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Numerical Study on the Jet Dynamic through Centrifuge
Spinning: Influence of Angular Velocity

Afsaneh Valipouri, Seyed Abdolkarim Hosseini Ravandi, Ahmadreza Pishevar and Emilian I Piriu

Abstract—Centrifuge spinning is a method that makes
possible of fabrication nanofibers rapidly and at high yields.
In the centrifugal spinning process, a polymer solution is
delivered by the centrifugal force through small nozzle of a
rapidly rotating cylindrical drum. Thereby, thin fibers are
formed and collected on a collector in the form of a web. In
this study, a mathematical model of the dynamics of a viscous
liquid jet, which emerges from rotating drum through
centrifuge spinning, was derived. The Navier-Stokes
equations were solved in this system with the usual viscous
free surface boundary conditions. One-dimensional equations
were derived using asymptotic methods based upon a slender
jet assumption and solved numerically. The effect of angular
velocity upon the trajectory, radius, and tangential velocity of
the jet was simulated and presented. Increasing angular
velocity resulted in a decrease in the size of the liquid jet.
Also, increasing angular velocity tended to increase the jet
velocity which translated to increase the production rate. The
jet centerline became more tightly coiled when the angular
velocity increased. In addition, simulated jet diameter was
compared with some results reported in our previous work.

Keywords: Centrifuge spinning, Navier-Stokes equations,
curved jet, angular velocity.

I. INTRODUCTION

hen the diameter of the fibers are in the nanometer

range, several amazing characteristics appear, such
as very large surface area to volume ratio, flexibility in
surface  functionalities, and superior mechanical
performance (e.g. stiffness and tensile strength) compared
with any other known form of material [1]. The unique
properties of nanofibers make them favorable for many
applications such as tissue engineering scaffolds [2,3],
filtration  devices [4-6], sensors [7,8], materials
development [9], and electronic applications [10]. There
are several methods for fabrication of nanofibers [11-13].
Electrospinning is an effective and versatile technique used
to prepare nanofibers[14-16].

The challenge associated with electrospinning is its
production rate. The relatively low production rate of a
traditional electrospinning has limited the industrial
applications of this system [17]. A few methods for
producing electrospun nanofibers at higher mass
production rate are suggested. For instance, modified
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single-needle [18,19], multi-needle [20-28], needleless
systems [29-35] and a plastic filter set-up [36] have been
developed to enhance nanofiber production rate. A newly
developed method of producing nanofibers, called
forcespinning, has proven to be a viable alternative to mass
produce nanofibers. Also, attempt has been made to
enhance the production rate of nanofibers with the
development of electro-mechanical system. Some
researchers have combined centrifugal forces from a
rotating disk with electrostatic forces to fabricate nano-
scale fibers [37,38]. The previous research has indicated
that applying the centrifugal force results in a significant
increase in the production rate of nanofibers [39-41].

In the centrifuge spinning or forcespinning, a polymer
solution sustained by its surface tension is radially
transported outward through the nozzle by the centrifugal
force. Further increase of the rotational speed of spinning
head results in a critical value by which the centrifugal
force overcomes the surface tension and the jet of the fluid
is ejected from the tip of the nozzle. The centrifugal force
directs the liquid jet toward the collector and stretches the
jet to become very fine [42]. The traveling jet is solidified
through solvent evaporation and the solidified jet, turning
into the nanofibers, is collected in the form of nanofiber
mat on the metallic cylindrical collector. The important
parameters involved in fabrication process through
centrifuge spinning include: spinneret angular velocity and
orifice radius, polymer viscoelasticity (which includes
viscosity and relaxation time of the material), surface
tension, evaporation rate (for solvent in solution) and
temperature (melting and solidification), and distance of
spinneret orifice to collector.

For the centrifuge spinning method, large deformations
are experienced in a short period of time, in which case
non-linear models must be used to simulate the jet
dynamic.

In this study, firstly the centrifuge spinning is developed
to be isolated from air ambient. Secondly, we have
introduced three-dimensional equations of the curved jet
through air-sealed centrifuge spinning. Also, the equations
are solved by finite difference method. Finally, the effect
of angular velocity is theoretically investigated and
discussed. Also, a comparison is drawn between theoretical
predictions and previously reported experimental data.

A. Air-sealed centrifuge spinning

As Fig. 1 shows, the air-sealed centrifuge spinning setup
consists of a rotating drive shaft (A), an insulated plate (B),
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a rotating cylindrical receptacle (C), a metallic cylindrical
collector (D), and a transparent door (E). The rotating
cylindrical receptacle holds a syringe containing polymer
solution with a needle attached to the syringe. Polymer
solution is ejected from the needle tip. The receptacle and
the collector are firmly affixed to the drive shaft by the
plate. The movable transparent door is used to prevent air
from entering and exiting.

Spinning Head

Fig. 1. Schematic of air-sealed éentrifuge stunning system, (A) rotating
drive shaft (B) insulated plate (C) rotating cylindrical receptacle (D)
rotating metallic cylindrical collector (E) transparent door.

The collection of the receptacle, the nozzle, the
collector, the insulated plate, and the transparent door is
called spinning head. As the spinning head accelerates, a
pendant drop originates from the orifice due to the
centrifugal forces experienced on the fluid within the
nozzle. The centrifugal force directs the liauid jet toward
the collector and stretches the jet to become very fine. The
traveling jet is solidified through solvent evaporation and
the solidified jet, turning into the nanofiber, is collected in
the form of nanofiber mat on the metallic cylindrical
collector.

II. MODELING PROCEDURE

A. Governing equations

Air-sealed centrifuge spinning process contains 3D
Navier-Stokes and continuity equations for a curved liquid
jet in the inviscid and viscous cases, namely.

Vi=0 M
and

i—:+(a.\7)a=
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The components of the Navier-Stokes equations include
the local acceleration, the convective acceleration, the
acceleration due to pressure, Coriolis acceleration, and
centrifugal acceleration, in order from left to right.

The radius of the nozzle which situated on the curved
face of a cyiindrical drum of radius sy, is described by a.
Cylindrical drum is rotating on its axis at a constant rate of
Q. The coordinate system used was an extension to
cylindrical polar coordinates, (s, n, @), where s is the arc-

length along the jet and (n, @) is polar coordinate in any
cross section of the jet. The radius of the fiber is described
by R. This system was established and shown in more
detail by Wallwork et al. [43,44].

B. Non-dimensionalization of governing equations
The governing equations are converted to dimensionless
form using the following characteristic scales and
dimensionless groups
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Using these dimensionless groups into the continuity
and Navier-Stokes equations regarding to curvilinear
coordinate gives the following dimensionless governing
equations (overbars are dropped).
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Where u is the velocity of the jet, p is the pressure, p is
the density, @ is the angular velocity, r is the position
vector in the rotating frame, y is the viscosity, and t is the
time.

C. Asymptotic analysis

These equations are difficult in general to be solved, but
the slenderness of the fluid geometry enables the
simplification of the full three-dimensional mathematical
model by means of asymptotic analysis. The variables are
expanded as follows:
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D. Steady state solutions
One-dimensional equations were derived by assumption

that the flow is uniaxial and the center-line of the jet is
steady at the leading order and it does not depend on time.
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It can be observed from Eq. 11 that R3u, is constant
and, by using Ro(0) = L and ug (0 ) = 1, we have R3u, =
1, therefore Ry can be replaced by 1/
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E. Boundary conditions

The boundary conditions at the
X(0)=Z(0)=Z,(0)=0,uo(0)=X(0)=1.

nozzle are

F. Numerical solution of the problem

The final problem consists of three unknown variables
namely X;, Z and g in fact and the values of X and Z are
obtained by trapezoidal-rule integration. In order to solve
the problem, a good initial guess must be provided for each
solution step. The first initial guess required to get started
was taken as a straight cylinder of constant radius, without
rotation. The nonlinear equations (Eqs. 13, 14 and 15) are
solved at each step using Newton’s method. The
previously calculated solution was used to provide initial
guess for the next step.
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Fig. 2. Upper: Jet trajectory, Center: Jet radius versus arc length, Bottom:
Tangential velocity versus arc length with varying Rossby numbers,
We=100, Re=4.
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III. RESULTS AND DISCUSSION

A. Simulation results

In provided model, there are three non-dimensional
numbers, the Weber (We), Rossby (Rb), and Reynolds

(Re) numbers; defined  as: Re =-P—I—J3, Rb %
0

>

2
We = %, where u is the velocity of the jet, p is the

density, Q is the angular velocity, p is the viscosity, v is
the surface tension, s, is radius of cylindrical drum, and a
is the nozzle radius.

The influence of the Rossby number on jet trajectory, jet
diameter, and tangential velocity of the jet is shown in Fig.
2. Increasing the angular velocity decreases Rossby
number. The trajectory plot shows that with decreasing
Rossby number while keeping We and Re constant at 100
and 4, respectively, the jet path becomes more tightly
coiled, getting closer to the center of rotation. It can be
seen from middle plot of Fig. 2 that as the Rossby number
increases, the fiber radius increases. Decreasing Rossby
number (increasing angular velocity) results in increasing
fiber fineness. In fact, the centrifugal force is increased
significantly by increasing the angular velocity. The
centrifugal force accelerates and stretches the jet. Thus, the
higher the centrifugal force, the greater the extension of
polymeric jet, which results in thinner fiber diameters.
Increasing the Rossby number also reduces the tangential
velocity of the jet which translates to a lower production
rate.
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B. Experimental validation

It has been found from our previous work [42] that the
average diameter and standard deviation of nanofibers
tended to decrease drastically with increasing the rotation
speed from 1440 to 5040 rpm as shown in Fig. 3. In fact,
the centrifugal force is increased significantly by
increasing the speed of rotation (see Table I). As
previously indicated, the centrifugal force accelerates and
stretches the liquid jet. Thus, the higher the centrifugal
force, the greater the extension of polymeric jet, which
results in thinner fiber diameters. In addition, as the
rotation speed is increased, there is a corresponding
increase in the flow rate as indicated in Table I. Therefore,
higher flow rate leads to increase in production rate.

TABLEI
THE RELATIONSHIP BETWEEN ROTATION SPEED, FLOW RATE AND
CENTRIFUGAL FORCE [42]
Speed (rpm) Centrifugal Force Flow rate (ml/h)
1440 980 0.0803
2160 2205 0.2862
2880 3921 0.5724
3600 6126 0.7111
4320 8822 0.8598
5040 12008 1.1346

Fran=PW’r, P=0.863 glcm’, W=2TT* rpm /60(rad/sec), r =0.05 m
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Further increase of the rotation speed from 3600 rpm up
to 5040 rpm did not lead to any significant difference in
nanofibers diameter. There is a possible reason for this
observation, i.e. spinning distance is a parameter which
limits more extension of the jet. This parameter is constant
through current work. A longer distance is needed by
increasing the flow rate to obtain finer nanofibers. These
findings confirm the simulation results.

IV. CoNCLUSION

In order to simulate the jet dynamic, the Navier—Stokes
equations were solved through centrifugal spinning system
with the usual viscous free-surface boundary conditions,
using an asymptotic method based upon a slender-jet
assumption. The influence of the Rossby number showed
that decreasing the Rossby number which can be translated
to an increase in angular velocity, reduced the overall size
of the fiber radius, contracted the trajectory, and increased
the tangential velocity.

Therefore, the diameters of fibers could be manipulated
by adjusting the angular velocity of the spinning head.
Also, increasing the rotational speed results in an
increasing in production rate of nanofibers. Finally, the
experimental results were compared to numerical solutions

of the Navier-Stokes equations. Some qualitative
agreement was observed.
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