun PVA nanofibers. The CFD results corresponded well to our experimental data and were reasonable and reliable. In the future, the CFD method will be an effective approach to research ES composite fiber process.
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