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ABSTRACT: The air flow field plays a key role in melt
blowing. In this article, an optimal design procedure that
improves the airflow field of melt blowing is proposed. A
parameter, stagnation temperature which is a combination
of static temperature and kinetic temperature, is proposed
to evaluate the air flow field. The stagnation temperature
is obtained via computer simulation, while optimization is
accomplished by genetic algorithm. Four main geometry
parameters of the slot die: slot width, nose piece width,

slot angle, and setback are investigated. The optimal
results were achieved in the 40th generation. The results
also show that the smaller slot angle and larger slot width
can result in the higher stagnation temperature. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 115: 1540-1545, 2010
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INTRODUCTION

Melt blowing is a single step process to produce
microfibers. A fiber-forming polymer is extruded
from the die into two jets of hot air, which rapidly
attenuate the molten polymer into ultra-fine fibers.
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 engi-
neers around the world.

In this work, we focus on predicting the air flow
field because this field plays a key role in fiber for-
mation process of melt blowing. Several researchers
have studied air flow field by experimental method
and numerical simulation. Researchers'™ measured
velocity and temperature fields during single-hole
melt blowing experimentally. Bresee and Ko® pre-
sented experimental measurements to provide air
velocity and temperature information of a 600-hole
die in a commercial-like melt blowing. In recent
years, numerical simulation is being developed to
study air flow field of melt-blowing dies. Krutka
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and Shambough” studied the air flow field of the
slot die by numerical simulation, and they obtained
an agreement of the simulation results and the
experimental data. Unfortunately, the air velocities
they used (the greatest is 34.6 m/s) during simula-
tion were much smaller than those in commercial
melt blowing process, which are usually subsonic or
supersonic. The air in their simulation was consid-
ered as incompressible, which is not suitable under
the condition of a mach number greater than 0.3.
Moore and Shambaugh® considered compressibility
of the air in their simulation; however, the simula-
tion was under isothermal condition. In other words,
the temperature decay of the air was not considered.
To know the inherent physical principles of the air
flow field of the slot die, we’ simulated the air ve-
locity and temperature fields of the slot die and ana-
lyzed the effects of the slot angle, slot width, and
nose piece on the velocity and temperature fields.
Krutka et al.'>'!" used numerical simulation to ana-
lyze the velocity and temperature field from multi-
ple jets in the Schwarz melt-blowing die, which is
with arrays of annular jets.

Unlike conventional melt spinning, the air jet used
in melt blowing process not only provides a substan-
tial forwarding force but also has a function of pre-
venting 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. Concurrently, the
high temperature of the air keeps the polymer at a
high temperature, which aids attenuation by keeping
the polymer viscosity low. The air velocity and air
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Figure 1 2-D model of slot die (cross sectional view).

temperature are two key factors that affect the air
flow field of a melt-blowing die. So in this article we
are trying to optimize the slot parameters in order to
get a high performance airflow field. However, the
optimization of slot die parameters by traditional
search method only is still difficult to achieve even
in the case of numerical simulation. Nowadays, the
progress of Genetic algorithm (GA) has provided
powerful tools for engineering optimization, which
is essentially adapted for finding the optimal solu-
tion of numerical problems. Therefore, an optimal
design method of the die geometry based on the
combination of GA and numerical simulation is
proposed in this article.

NUMERICAL SIMULATION AND GA SETTINGS
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 2-D model of the slot die. There are four major
geometry parameters of the slot die: slot width e,
slot angle o, nose piece width f, and setback s. The
calculation domain of the air flow field was devel-
oped based on the experiments of Harpham and
Shambagh,'” and Tate and Shambaugh.” Figure 2
shows the computational domain and the boundary
conditions. The slot height was fixed to be 5 mm,
and the computational domain below the die head
was 100 mm x 30 mm. The calculation domain was
half of the total air flow field, which is symmetric
about the centerline. With the help of boundary
condition of “symmetry,” the calculation time was
saved much.

In this research, the airflow field was obtained by
solving the Navier-Stokes equations through the
commercial software FLUENT 6.2.
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Equations (1)-(4) expresses the mass conservation,
momentum conservation, and energy conservation
of air jet, where p is the air density, u and v are the
resolution of velocity in x and y directions, I' is the
stress caused by viscosity of air, F is gravity, T is
temperature of air jet, C, is heat capacity, k is con-
vective heat-transfer coefficient, S, is term of vicious
dissipation.

To simulate the nonisothermal air flow filed, the
air was modeled as an ideal gas with Sutherland vis-
cosity. We use eq. (5) to describe relationship of its
density, temperature, and pressure.

P = pRT (5)

where R is molar gas constant.
The viscosity of ideal gas was expressed by
Sutherland’s model, shown by eq. (6)

To+C (T\*?
w=ro e (1) ©

where p is dynamic viscosity at temperature T, 1 is
reference viscosity in at reference temperature T, C
is Sutherland’s constant for the gaseous material in
question.

The inlet of the calculation domain (A — A’) was
defined as a “pressure inlet” with an absolutely
pressure of 1.4 atm, total temperature was 543 K.
Under “pressure inlet” boundary condition, the air
jet was considered to be compressible. The outlets of
the computational domain (B — B’ and O’ — B') were
defined as pressure outlets with atmospheric condi-
tion. The boundary condition of “symmetry” was

5 100 nam

Pressure inlet

Pressure oalets

Sytmselry

Cenlerline

e e e L DS S N SYSMTOEN: Wall
- B

Figure 2 Computational
conditions.

domain and  boundary

Journal of Applied Polymer Science DOI 10.1002/app



1542

used at the centerline (O — B) of the flow field. All
other boundaries were assigned the default setting
of being a nonslip wall. k-&¢ turbulence model was
adopted, and the turbulence parameters C; and Cg
were set as 1.24 and 2.05, as recommended by
Krutka and Shambaugh.” The inlet and outlet
boundary parameters are also based on the study of
Krutka and Shambaugh” who ever did experiments
to verify these parameters. As a result, the turbu-
lence specifications of the inlet boundary were set
with an intensity of 10% and a hydraulic diameter
equal to the slot width. While at the pressure outlets,
turbulence intensity was 10% and the length scale
was 10 mm.

Stagnation temperature

In melt blowing process, the air jet is responsible for
exerting the drag force to attenuate the fiber. Higher
air velocity provides larger drag force and therefore
results in finer fibers. However, in the flow field, air
temperature also affects fiber attenuation. During
the process, as soon as the molten polymer is
extruded from the die, its temperature starts declin-
ing, and began to be solidified in the position of
some centimeters below the die. Therefore, it is gen-
erally desirable to have the air jet temperature equal
to or greater than the polymer temperature. Further-
more, it is usually desirable to maintain a high air
temperature along a long distance from the die.
Higher air temperature will delay the solidification
of the polymer, and therefore increase the period of
fiber attenuation.

To determine the optimal air flow field of the die,
a parameter that combines the air velocity and air
temperature is required. By converting the kinetic
energy of the flow field to internal energy and
adding it to the local static enthalpy we can get
stagnation temperature. Stagnation temperature is
composed of two parts: one is the temperature of
the air (i.e., static temperature), the other is kinetic
temperature. It can be expressed as:

2

v
T"=T+ 2% 7

2 7)

where T* is stagnation temperature, T is static tem-
perature, 2%1 is kinetic temperature, v, is resultant

velocity of air. Stagnation temperature combines the
air velocity and air temperature; therefore, it is the
parameter we are looking for.

Milligan and Haynes'? studied the correlation
about the average fiber diameter and some melt
blowing process parameters including the air stagna-
tion temperature and finally got an empirical equa-
tion for common melt blowing process.
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S = Cl + C2F71.49 B70.65 4)71.12 670.347 i70.92 (8)

All the variables in eq. (8) are dimensionless
where 6 is the diameter radio, B is the polymer
throughout radio, ¢ is the die face width radio, 6 is
the polymer temperature radio, I'" is the mass flux
radio, & is defined as the air stagnation temperature
divided by a reference die stagnation temperature
(375°F), C; and C; would be determined for the par-
ticular melt blowing line and polymer. From eq. (8)
we can conclude that fiber diameter will decrease as
increasing the air stagnation temperature. Therefore,
it is desirable to maintain a high stagnation tempera-
ture along a long distance from the die.

In this article, the performance of the air flow field
is determined in the term of stagnation temperature.
According to the experiments of former research-
ers,' the fibers are mainly located along the spin-
neret axis and the area occupied is very narrow.
Therefore, we should focus the stagnation tempera-
ture on the centerline where fibers locate. Krutka'®
did a deep research of the effect of fiber on flow
field. He found the effect decreases as the distance
from the die face increases so that it can be
neglected at the far field. To decrease the effect of
fiber on the flow field, we choose point B on the
centerline, which is farthest point from the die face.
The goal of the following work is to determine the
die geometry that gives the largest stagnation
temperature at point B.

GA operation and settings

GA is a search technique used to find exact or
approximate solutions to optimization and search
problems. It is categorized as global search heuristics
which inspired by evolutionary biology such as
inheritance, mutation, selection, and crossover.
Nowadays, this technique has been used in many
research fields. In this article, GA is aimed at finding
the parameter values that minimize an objective
function.

] =—=T(T,v,) 9)

In this research, the static temperature T and air-
flow velocity v, are obtained from the simulation.
Each of the four parameters, slot width e, slot angle
o, nose piece width f, and setback s, is set in the
domain [a; b;]. To find the optimal values of the
parameters in the feasible region, the domain for
each parameter is much larger than that of former
researches.””” Table I shows the domains of the four
parameters.

The GA starts with a set of random solutions in a
population; typically, a population is composed of
between 10 and 100 individuals."* Huang and
Tang'® optimized parameters successfully in melt
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TABLE 1
Slot Slot Head Set
width/mm angle/° width/mm back/mm
a; 0.1 10 0.5 0
b; 2 80 5 1.5

spinning by GA with the population size as 10, so in
this article we also set the population size as 10.
Each individual in the population is a chromosome.
A chromosome is a binary string, including binary
representations of all parameter 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 precision of each parameter
as 0.001 mm, which means the length of chromo-
some is 53 bits. The search of an optimal solution to
the problem is conducted over a space in a binary
representation. We input parameter values of each
chromosome to numerical simulation procedures in
order to calculate the static temperature, air velocity,
and finally get the value of objective function J. The
objective function | is used to provide a measure of
how individuals have performed in the problem
domain. However, the value of | is negative, which
is not suitable for “selection.” On the other hand, it
may slow the convergence speed of GA. Therefore,
we use a linear scaling function, eq. (10), to calculate
the fitness of each individual.

Xi —

ind —

(10)

where MAX is the upper bound of | for every gener-
ation, Ning is the population size, x; is the pheno-
typic value of individual i, and F is the resulting
relative fitness.

The genetic operations, namely reproduction,
crossover and mutation, create the next generation.
There are several methods for the process of repro-
duction. In this study, the stochastic universal sam-
pling (SUS) is adopted. It selects a new population
with respect to the probability distribution based on
fitness values with minimum spread and zero bias.
Because the GA is a method which mimics the meta-
phor of nature biological evolution, the rates of gen-
eration gap, crossover, and mutation all have their
limits."® Without loss of generosity, the generation
gap is specified as 0.9, which means the fractional
difference between the new and old population sizes
is 0.9. The crossover and mutation rates, which
determine the number of chromosomes to mate and
the number of genes to mutate, respectively, are
both between 0 and 1. The mutation occurs with a
small probability, typically in the range 0.001 and
0.01."° In the crossover operation, several pairs of
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Figure 3 Flow chart of optimizing process. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com. ]

chromosomes are randomly selected, and it gener-
ates 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 loca-
tion. For this article, the crossover rate is 0.7 and the
mutation rate is 0.005. The evolution of the popula-
tion repeatedly until the termination condition is sat-
isfied which will be discussed below.

RESULTS AND DISCUSSION

Figure 3 shows the flowchart of the optimizing pro-
cess. The first step in GA is to create an initial popu-
lation consisting of random chromosomes in the
problem domain. After that this generation is carried
out in airflow field simulation procedure to calculate
air velocity, static temperature, and stagnation
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Figure 4 Values of objective function versus GA iterations.

Journal of Applied Polymer Science DOI 10.1002/app



1544

x10~

-1} .

-7 1 1 L 1
10 15 20 25 30 35 40

Generafions

Figure 5 Variation of CV for every 10 generations.

temperature for each individual. According to the
fitness, the genetic operations can be continued to
produce the offspring. In every generation, the best
individuals are left while the others are discarded.
As a result, the generation will be better than the
former ones during the iteration. From the view of
time-saving, the search process can be restrained as
soon as it reaches the maximum number of genera-
tions or maximum CPU time. However, it is some
arbitrary. As the objective value may remain static
for number of generations before a superior individ-
ual is found, so the coefficient of variation (CV) is
used in this paper. In other word, the termination
condition in this work is that checking the individu-
als” CV for continuous 10 generations. For example,
the CV value at generations 10 in Figure 5 is calcu-
lated based on the stagnation temperature of genera-
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Figure 6 Centerline stagnation temperature of best indi-
vidual. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 7 Contour of stagnation temperature of airflow
filed. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

tions from 1 to 10, and the CV at generations 11 is
based on the generations from 2 to 11, and so on so
forth. When the CV is small enough which means
the objective | reached a plateau, the searching pro-
cess is stopped, and the parameters corresponding
to the minimum objective function | are then consid-
ered as the optimum value. The CV is set to -5 x
10°, and finally 40 generations are carried out
before the procedure is stopped. Considering the
population size is 10, so there are 400 air flow fields
of the slot dies simulated in this research. It took
about half an hour for every generation on the
Dawning High-Performance computer clusters with
32 quad-cord 2.0 GHz Intel processors.

The value of objective function | can be obtained
from the value of stagnation temperature according
to eq. (9). Figure 4 shows the evolution of the mini-
mum objective function . The convergence is fast
initially, and after 19 generations, the convergence
slowed down and eventually led to the halting of
the iteration process after 40 generations. Figure 5
shows the CV among the invidious of 10 genera-
tion5s. The finally CV at the 40 generation is —4.642 x
107,

The temperature of the air jet will decrease as
soon as it ejects from the die, while the velocity will
increase to its maximum and then decrease along
the centerline.” As for the stagnation temperature
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which combines the air velocity and air temperature,
it will be more complicated. Figure 6 gives the cen-
terline stagnation temperature profile. The distance
is from the polymer capillary outlet (O) to the pres-
sure outlet of the computational domain (B) (ref. Fig.
2). The stagnation temperature of the air keeps at
around 540 K several millimeters before it starts
declining. This can also be seen from the contour of
stagnation temperature of airflow field just below
the die head in Figure 7. We can see that the best
individual of generation 40 has the greatest stagna-
tion temperature at B, which is on the outlet of
computational domain B — B’. Finally, the optimal
geometry of the slot die is with the parameters of
slot width ¢ = 1.981 mm, slot angle o = 10.009°,
nose piece width f = 4.770 mm, and setback s =
1.417 mm. The corresponding value of objective
function | = -391.6 K, which means the highest
stagnation temperature is 391.6 K.

CONCLUSIONS

This article proposes a systematic approach, which
combines the application of numerical simulation
and genetic algorithm, to optimize the airflow field
of melt blowing slot die. The stagnation tempera-
ture, which obtained through airflow numerical sim-
ulation, is used to evaluate the performance of the
airflow field. The slot width, slot angle, nose piece
width, and setback are investigated by using GA
method. During the GA optimizing process, the
coefficient of variation is used as the terminal condi-
tion from the time-saving view. It has proved that
the systematic approach combining the application
of numerical simulation and genetic algorithm is an
effective way to optimize the geometry parameters
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of the melt blowing slot die. The optimal geometry
parameters are: slot width e = 1.981 mm, slot
angle o = 10.009°, nose piece width f = 4.770 mm,
and setback s = 1.417 mm. And the corresponding
highest stagnation temperature is 391.6 K. The
results also show that the smaller slot angle and
larger slot width result in the higher stagnation
temperature.
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