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ABSTRACT: The air-flow field in melt blowing plays a key
role in fiber drawing and nonwoven web performance. A
multiobjective optimization using genetic algorithms was pro-
posed to obtain optimum air-flow field with the lowest veloc-
ity decay and temperature decay of the air-flow field of a
melt-blowing slot die. Four main geometry parameters,
including slot width, head width, slot angle, and setback,

were studied. The optimal results were achieved in the 50th
generation with 20 individuals of each generation. The results
also show that a smaller slot angle and larger slot width
resulted in a lower air velocity decay and temperature decay.
© 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 122: 3520-3527, 2011
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INTRODUCTION

Melt blowing is a single-step process to produce
microfibers. A polymer melt is extruded from the
die into two jets of hot air, which rapidly attenuate
the molten polymer into microfibers. The fibers are
collected as nonwoven webs directly. Nonwoven
fibers find applications in an increasing number of
fields, such as filtration, absorbency, hygiene, and
apparel. Many significant efforts have been made to
better understand the technology and to improve the
equipment by researchers and engineers around the
world.

The air-flow field plays a key role in the fiber for-
mation process of melt blowing. Several researchers
have studied air-flow fields by experimental meth-
ods and numerical simulations. Researchers'™ have
measured the velocity and temperature fields during
single-hole melt blowing using a Pitot tube and a
thermocouple. Bresee and Ko® presented experimen-
tal measurements to provide air velocity and tem-
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perature information for a commercial melt-blowing
machine. In recent years, numerical simulation have
been developed to study the air-flow fields of melt-
blowing dies. Krutka and Shambaugh” studied the
air-flow field of the slot die by numerical simulation,
and they obtained considerable agreement between
the simulation results and the experimental data.
Unfortunately, the air velocities that they used (the
greatest was 34.6 m/s) during simulation were much
smaller than those in commercial melt-blowing proc-
esses, which are usually over 250 m/s. Moreover, the
air in their simulation was considered as incompressi-
ble, which is not suitable under the conditions of a
mach number greater than 0.3. Moore and Sham-
baugh® considered compressibility of the air in their
simulation; however, the simulation was under iso-
thermal conditions, and the temperature decay of the
air was not considered. Krutka et al.”'® used numeri-
cal simulation to analyze the velocity and temperature
fields of six die geometries from multiple jets in a
Schwarz melt-blowing die. They found that the veloc-
ity and temperature decay were affected by the die
geometry significantly. Recently, we'' simulated the
air velocity and temperature fields of a melt-blowing
slot die and analyzed the effects of the slot angle, slot
width, and nose piece on the air-flow field.

Unlike conventional melt spinning, the air jet used
in the melt-blowing process not only provides a sub-
stantial forwarding force but also has a function of
preventing polymer solidification. As the polymer
exits the melt-blowing die, the velocity of the air
causes momentum transfer to the fiber, which
results in rapid attenuation of the polymer. Concur-
rently, the high temperature of the air keeps the



AIR-FLOW FIELD OF MELT-BLOWING SLOT DIE

Air streams

Figure 1 3D model of the slot die.

polymer at a high temperature, which aids attenua-
tion by keeping the polymer viscosity low. The air
velocity and air temperature are two key factors that
affect the air-flow field of a melt-blowing die. In this
study, we focus on the optimization of the geometry
parameters of a melt-blowing slot die to obtain the
air-flow field with optimum performance. We used
a combination of numerical simulation and a genetic
algorithm (GA) method to accomplish the optimiza-
tion. The air velocity and temperature fields were
simulated numerically; then, a multiobjective optimi-
zation was carried out with GA on the basis of the
simulated results.

NUMERICAL SIMULATION AND
EXPERIMENTAL VERIFICATION

Numerical simulation

There are different die geometries that are used to
produce melt-blown fibers, and the slot die is one of
the most commonly used dies. Figure 1 shows the
three-dimensional (3D) model of a slot die. The cal-
culation domain of the air-flow field was developed
on the basis of the experiments, which is discussed
later. Figure 2(a,b) shows the configuration parame-
ters, the computational domain, and the boundary
conditions. The computational domain below the die
was 100 x 15 x 6 mm®. The computational domain
occupied a quarter of the total air-flow field, which
was symmetric about the symmetry plane. With the
help of boundary conditions of symmetry, we saved
much calculation time.
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In this research, we obtained the air-flow field by
solving the Navier-Stokes equations through the
commercial software FLUENT 6.3 (ANSYS, Canons-
burg, PA):

div(pu) =0 1)
dp 0 0 17}
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Equations (1)-(3) express the mass conservation,
momentum conservation, and energy conservation
of an air jet, where div is the operator of divergence,
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Figure 2 (a,b) Computational domain and boundary con-
ditions. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Journal of Applied Polymer Science DOI 10.1002/app



3522

Hot Air
-y

\

—>Die

Air Heater|

Pressure i i
3D Traversing Unit

Air Jet

Figure 3 Experimental setup. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.
com.]

p is the air density, p is the air pressure, u, v, and w
are the resolution of air velocity (u) in the x, y, and z
directions, t is the stress caused by the viscosity of
air, F is gravity, T is air temperature, ¢, is heat
capacity, k is the convective heat-transfer coefficient,
and St is a term of viscous dissipation.

To simulate the nonisothermal air-flow field, the
air was modeled as an ideal gas with Sutherland vis-
cosity. We used Eq. (4) to describe the relationship
of p, temperature, and pressure:

P = pRT 4)
where R is the molar gas constant, 287 J kg ' k™.

The viscosity of an ideal gas is expressed by
Sutherland’s model, shown by Eq. (5):

_ To+C [T\
w=no e (1) ®

where p is the dynamic viscosity at temperature T,
Lo is the reference viscosity at the reference tempera-
ture (Tp), and C is Sutherland’s constant for the gase-
ous material.

The inlet of the calculation domain was defined as
a pressure inlet with an absolute pressure of 1.3
atm. The total temperature at 403.15 K. Under the
pressure inlet boundary conditions, the air jet was
considered to be compressible. The outlets of the
computational domain were defined as pressure out-
lets with atmospheric conditions. The boundary con-
dition of symmetry was used at the center plane of
the flow field. All other boundaries were assigned
the default setting of being a nonslip wall. The k—¢
turbulence model was adopted, and the turbulence
parameters C; and C, were set as 1.24 and 2.05, as
recommended by Krutka and Shambaugh.” The inlet
and outlet boundary parameters were also based on
their study and were set as follows: the turbulence
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specifications of the inlet boundary were set with an
intensity of 10% and a hydraulic diameter equal to
the slot width; at the pressure outlets, the turbulence
intensity was 10%, and the length scale was 10 mm.
It took about 40 h to complete the simulation on
Dawning high-performance computer clusters with
32 quad-core 2.0-GHz Intel processors.

Experimental verification

The experiments were carried out with the single-
hole melt-blowing device shown in Figure 3. The
melt-blowing die had the configuration shown in
Figure 2(a,b). Considering the losses of air pressure
and temperature during transport in the pipe, air
with a pressure of 0.2 MPa and a temperature of
533.15 K was compressed into the slots.

Air velocity and temperature below the die were
measured online with a hot-wire anemometer (Dantec
StreamLine CTA90C10 and Dantec StreamLine CTA
90C20, Dantec Dynamics, Skovlunde, Denmark). The
anemometer probe was a metal fiber with a 5-um di-
ameter and a 1.2-mm length suspended between two
needle-shaped prongs. The fine dimensions of the
hot-wire anemometer minimized disturbance to the
air flow. The hot-wire anemometer was positioned
with a 3D traversing system, which permitted x, vy,
and z motions in 0.01-mm increments.

The coordinate system selected for the experi-
ments is shown on Figure 3. The origin of the sys-
tem is at the center of the die face. The x direction is
along the major axis of the nosepiece and slots, the y
direction is traverse to the major axis of the nose-
piece and slots, and the z direction is directed verti-
cally downward.

Figures 4-6 present the simulation results and the
experimental data at different positions. Figure 4(a)
shows the comparison of the centerline velocity pre-
dicted by computational fluid dynamics (CFD) with
the measured centerline velocity, and Figure 4(b)
shows the comparison of the predicted centerline
temperature with the measured centerline tempera-
ture. Figure 4 indicates that the results of CFD and
experiments showed considerable accord. It can be
seen that the air velocity decreased rapidly near the
die and gradually reached a plateau; this indicated
that the velocity decay mainly occurred near the die.
The temperature profile indicated that the tempera-
ture decay continued to occur with increasing dis-
tance from the die, and the decay also gradually
became mild. Figure 4(b) shows that the measured
and simulated temperatures below the die face at 1.5
cm were around 80°C. It is indicated that the air
temperature had a severe decay from 0 to 1.5 cm.
During the temperature measurement, because of
the high velocity of the air jet, the probe of the hot-
wire anemometer was easily broken when it was
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Figure 4 (a) Comparison of centerline velocity as pre-
dicted by CFD with measured centerline velocity (x = 0, y
= 0). (b) Comparison of centerline temperature as pre-
dicted by CFD with measured centerline temperature (x =
0, y = 0). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

close the die. Therefore, Figure 4(b) only shows the
temperature distribution in the region from 1.5 to 10
cm. Figure 5(a,b) shows the development of velocity
and the temperature profiles along the y direction at
two z levels. All of the profiles in Figure 5 exhibit a
single hump. As z increased from 4 to 10 cm, the ve-
locity and temperature maximums decreased, and
the profiles lost their sharp look. Figure 6(a,b) shows
the velocity and temperature profiles at different x
positions. Because the slot length was 6 mm [Fig.
2(a)], the position of x = 3 mm represented the edge
of the slot, and the position of x = 6 was out of the
slot. The profile at x = 3 mm was very similar with
the profile at x = 0, whereas the profile of x = 6 mm
had a comparable difference with the others. This
indicated that the characteristics of the velocity and
temperature were almost unchanged with x in the
region within the slot die (-3 < x < 3 mm). There-
fore, to save computational time, we used the results
of two-dimensional (2D) simulation in the y—z plane
to replace the time-consuming 3D simulation for the
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following optimization work. In the 2D simulation,
the computation domain was the y-z symmetry
plane in the 3D model, and the 2D model of the slot
die is shown in Figure 7. Under the same boundary
conditions of the 3D model, the 2D simulation was
calculated. Figure 8(a,b) shows the centerline results
comparison of the 2D and 3D simulations. The
results show that it was reasonable to replace the
simulation of the 3D model with that of the 2D
model in the y—z symmetry plane. In the following
optimization by the 2D model, the pressure inlet
was set with an absolute pressure of 1.4 atm, and
the total temperature was set as 593.15 K. Other
boundary settings were set to be the same as those
in the 3D simulation.

GA SETTINGS AND OPERATION

In the melt-blowing process, the air jet is responsible
for exerting the drag force to attenuate the fiber. A
higher air velocity provides a larger drag force and,
therefore, results in finer fibers. However, in the flow
field, the air temperature also affects fiber attenuation.
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Figure 5 (a) Velocity and (b) temperature along the y
direction at different z positions (x = 0). [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 6 (a) Velocity and (b) temperature along the z
direction at different x positions (y = 0). [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

During the process, as soon as the molten polymer is
extruded from the die, its temperature starts declin-
ing, and the solidification occurs in a position some
centimeters below the die. Therefore, it is generally
desirable to have the air temperature be equal to or
greater than the polymer temperature. Furthermore, it
is usually desirable to maintain a high air temperature
along a long distance from the die. A higher air tem-

Polymer Capillary

Air

Figure 7 2D model of the slot die (i.e., the cross-sectional
view of Fig. 1).
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Figure 8 Flow chart of the optimizing process. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

perature will delay the solidification of the polymer
and, therefore, increase the period of fiber attenuation.
In a word, decreases in the air velocity and tempera-
ture both influence the melt-blowing process. In this
study, we arranged a multiobjective optimization to
obtain optimum air-flow field with the lowest velocity
decay and temperature decay. In other words, we
kept the air velocity and temperature the highest at
the outlet of the calculation domain.

GA is a search technique used to find exact or ap-
proximate solutions to optimization and search prob-
lems. It is categorized by global search heuristics
inspired by evolutionary biology, such as inheritance,
mutation, selection, and crossover. Nowadays, this
technique is in many research fields. For this study,
GA was aimed at finding the parameter values that
maximize velocity and temperature simultaneously.
So it turned out to be a multiobjective optimization
using genetic algorithms (MOGA). The mathematical
model of this problem can be described as follows:

f0) = (o). ~T(0) (o
x € X(feasible region)

Minimize
such that
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TABLE I
Domains of the Slot Die Parameters
Slot width Slot Head Setback
(mm) angle (°) width (mm) (mm)
a; 0.1 10 0.5 0
b; 2 80 5 1.5

where the static temperature (T) and air velocity (v,)
are obtained from numerical simulation. The variant
x is a vector, including four decision variables: slot
width (e), slot angle (o), nose-piece width (f), and
setback (s; shown in Fig. 7). Each of the four param-
eters is set in the domain [a;, b;]. To determine the
optimal values of the parameters in the feasible
region (X), the domain for each parameter was
much larger than that used in former studies.” Ta-
ble I shows the domains of the four parameters.

The vector-evaluated genetic algorithm (VEGA)
method is one of the strategies to solve MOGA. This
method separates the original population into two
subpopulations of equal size and distributes the
optimization of the two objectives on these subpopu-
lations. GA starts with a set of random solutions in
a population; typically, a population is composed of
10-100 individuals."® Huang and Tang'* successfully

pr——

Parent population
gen=gen+1

J

l Randomly sort population

|

Sub-population 1 l Sub-population 2 I

4 A4

Simulations, evaluation, Simulations, evaluation,

assign fitness and select assign fitness and select

%

Combine the sub-populations

y

Crossover, mutation

and reinsert
No J’
<———— | Children

Yes

\

| End |

Figure 9 Values of f(x) versus GA iterations. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 10 Variation of CV for every 10 generations.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

optimized parameters in melt spinning by GA with
a population size of 10. In this study, we set the
population size at 20, and consequently, the subpo-
pulation was 10. Each individual in the population
was a chromosome. A chromosome is a binary string,
including binary representations of all of the param-
eter values. The length of the binary string stands
for the precision of the parameter. Considering the
dimension precision of the slot die, we set the preci-
sion of each parameter at 0.001 mm; this meant that
the length of chromosome was 53 bits. The search
for an optimal solution to the problem was con-
ducted over a space in a binary representation. We
input parameter values of each chromosome to the
simulation procedures to calculate the static temper-
ature (T) and air velocity. The objective function
[f(x)] is used to provide a measure of how individu-
als have performed in the problem domain. Because
the value of f(x) is negative, which is not suitable for
selection, we used a linear scaling function [Eq. (7)]
to calculate the fitness of each individual:

0.16; .
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* ¢ Temperature CV
0.12f ]
o 011 1
=
£ 0.08 1
5
0.06 ]
0.04+ 1
0.02%¢ 1
0686 R _sﬁlli-‘
g - 53889088000008890000000000
0 15 20 25 30 35 40 45 50

Generations

Figure 11 Centerline (a) velocity and (b) temperature of
the best individual. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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TABLE II
Optimal Geometry of the Slot Die
Slot Nose-piece
Slot width (mm) angle (°)  width (mm) Setback (mm)
1.988 11.19 2.0147 1.393
Xi — 1
F(x;j) =2 - MAX+2(MAX - 1) —— (7)
Ning — 1

where MAX is the upper bound of f(x) for each gen-
eration, Ning is the population size, x; is the pheno-
typic value of individual i, and F is the resulting
relative fitness.

The genetic operations include reproduction,
crossover and mutation, and creation of the next
generation. There are several methods for the pro-
cess of reproduction. For this study, stochastic uni-
versal sampling was adopted. It selected a new pop-
ulation with respect to the probability distribution
on the basis of fitness values with minimum spread
and zero bias. Because GA is a method that mimics
the metaphor of nature biological evolution, the
rates of generation gap, crossover, and mutation all
have their limits.'*> Without a loss of generosity, the
generation gap is specified as 0.9, which means the
fractional difference between the new and old popu-
lation sizes is 0.9. The crossover and mutation rates,
which determine the number of chromosomes to
mate and the number of genes to mutate, respec-
tively, are both between 0 and 1. The mutation
occurs with a small probability, typically in the
range 0.001-0.01."° In the crossover operation, sev-
eral pairs of chromosomes are randomly selected,
and it generates the offspring by swapping the genes
from the cut point to the end of the chromosome for
each pair. The mutation operation flips one of the
bits of the chromosome string at a randomly selected
location. For this study, the crossover rate was 0.7,
and the mutation rate was 0.005. The evolution of
the population repeated until the termination condi-
tion was satisfied.

RESULTS AND DISCUSSION

Figure 9 shows the flowchart of the optimizing pro-
cess. The first step in VEGA is to create an initial
parent population consisting of random chromo-
somes in the problem domain, and then, the parent
population is randomly sorted into two subpopula-
tions. These two subpopulations are input into the
simulation procedure to calculate the air velocity
and static temperature for each individual. Accord-
ing to the fitness, the genetic operations can be con-
tinued to produce the offspring. In each generation,
the best individuals are left, whereas the others are
discarded. As a result, the generation will be better

Journal of Applied Polymer Science DOI 10.1002/app
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than the former ones during the iteration. The objec-
tive value may remain stable for numbers of genera-
tions before a superior individual is found. For our
study, a coefficient of variation (CV) of 10 continu-
ous generations was used to terminate the calcula-
tion. The parameters corresponding to the minimum
—T and —v, were then considered as the optimum
values. The commercial software MATLAB 7.0
(MathWorks, Natick, MA) provides a toolbox about
GA for its users, and the VEGA was calculated in a
MATLAB 7.0 environment. The CV was set to be 1.5
x 107°, and finally, 50 generations were carried out
before the procedure was stopped. For 20 individu-
als in each generation, we simulated 1000 air-flow
fields of the slot die. It took about 3 h to calculate a
generation on the Dawning high-performance com-
puter clusters with 32 quad-core 2.0-GHz Intel pro-
cessors. The optimal individual was determined via
a goal programming method, as shown in Eq. (8):

a ¢<10) T_T(O)
00 = 5 + () (®)
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a 300 =
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Figure 12 Centerline velocity and temperature profiles of

the best individuals of generations 1, 10, 20, 30, 40, and 50.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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where v, and T are the ideal optimal values of
the velocity and temperature. In this study, we chose
the largest velocity and temperature along the cen-
terline of all of the air-flow fields that we simulated
as the ideal optimal values; these were 299.5 m/s
and 592.585 K, respectively.

Figure 10 shows the evolution of the minimum
f(x) = (—v,, —T). The convergence was fast initially,
and after 10 generations, the convergence slowed
down and eventually led to the halting of the itera-
tion process after 50 generations. Figure 11 shows
the profile of the CV values. The final value at the
50th generation was 1.32 x 1072, and the optimal ge-
ometry of the slot die is shown in Table II. The opti-
mal geometry had a maximum velocity of 109.5 m/
s, with a temperature of 395.3°C. The optimal geom-
etry also showed that the smaller slot angle and
larger slot width resulted in the higher velocity and
temperature.

Figure 12 gives the centerline velocity and temper-
ature profiles of the best individuals of generations
1, 10, 20, 30, 40, and 50. We can see that the best
individual of generation 50 had the lowest velocity
decay and temperature decay. The simulation results
of the air-flow field showed that the temperature of
the air jet decreased as soon as it ejected from the
die, whereas the velocity increased to its maximum
and then decreased.

CONCLUSIONS

This article studied the air-flow field of the melt-
blowing slot die by CFD and experiments, and the
predicted and experimental results showed consider-
able accord. The results also show that within the
slot region, a 2D simulation could replace the time-
consuming 3D simulation. To optimize the air-flow
field of the slot die, a systematic approach, which
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combined the application of numerical simulation
and MOGA, was proposed. The geometry parame-
ters, including slot width, slot angle, nose-piece
width, and setback, were studied with the MOGA
method. During the MOGA optimizing process, the
CV was used as the terminal condition from the
time-saving view. It proved that the systematic
approach combining the application of numerical
simulation and GA was an effective way to optimize
the geometry of the melt-blowing slot die. The
results show that a smaller slot angle and larger slot
width resulted in lower velocity decay and tempera-
ture decay of the air-flow field.
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