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ABSTRACT: Melt blowing involves applying a jet of hot
air to an extruding polymer melt and drawing the polymer
stream into microfibers. This study deals with the dynamic
modeling of the instabilities and related processes during
melt blowing. A bead-viscoelastic element model for fiber
formation simulation in the melt blowing process was pro-
posed. Mixed Euler-Lagrange approach was adopted to
derive the governing equations for modeling the fiber
motion as it is being formed below a melt-blowing die. The

three-dimensional paths of the fiber whipping in the melt
blowing process were calculated. Predicted parameters
include fiber diameter, fiber temperature, fiber stress, fiber
velocity, and the amplitude of fiber whipping. The mathe-
matical model provides a clear understanding on the mech-
anism of the formation of microfibers during melt blowing.
VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 119: 2112–2123, 2011
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INTRODUCTION

One of the most significant developments in recent
years has been the technology to extrude extremely
fine fibers while maintaining all the characteristics
expected by textile manufacturers and consumers.
Electrospinning, melt blowing, and melt spinning
are the most commonly used processes to produce
microfibers. Electrospinning can make fibers with
the diameters in the range of 100 nm and even less;
while the fibers produced via conventional melt
spinning are usually not smaller than 10 lm. Melt
blowing is a rapid, single-step process used to pro-
duce fibers with diameters exceeding 1–2 lm. It is
finding applications in an increasing number of
fields, such as filtration, absorbency, hygiene, and
apparel. Multiorifice commercial melt blowing lines
have the advantage of much lower cost than the
multiorifice commercial electrospinning production
lines. If melt blowing technology could be extended
to nano-scale fiber sizes, it would penetrate new

markets and enhance current product offerings.
Therefore, a major focus of melt blowing research
should be to extend the technology to nanofibers. To
reach this goal, a fundamental understanding of the
melt blowing process is important.
In melt blowing, fibers are produced by extruding

a polymer melt through the spinneret and drawing
down the extrudate with a jet of high-velocity hot
air. Figure 1 shows the schematic of diagram of melt
blowing. During melt blowing, the fiber undergoes
bending instability, which is called whipping in elec-
trospinning. This bending instability is attributed to
the high velocity of the air. In this study, bending
instability (or fiber vibration) in the melt blowing
process is also called whipping, which was previ-
ously adopted by Ellison et al.1 in their research on
melt-blown nanofibers. The features of fast, chaotic
and complicated make it difficult to study the melt
blowing process theoretically as well as experimen-
tally. Shambaugh and coworkers did a series work
on understanding the melt blowing process. Uytten-
daele and Shambaugh,2 Rao and Shambaugh,3 and
Marla and Shambaugh,4 respectively developed 1,
2, and 3D models to predict the fiber motion in
melt blowing. The 2 and 3D models took into
account the fiber vibrations. As to their experimental
work, Shambaugh and coworkers3,5–9 reported ex-
perimental measurements of fiber motion and fiber
diameter using a single-orifice melt-blowing die. For
example, Wu and Shambaugh5 used laser Doppler
velocimetry to measure the cone diameters of fiber
vibrations. Rao and Shambaugh,3 and Chhabra and
Shambaugh6 measured the fiber vibration with
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multiple-image flash photography. Recently, Beard
et al.10 used a high-speed camera (150,000 frame/s)
to record the motion of a fiber below both a melt-
blowing slot die and a melt-blowing swirl die. The
photograph taken under the operation of a swirl die
recorded a spiral motion of the fiber, which is the
typical shape of the whipping motion in electrospin-
ning.11–13 Besides the researches of Shambaugh and
coworkers, Chen and Huang14 presented a 1D air
drawing model of a polymer in the melt blowing
process. Bresee and coworkers15–17 reported experi-
mental study of the melt blowing process in a com-
mercial 600-orifice line.

Compared to the electrospinning research, much
fewer has been done on the whipping dynamics in
the melt blowing process. The physical mechanism
of the electrospinning process is explained and
described following several researchers.11,12,18–22

And it is shown that the whipping motion (or bend-
ing instability), which is triggered by lateral pertur-
bations, is the key physical element of the electro-
spinning process responsible for enormously strong
stretching and formation of nanofibers. Shambaugh
and coworkers did a series work on modeling and
measuring fiber motion. The model developed by
Shambaugh and coworkers accounts for the effect of
whipping on attenuation. However, for the experi-

mental conditions that they used, these effects (both
measured and predicted effects) were small. Our
work focuses on the whipping motion in the melt
blowing process. Whipping in the electrospinning
process is an electrically driven bending instability;
while in the melt blowing process, it is an aerody-
namic-driven bending instability, which has been
described by Entov and Yarin.23

Modeling/simulation provides a rapid and low-
cost way to understand the melt blowing process.
In their theoretical work, Shambaugh and co-
workers2–4 divided the space below the melt-blow-
ing die into a series of control volumes (CV). Each
CV contains an element of the fiber. The fiber can
be oriented in any direction within each CV. The
external forces acting on a fiber element are the
gravitational force, the aerodynamic force, and the
rheological forces. And they made the assumption
that the fiber did not offer any resistance to bend-
ing. As to the air velocity and temperature fields
used in the simulation, experimentally measured
data were adopted. The simulation results gave the
information of fiber motion, including fiber vibra-
tion in melt blowing.
There are two approaches to describe the fluid

motion, namely the Euler and the Lagrange
approaches. The Euler approach describes the distri-
butions of the variables in flow field at any time,
while the Lagrange approach traces each particle
from a certain time and describes its trajectory. The
fiber motion path, i.e., the trajectory and deforma-
tion of the fiber in air flow field, is important to gain
an insight into the formation of microfibers. In our
previous work,24 we adopted a mixed Euler-
Lagrange approach to simulate the process of staple
fibers into yarn with high-speed air technology. This
approach described the air flow with the Euler
approach, giving the distributions of the variable
including velocity, pressure, and temperature. As to
the fiber, the Lagrange approach was used, describ-
ing the trajectory of the fiber in the air flow. In this
study, we develop a bead-viscoelastic element fiber
model, and then adopt mixed Euler-Lagrange
approach to simulate the three-dimensional fiber
motion, especially the whipping motion in the pro-
cess of melt blowing.

PHYSICAL MODEL AND
GOVERNING EQUATIONS

Mathematical description of a fiber

Fiber is one class of slender particle, which differs
from general particulates in two factors: (a) the as-
pect ratio of the fiber is large; (b) the fiber is flexible.
In modeling, the flexible fiber is defined as: any seg-
ment of the fiber may stretch, bend, or rotate relative

Figure 1 Schematic diagram of melt blowing process.
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to the other segments. Figure 2 shows a fiber exiting
from a spinneret of the melt-blowing die. We repre-
sent the melt-blown fiber by a model of a series of
beads connected by viscoelastic elements. Each bead
is considered to represent the center of mass of an
element. A pair of adjacent beads, i�1 and i, form
the fiber element (i�1, i), and the length of the ele-
ment li�1,i is given by

li�1;i ¼ xi � xi�1ð Þ2 þ yi � yi�1ð Þ2 þ zi � zi�1ð Þ2
h i1=2

(1)

The total number of beads, N, increases over time
as new beads are inserted at the top of Figure 2 to
represent the flow of melt polymer into the fiber.

In our model, the mass of bead i, mi, is contrib-
uted by its adjacent fiber elements (i�1, i) and
(i, iþ 1), thus, mi is described as

mi ¼ 1

2
qf ðAi�1;ili�1;i þ Ai;iþ1li;iþ1Þ (2)

where qf is the fiber (polymer) density, Ai�1,i and
Ai,iþ1 are the fiber cross-sectional areas of fiber ele-
ments (i�1, i) and (i, iþ1), respectively, and are
described as

Ai�1;i ¼ 1

4
pd2i�1;i (3a)

Ai;iþ1 ¼ 1

4
pd2i;iþ1 (3b)

where di�1,i and di,iþ1 are the diameters of fiber ele-
ments (i�1, i) and (i, iþ1), respectively. For the first
bead, bead 1, m1 is contributed by the element (1, 2).

Lagrange equations for fiber motion

The forces acting on bead i are the gravitational force,
the air drag from the external air flow field, the visco-
elastic force from the neighboring fiber elements, and
the surface tension force tending to restore the recti-
linear shape of the bending part of the fiber.
As is the case for the mass of bead i, the air drag for

bead i is contributed by fiber elements (i�1, i) and (i,
iþ1). The air drag on bead i may be calculated by

Fdi ¼ 1

2
ðFidi�1;i þ Fidi;iþ1Þ (4)

where Fdi is the air drag force on bead i, Fidi�1;i is the
drag on bead i contributed by fiber element (i�1, i),
and Fidi;iþ1 is the drag on bead i contributed by (i, iþ1).
For the element (i�1, i), the air drag can be writ-

ten as

Fidi�1;i ¼ Fifi�1;i þ FiPi�1;i (5)

where Fifi�1;i is the skin friction drag on element
(i�1, i) for bead i, and FiPi�1;i is the pressure drag on
element (i�1, i) for bead i.
To calculate the drag force on the fiber element,

the local relative velocity between the air and the
fiber is resolved into two components: axial and nor-
mal to the direction of the fiber element. Thus, the
friction drag and the pressure drag can be expressed
as

Fifi�1;i ¼
1

2
Cfqav

2
rtipdi�1;ili�1;i (6)

and

FiPi�1;i ¼
1

2
CPqav

2
midi�1;ili�1;i (7)

where qa is the air density. vrti and vrni are relative
velocities in axial and normal to the direction of the
fiber element, respectively, at bead i.
In eqs. (6) and (7), Cf and CP are the friction drag

coefficient and the pressure drag coefficient. Cf is
recommended to be a function of Reynolds number
Rel. Matsui25 developed a form of a turbulent
boundary layer a theoretical relation as

Cf ¼ bðRedtÞ�n (8)

in this relation for Cf there is no dependence on Rel.
Matsui attributed this independence to random

Figure 2 Schematic of a bead-viscoelastic element fiber
model. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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vibrations of the filament in melt spinning which
cause there to be a constant average boundary layer
thickness along the filament. Majumdar and Sham-
baugh26 determined that b ¼ 0.78 and n ¼ 0.61 for
melt blowing conditions. We adopt this relation and
the values for our system. And Redt is defined as

Redt ¼ qavrtidi�1;i

la
(9)

in which la is the air dynamic viscosity. CP is given
from a plot of the pressure drag coefficient versus
the Reynolds number Redn for a cylinder placed with
its axis perpendicular to the direction of motion.27

Redn is defined as

Redn ¼ qavmidi�1;i

la
(10)

To calculate vrti and vrni, we adopt Marla and Sham-
baugh’s method,4 and the following eqs. (11)–(14)
are derived from equations in the literature.4 Con-
sidering a fiber element (i�1, i) as shown in Figure 3,
a unit vector ft that is parallel to the fiber axis is

ft ¼ sinðuÞ cosðaÞ þ iþ sinðuÞ sinðaÞ þ jþ cosðuÞk
(11)

where the angle u is the angle between the fiber axis
and the z axis. The projection of the fiber element
upon the x-y plane makes an angle a with the x axis.
i, j, and k are unit vectors in the xyz coordinate
system.

To determine fn, the unit vector normal to the
fiber element, we need first to define the plane in
which fn lies. The relative velocity at bead i is

vri ¼ ðvaix � vfixÞiþ ðvaiy � vfiyÞ þ jðvaiz � vfizÞk (12)

where vai and vfi are air and fiber velocities at bead
i, respectively. Let us define

u ¼ vri � ft (13)

Then

fn ¼ ft � u

jjft � ujj (14)

The axial and normal components of the relative
velocity with respect to the fiber element direction
are then

vrti ¼ ðvri � ftÞ � ft (15)

vmi ¼ ðvri � fnÞ � fn (16)

Therefore, the friction drag Fifi�1;i and the pressure
drag FiPi�1;i can be calculated from eqs. (6) and (7).
And the total drag for the element (i�1, i), Fidi�1;i is
calculated from eq. (5).
The melt-blown fiber is modeled as a series of

beads connected by viscoelastic elements. We use
Maxwell model to describe rheological behavior of
the polymer. The tensile stress acting along the fiber
element (i�1, i), ri�1,i, is given by

dri�1;i

dt
¼ G

1

li�1;i

dli�1;i

dt
� G

l
ri�1;i (17)

where t is time, G and l are the elastic modulus and
viscosity of the polymer, respectively.
The net viscoelastic force acting on bead i, Fvei, is

Fvei ¼
pd2i;iþ1

4
ri;iþ1

xiþ1 � xi
li;iþ1

iþ yiþ1 � yi
li;iþ1

jþ ziþ1 � zi
li;iþ1

k

� �

� pd2i�1;i

4
ri�1;i

xi � xi�1

li�1;i
iþ yi � yi�1

li�1;i
jþ zi � zi�1

li�1;i
k

� �

(18)

where ri ¼ ixi þ jyi þ kzi is the position of bead i in
the xyz coordinate system.
Consider a fiber part (i�1, i, iþ1), the equilibrium

shape of the fiber part is rectilinear. When the fiber
part is bent, there is a surface tension force acting on
bead i, and tending to restore the rectilinear shape
of the bending part of the fiber. The surface tension
force on bead i is calculated by the fiber elements
(i�1, i) and (i, iþ1), and given by

Fbi ¼
gp di�1;iþdi;iþ1

2

� �2
ki

4ðx2i þ y2i Þ1=2
½ixi þ jyi� (19)

Figure 3 Orientation of a fiber element in the xyz coordi-
nate system.
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where g is the surface tension coefficient, ki is the
fiber part curvature. ki is written as

ki ¼ jr0i � r00i j (20)

In the computer model, ri’ and ri
00 can be written

as

r0i ¼
riþ1 � ri�1

li�1;i þ li;iþ1
(21)

and

r00i ¼
riþ1 � 2ri þ ri�1

li�1;ili;iþ1
(22)

As vectors ri
0 and ri

00 are perpendicular to each
other, ki can be written as

ki ¼ jr0ij � jr00i j (23)

Therefore, we obtain the equation governing the
motion of bead i in the following form

mi
d2ri
dt2

Fdi þ Fvei þ Fbi þmig (24)

where Fdi, Fvei, and Fbi are described in eqs. (4), (18),
and (19). mig is the gravity of bead i.

In our model, the heat transfer within the fiber is
neglected. The energy equation is described as:

miCi
dTi

dt
¼ �hp

di�1;i þ di;iþ1

2

li�1;i þ li;iþ1

2
ðTi � TaiÞ (25)

where Ci is the polymer heat capacity, Ti is the tem-
perature of fiber bead i, Tai is the air temperature at
bead i, and h is the convective heat transfer
coefficient.

Perturbation of the rectilinear fiber segment

Perturbations of the lateral position and lateral ve-
locity of the fiber lead to the development of the
bending instability, and become the observed whip-
ping motion. To model the 3D whipping motion, an
initial perturbation should be added. In our model,
the initial perturbation is added by inserting small
displacements in x and y coordinates of bead i

xi ¼ a sinðxtÞ (26a)

yi ¼ a cosðxtÞ (26b)

here a is the initial perturbation amplitude, and x is
the initial perturbation frequency.

Euler equations for air flow

In this research, the airflow field is obtained by solv-
ing the Navier-Stokes equations in Euler scheme
through the commercial software FLUENT 6.2.

@qa
@t

þ divðqaVaÞ ¼ 0 (27a)

qa
DVa

Dt
¼ qaFa þ divðsÞ (27b)

@ðqaTaÞ
@t

þ divðqaVaTaÞ ¼ div
h

Ca
gradTa

� �
þ ST (27c)

Equations (27a)–(27c) express the mass conserva-
tion, momentum conservation and energy conserva-
tion of the airflow, where s is the stress caused by
viscosity of air, Fa is the body force, Ca is the air
heat capacity, and ST is the vicious dissipation term.

SOLUTION PROCEDURE

According to the mathematical model described ear-
lier, the time evolution of the fiber motion is deter-
mined by the following procedure:

1. The air velocity and temperature fields are cal-
culated, using Fluent 6.2 software.

2. At t ¼ 0, the fiber includes two beads, bead 1
and bead 2. The distance between bead 2 and
the spinneret exit, as well as the distance
between bead 1 and bead 2, l1,2, are set to be a
small distance, say L0 ¼ 0.5 mm. The stresses
ri�1,i and ri,iþ1 are set to be zero. The initial
velocity of bead i, dri/dt, is determined by the
polymer flow rate Q. The initial temperature Ti

is set to be the temperature in commercial pro-
duction, say 310�C. Air velocity and tempera-
ture at the position of bead i, are read.

3. For a given time t, eqs. (24) and (25) are solved
after solving their correlate eqs. (4), (18), and
(19). All the variables related to bead i, includ-
ing the stresses ri�1,i and ri,iþ1, the position ri,
the temperature Ti, the length of the fiber ele-
ments li�1,i, and the diameter of the fiber ele-
ment di�1,i, are obtained simultaneously. The
velocity of bead i, vfi, is obtained for the next
step.

4. With the obtained values of the above varia-
bles, the new values of all the variables at time
tþDt are calculated numerically.

5. The last bead pulled out of the spinneret is
bead i ¼ N. When the distance between this
bead and the spinneret becomes long enough,
say 2L0, a new bead i ¼ Nþ1 is inserted at the
initial distance, L0, from the spinneret exit. At
the same time, the perturbation eqs. (26a) and
(26b) are added.
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6. With iterations including the above procedure
from the second to the third steps, we can fol-
low the positions of all beads and obtain the
path of the fiber motion in evolutionary time.

In our model, the Lagrange approach determines
the stop-point as the point at which the air velocity
and the fiber velocity become equal.

RESULTS AND DISCUSSION

In the modeling work of Shambaugh and coworkers,2–4

they used experimentally measured air velocity and
temperature of a single-orifice melt-blowing annular
die as inputs to the model. In our study, two cases
were conducted. To verify the model developed in this
work, we first applied our model to the annular die
with 110 m/s air velocity that Shambaugh and co-
workers studied. The simulation results were com-
pared with Shambaugh and coworkers’ predictions
and experimental results. Then, the approach devel-
oped in this work was applied to a melt-blowing slot

die with the air velocity used in commercial produc-
tion. These two cases are referred to as the ‘‘low air ve-
locity annular die’’ and ‘‘high air velocity slot die.’’

Figure 4 The time evolution of a whipping development for the simulation at low air velocity annular die. (a) t ¼ 0.255 s,
(b) 0.265 s, (c) 0.275 s, and (d) 0.295 s. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 5 The fiber diameter profile for the simulation at
low air velocity annular die. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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Low air velocity annular die

We begin with the calculation of the trajectory of the
fiber motion. Figure 4(a–d) illustrate the develop-
ment of a typical fiber path. The small perturbation,
eqs. (26), develops into a whipping motion. The para-
meters used in the calculation include polymer
properties, air properties, and processing parame-
ters. The polymer property parameters are as fol-
lows: elastic modulus G ¼ 2.8 � 104 Pa, surface
tension coefficient g ¼ 0.7 kg/s2, initial viscosity l
¼ 38.3787 Pa�s, initial density qf ¼ 598.28 kg/m3,
and initial heat capacity Ci ¼ 1777.8 J/kg�K; The air
parameters used are: air density qa ¼ 1.293 kg/m3,
air dynamic viscosity la ¼ 0.297 � 10�4 Pa�s, and con-
vective heat transfer coefficient h ¼ 0.026 W/m2�K; The

initial processing parameters are set as follows: initial
fiber diameter is 0.949 � 10�3 m (949 lm), initial length
L0 ¼ 0.2 � 10�3 m, initial air temperature is 385�C, ini-
tial polymer temperature is 310�C, initial fiber velocity
is 0.06 m/s, polymer flow rate Q ¼ 1.6 g/min, initial
perturbation amplitude a ¼ 10�3L0, and initial pertur-
bation frequency x ¼ 104 s�1.
Figure 5 shows the predicted fiber diameter as a

function of distance from the spinneret for our simu-
lation. Also shown are the Uyttendaele’s2 experi-
mental data for comparison. For an initial diameter
of 949 lm, we predict the final fiber diameter is
54.135 lm at t ¼ 0.3036 s. Marla and Shambaugh4

predicted a final fiber diameter of 40.5 lm. As can
be seen, the simulation results show the trends
which remain in agreement with experimental data
and Marla and Shambaugh’s simulation results,
though the predicted fiber attenuation is not so
rapid when it is close to the spinneret. The plateau

Figure 6 The fiber velocity profile for the simulation at
low air velocity annular die. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.
com.]

Figure 7 The fiber temperature profile for the simulation
at low air velocity annular die. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 8 The whipping amplitude profile for the simula-
tion at low air velocity annular die. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 9 Basic profile of a melt-blowing slot die.
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around z ¼ 10 cm in the fiber diameter profile corre-
sponds to the plateau in the fiber velocity profile
shown in Figure 6. In this area, the velocity differen-
ces between adjacent beads are small, leading to a
small stretch of the fiber, and subsequently the small
changes in fiber diameter. It is obvious that the fiber
is accelerated by the high-speed air jet so that the
fiber velocity increases steadily. When the distance
far from the spinneret is around 25 cm, the fiber ve-
locity and the air velocity are equal, which indicates
the end of the simulation of the melt blowing
process.

Figure 7 provides the fiber temperature profile.
The values and shape of fiber temperature profile
are almost the same as Marla and Shambaugh’s4

simulation results. Since the air temperature is
higher than the polymer temperature, the fiber tem-
perature increased as it ejected from the spinneret
and contact the hot air. Then the temperature decays
until it reaches the solidification point.

Figure 8 illustrates the whipping amplitude pro-
file. The whipping amplitude is defined as the maxi-
mum lateral displacement at position z and is calcu-
lated as (x2max þ y2max)

1/2. Unlike Shambaugh and
coworkers’ amplitude prediction, we simulate a
rapid increase of the amplitude close to the die.
Then the whipping amplitude decays rapidly. It
should be mentioned that the way for us to add the
initial perturbation is different from that of Sham-
baugh and coworkers. Marla and Shambaugh4

inserted an initial slope of Dx/Dz ¼ 10�5 in the x
direction and a slope of Dy/Dz ¼ 10�5 in the y direc-
tion; While we consider the helical disturbance of
the fiber axis.
In general, our simulation results show fair ac-

cordance with the Shambaugh and coworkers’

Figure 10 Contour of the air velocity field. (a) total velocity magnitude, (b) velocity vector field close to die. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 11 Contour of the air temperature field. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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experimental and modeling work. The air velocities
used in Shambaugh’s work are much smaller than
those in commercial melt blowing production, which
are usually subsonic and supersonic. Nowadays, the
slot die is predominant in the production of melt-
blown fibers because of the ‘‘infinite’’ length of the
slot. In the next case, the proposed mixed Euler-
Lagrange approach is applied to simulate a fiber
motion in a melt-blowing slot die with the air veloc-
ity used in commercial production.

High air velocity slot die

The basic profile of a melt-blowing slot die is shown
in Figure 9. The parameters for the die structure in
this simulation are: slot width e ¼ 1.0 mm, nose pi-
ece width f ¼ 1.5 mm, and slot angle a ¼ 30�. The
Euler approach gives the simulation results of the
airflow field. Figures 10 and 11 respectively display
the contours of the air velocity field and air tempera-
ture field below the slot die. Figure 10(a) shows the

velocity field over large distance from the air slots of
the die. Figure 10(b) shows the velocity vectors, with
velocity arrows, at the position of the window in
Figure 10(a). The air velocity ejecting from the spin-
neret is 280 m/s.
The time evolution of the fiber path is shown in

Figure 12(a–d). The initial parameters used in this
calculation are different from those used in last case.
Here, the initial length L0 ¼ 2 � 10�3 m and initial
fiber velocity is 0.5 m/s. The path also displays a
whipping motion generally similar to that shown in
Figure 4. The fewer beads displayed in the fiber
path than in Figure 4 is attributed to the larger ini-
tial length and the larger stretch in high-velocity air
field.
Figure 13 shows the predicted fiber diameter as a

function of distance from the spinneret. For an initial
diameter of 400 lm, which is usually used in com-
mercial production, we predict the final fiber diame-
ter is 78.63 lm at t ¼ 0.07226 s. As can be seen, the
draw ration is smaller than that in Figure 5, for we

Figure 12 The time evolution of a whipping development for the simulation at high air velocity slot die. (a) t ¼ 0.04 s,
(b) 0.05 s, (c) 0.06 s, and (d) 0.07 s. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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used a bigger flow rate of polymer. The melt-blown
fiber diameters in commercial production are always
under 5 lm. Studies of multiorifice melt blowing
operation at commercial speed by Bresee and co-
workers15–17 have shown that fiber diameter was
reduced to about 15% its original size (from 368 lm
to about 60 lm) after traveling less than 1 cm from
the die. Our simulation shows that fiber diameter
attenuation near the die is not as fast as their obser-
vation. The under-prediction of the draw ratio seems
to be a shortage of our model. In our model, the
draw ratio is mainly determined by the inflow veloc-
ity of the polymer melt and its final velocity. The
effects of polymer properties are not taken into
account, which will be improved in the future. On
the other hand, the larger predicted fiber diameter
may be explained by the different dies used in simu-

lation and in commercial production. We adopted a
single-hole melt blowing die in the simulation; while
commercial melt blowing lines employ a mutiorifice
design composed of a linear bank of holes more
than a meter in length with hole diameters approxi-
mately 200–600 lm spaced at 10–20 holes/cm. Bre-
see and coworkers15–17 observed that fiber contact
and entanglement in a commercial multiorifice die
also play roles in fiber attenuation.
The profiles of fiber stress, fiber velocity, and fiber

temperature are illustrated in Figures 14–16, respec-
tively. The predicted contours of fiber stress and
fiber temperature show considerable accordance
with the published experimental data of Bansal and
Shambaugh.9 Bresee and coworkers15–17 provided
on-line measurements of fiber velocity. They
revealed that mean fiber velocity was very slow at

Figure 13 The fiber diameter profile for the simulation at
high air velocity slot die. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

Figure 14 The fiber stress profile for the simulation at
high air velocity slot die. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

Figure 15 The fiber velocity profile for the simulation at
high air velocity slot die. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

Figure 16 The fiber temperature profile for the simula-
tion at high air velocity slot die. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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the die but fibers quickly accelerated and reached
the maximum velocity of around 60 m/s at about 5
cm from the die. Our simulation results (Fig. 15)
show that fiber acceleration lasts for a longer dis-
tance (15 cm from the spinneret). And we predict a
maximum velocity of 25 m/s.

Figure 17 illustrates the amplitude profile of the
fiber whipping. Unlike the profile predicted in ‘‘low
air velocity annular die,’’ in this case, we predict a
gradually growing whipping as time develops.
Beard et al.10 measured fiber vibration during melt
blowing, and revealed that the amplitude of vibra-
tion increases from around 1 to 2.5 mm. Like the
experiment, our simulation results show that ampli-
tude increases with increasing distance from the die.
However, we predict much smaller amplitude all
over the air drawing axis. It should be mentioned
that this article is the first step for our study on

whipping motion in the melt blowing process. Fur-
ther theoretical and experimental studies will focus
on this subject. In our recent work,28 the effect of
perturbation on whipping motion in electrospinning
was studied using experimental and modeling meth-
ods. In our future work, we will follow with interest
of the perturbation effect on the whipping motion in
the melt blowing process.
Figures 18 and 19 show how air velocity affects

the predicted fiber diameter and whipping ampli-
tude. Flow fields are considered that have initial air
velocities of 110, 200, and 280 m/s. As expected, the
higher velocities cause much more attenuation of the
fibers, and the final diameters are smaller when the
air velocity is high. The experimental work of Beard
et al.10 shows that (a) the amplitude increases as the
distance from the die increases and (b) the ampli-
tude is higher at an higher air velocity (air flow
rate). Our model predicts the same trends that are
exhibited by the experimental data.

CONCLUSIONS

We have proposed a method for modeling the fiber
motion in the melt blowing process. The fiber model
describes the character of large aspect ratio, viscoe-
lasticity and flexibility of the fiber. Therefore, it can
be used to simulate the fiber formation in melt blow-
ing process. Mathematical model is developed using
mixed Euler-Lagrange approach, which treats the air
flow by the Euler approach and predicts the fiber
motion by the Lagrange approach.
The proposed approach is applied to simulate the

fiber motion in melt blowing process. The three-
dimensional paths of fiber motion are calculated.
The fiber path shows a small perturbation develop-
ing into the whipping. The results of predicted fiber

Figure 17 The whipping amplitude profile for the simu-
lation at high air velocity slot die. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 18 Effect of the initial air velocity on the predicted
fiber diameter profile. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.
com.]

Figure 19 Effect of the initial air velocity on the predicted
whipping amplitude profile. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.
com.]
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diameter, fiber temperature, fiber stress, fiber veloc-
ity, and fiber whipping amplitude are compared
with the experimental data in the literature, as well
as Shanbaugh and coworkers’ simulation results.
The results for slow and fast air speed show the
trends which remain in agreement with experimen-
tal observations. Nevertheless, the model underpre-
dicts the fiber attenuation and whipping amplitude.
The mathematical model provides an insight into
the mechanism of the formation of microfibers dur-
ing melt blowing.
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