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Abstract: Meltblown nonwovens market has been continuing to grow because of the unique characteristics of allowing the
production of microfiber webs directly from a thermoplastic polymer in a single step. Whereas a vast majority of meltblown
processes have utilized the traditional Exxon die, the Biax-die has also been used in some processes. The aim of this study
was to understand the effect of critical process conditions of the Biax process, which has the advantage of lower high pressure
hot air consumption compared to the traditional process, on the structure of meltblown webs. As the performance properties
of meltblown nonwovens are mainly determined by the fiber diameter and diameter distribution, this study focused on these
two characteristics considering various process conditions such as melt temperature, melt throughput, air temperature and air
pressure. In conclusion, it was observed that there were three distribution types, the normal distribution, log-normal
distribution, and skewed log-normal distribution, for meltblown webs produced by the Biax process. Air pressure and melt
throughput were the most effective process conditions on the fiber diameter of meltblown polypropylene webs. It was also
observed that fine fiber webs close to one-micron average fiber diameter and relatively narrower fiber diameter distribution

can be produced under appropriate processing conditions using the Biax process.
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Introduction

Melt blowing is a one-step process used extensively to
manufacture microfibers from polymers. The fibers produced
by melt blowing may have a diameter as fine as 0.1 um;
however, it usually varies between 2-5 pm [1,2]. Nonwovens
produced from these microfibers have a high surface area
per unit weight, self-bonding ability, and good insulation and
barrier characteristics [3]. Due to the desirable properties,
these nonwovens are widely used to produce high-quality
filtration materials, thermal insulation materials, medical
supplies, and garments.

In the melt blowing process, extruder melts the thermoplastic
resin, and the molten resin is forced through a melt-blowing
die. The typical melt blowing die consists of a row of
orifices in which molten polymer flows out forming fibers,
and high-velocity hot air jets thin down these fibers. The
formed continuous fibers are collected as a nonwoven web
on a moving collector [4,5]. The melt blowing process is
categorized as Exxon or Biax/Schwarz according to the
spinnerette or die designs used. The Exxon and Biax/
Schwarz die models are shown in Figures 1(a) and (b),
respectively. The Exxon die is a single-row-hole type
consisting of drilled holes with two air knives at both sides
(Figure 2(a)). On the other hand, the Biax/Schwarz design
has multiple-rows of polymer nozzles and square or

*Corresponding author: nhoda@akdeniz.edu.tr

285

triangular air holes surrounding these nozzles, as shown in
Figure 2(b), which provide a uniform stream of attenuating
air to each nozzle [6-8]. The Biax die enables high melt
viscosity polymers, which require higher melt pressure
during melt blowing, to be processed [7,9]. The multi-row
Schwarz die design has the ability to manufacture more
fibers per die length as compared to single-row Exxon die
[10]. In addition, parallel plate die design is more cost-
effective compared to conventional Exxon slot melt blowing
die, under similar operation conditions [8].

The melt-blown fiber diameters and their distribution can
be affected by the die design, as well as process conditions
such as die-to-collector distance (DCD), polymer throughput

Figure 1. Side views of (a) Exxon and (b) Biax/Schwarz die
designs [7].
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Figure 2. Cross sections of (a) Exxon die and (b) Biax die designs
[11,12].

rate, processing temperatures, air pressure/airflow rate,
collector drum speed, and collector vacuum [3,9,15-19].
Therefore, it is possible to manufacture nonwovens or
microfibers with desired properties by changing these
parameters during melt-blowing. The fiber diameter is
inversely proportional to the processing temperature because
higher temperatures influence the polymer viscosity,
attenuation process, and fiber entanglement at places not
near the die [15,20-22]. Decreasing polymer mass flow rate
leads to a reduction of fiber diameter due to the fact that the
drag force from the air jet is acting on a lower polymer mass
[3,15,23]. Moreover, fiber diameter reduces with an increase
in airflow rates because of the same dragging force
generated by the attenuation air [15,20,23]. Duran et al. [17]
examined the effect of collector drum speed and vacuum and
air pressure on the fiber diameter of polypropylene melt-
blown nonwovens. They indicated that increases in collector
drum speed and die air pressure and the decrease in collector
vacuum allowed the production of finer fibers. Similarly,
Han et al. [24] stated that the diameter of polypropylene
fibers was smaller and more uniform at higher air pressures
based on the findings of a study where they used two dies
having different numbers of orifices per centimeter.
Changing the DCD also will affect the fiber diameter
because polymer melt transits from the viscous state to the
crystalline state when the melt temperature reduces slowly
from the die to the collector [25-28]. Yesil and Bhat [18]
investigated the fiber diameter of polyethylene used in melt-
blown nonwovens and reported that their average fiber
diameter decreased with increasing DCD and die temperature.
Also, it was observed that while finer fibers were produced
as a result of an increase in air pressure from 20 to 35 kPa,
the fiber diameter did not decrease any more above 35 kPa.
Chen et al. [14,29,30] predicted the fiber diameter of melt-
blown nonwovens by using the combination of two models
they established and examined the effect of process
conditions on the fiber diameter. They claimed that finer
fibers resulted from a lower polymer flow rate and higher
initial polymer temperature, initial air velocity, and polymer
melt flow index. Pu et al. [31] used an electrostatic-assisted
melt-blown system to produce polypropylene fibers and
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observed that when the voltage increased from 0 to 40 kV
under a fixed electric field distance of 20 cm, average fiber
diameter decreased, and the uniformity of the diameter was
much better.

Whereas a majority of the researches in the literature has
been conducted on the melt blowing process using the
Exxon type dies, there are a limited number of studies using
the Biax process that is considered more efficient [9,10,17,
19,32-34]. The Biax type die, due to its unique design,
offers advantages to the process with relatively lower air
consumption, and thus lower cost since the major cost of the
process is from energy used due to a large volume of high
pressure hot air [30]. Therefore, this study was conducted to
examine the impact of various process parameters, such as
extruder and die temperatures, screw speed, air pressure, and
air temperature on the fiber diameter and its distribution.
The findings of this study can contribute to the design of
better melt-blown nonwovens using an economical process
for filter media and thermal and acoustic insulation
materials.

Experimental

In this study, commercially available polypropylene resin
(LG Chem, South Korea), which has a relative density of
0.9 g/em® (20 °C) and melt flow rate (MFR) of 1200 g/
10 min, was used during the melt blowing process. This
process was conducted using the 380 mm Biax melt-blown
pilot line system that is equipped with a spinneret, which has
720 nozzles with a diameter of 150 um (0.006") ID in 4 rows
with air curtains. The collector speed and distance between
the nozzle and collector were kept constant as 20 m/min and
25 cm, respectively.

To systematically examine the influence of process
parameters, screw speed, temperatures (i.e., Zone 1, 2, and 3
in the extruder, clamp, die, and air) and air pressure were
carefully varied during the production process, keeping all
other parameters same. A total of 60 samples were produced
at three different air pressures (35, 69, and 103 kPa), four
different screw speeds (20, 30, 40, and 50 rpm), and five
different temperatures. Table 1 shows the design of experiments
consisting of five groups of 12 samples each. Scanning
electron microscope (SEM) images of some samples are
given in Figures 3(a-b).

The diameters of at least 200 fibers were measured for
each of the 60 samples produced in the melt blowing process
from images taken using a polarization microscope (Leica
DM750 P, Leica Microsystems, Wetzlar, Germany). The
fiber diameter distributions were determined using Origin2019b
data processing software (OriginLab Inc., USA). Goodness-
of-fit was evaluated using the Kolmogorov-Smirnov and the
Anderson-Darling tests at 1 %, 2 %, and 5 % significance
levels (a) for normal and log-normal distributions. The
normal probability distribution has a bell-shaped and
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Table 1. Processing conditions of polypropylene melt-blown nonwovens

Temperatures (°C)

Set Sample code Serew speed Alr Zone . .
(rpm) pressure (kPa) . 2 3 Clamp Die Air
P1 35
P2 20 69
P3 103
P4 35
P5 30 69
P6 103
Group 1 P7 35 165 175 190 190 190 170
P8 40 69
P9 103
P10 35
P11 50 69
P12 103
P13 35
P14 20 69
P15 103
P16 35
P17 30 69
P18 103 175 185 200 200 200 180
Group 2 P19 35
P20 40 69
P21 103
P22 35
P23 50 69
P24 103
P25 35
P26 20 69
P27 103
P28 35
P29 30 69
P30 103 185 195 210 210 210 190
Group 3 71 35
P32 40 69
P33 103
P34 35
P35 50 69
P36 103
P37 35
P38 20 69
P39 103
P40 35
P41 30 69
P42 103 195 205 220 220 220 200
Group 4 P43 35
P44 40 69
P45 103
P46 35
P47 50 69

P48 103
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Table 1. Continued
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Temperatures (°C)

Set Sample code Serew speed Alr Zone . .
(rpm) pressure (kPa) 3 3 Clamp Die Air
P49 35
P50 20 69
P51 103
P52 35
P53 30 69
P4 103 205 215 230 230 230 210
Group 5 T 35
P56 40 69
P57 103
P58 35
P59 50 69
P60 103

EHT = 15.00 k¥ Zone Mag = 500K X

Figure 3. SEM images of meltblown samples coded (a) P51 and (b) P54.

symmetrical curve. The probability density function of a
normal random variable X with mean y and variance ¢ is
shown below [35,36],

__1 (x—u)z}
x) = exp| — for —o<x < 1
1) = x| L4 (M)
The log-normal distribution, which can be commonly
observed for meltblown structures, is based on the normal
distribution. If Y=In(x), and Y follows a normal distribution
with mean x and variance ¢, it can be said that the positive
random variable X is log-normally distributed [36,37]. The
lognormal probability density function of X is given by,

1 exp[ (lnx—y)z} for x>0 2)
2 ox 20

When the dataset obtained from this study did not follow
normal or log-normal distribution as a result of the goodness-
of-fit tests, the W value of the Shapiro Wilk test was
calculated for these data. When this value was less than 0.8
for available data and more than 0.8 for log-transformed

flx) =

EHT = 15.00 kW Zone Mag = SO0 KX

data, the distribution was called as skewed log-normal
distribution [34].

Results and Discussion

Mean Fiber Diameter

Almost all of the performance characteristics of meltblown
nonwovens (e.g., filtration efficiency, absorbency, and
acoustic insulation) are mainly related to fiber diameter and
its distribution due to increased surface area and porosity of
the webs. Therefore, in this study, fiber diameter and their
distribution were determined using high-resolution optical
microscope images. Figures 4(a-e) illustrate the mean fiber
diameters of polypropylene microfibers produced at
different air pressures, screw speeds, and temperatures. The
results demonstrated that while the mean fiber diameter
varied from 1.1 um to 4.2 pm, their standard deviation was
in the range of 0.6 and 1.7 for all groups examined. The fiber
diameter of webs in each group reduced when the air
pressure increased from 35 kPa to 103 kPa. At higher air
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Figure 4. Mean fiber diameter produced polypropylene microfibers according to different temperatures. Data were presented as mean values

with error bars indicating 1 standard error.

pressures, air speed increases, and consequently, finer fibers
can be produced due to higher air drag force near the die,
which is consistent with earlier findings [2,18,24].

As can be seen from the data in Figure 4, the fiber
diameter of melt-blown fibers showed an increase as a result
of increase in the screw speed. This increase was more
apparent in all groups at 35 kPa air pressure. The increasing

screw speed results in an increase in the melt throughput,
which reduces the actual air to polymer ratio and the drafting
force on the unit polymer mass. As a result, fiber diameter
stays larger, owing to less effective drawing and attenuation.
This finding is in accordance with the results of other studies
[27,38]. Fiber diameter is affected by the increase in process
temperatures during melt blowing. Overall, there is a slight
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decrease in fiber diameter with increase in melt temperature.
It is understood that the increase in the melt temperature
reduces the fiber diameters because higher melt temperature
leads to lower melt viscosity allowing easier elongation and
stretching during fiber formation [21,27]. On the other hand,
under certain conditions, lower viscosity might cause
smaller drawing force in the fiber line, and accordingly non-
effective drawing. Although there was an overall decrease in
fiber diameter with increase in process temperatures, the
trend was not always consistent (from Group 1 to 5) due to
some outliers. For instance, while the highest fiber diameter
was observed in Group 2, the sample in Group 3 had the
lowest fiber diameter. The meltblown process as such is
sensitive to interactions of process conditions. Therefore, the
effect of all process conditions should be taken into account
together, and these conditions should be kept in balance to
produce melt-blown fibers with desired fiber diameters.

Fiber Diameter Distributions

Typical fiber diameter distributions for some samples are
shown in Figures 5(a-c). Whereas such variability and broad
distribution in fiber diameters are typical of meltblown
fabrics, data in Table 2 show the median fiber diameters of
melt-blown microfibers and their distribution types and
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parameters that are unique to Biax meltblown webs.
Previous studies reported that the diameter of meltblown
fibers produced by Exxon die followed a log-normal
distribution [15,39,40]. In this study, three different distribution
types (normal, log-normal, and skewed log-normal) were
observed for meltblown fiber diameters (Figure 6). In
addition, the distribution types of some fiber diameters were
reported as log-normal (A-D) because their distribution
followed a log-normal distribution according to only the
Anderson-Darling goodness-of-fit test, not the Kolmogorov-
Smirnov test.

As can be seen from the data in Table 2, samples having
the highest median of fiber diameter in each group followed
a normal distribution. Their air pressure and screw speed
were 35 kPa and 40 or 50 rpm during the melt blowing
process, respectively. It means that when the fiber diameter
is higher, it results in a relatively more uniform web
structure as far as fiber diameter distribution is concerned.
Barilovits [34] also observed the same tendency during the
melt blowing study. Moreover, the skewed log-normal
distribution was found in the samples which have fiber
diameter close to 1 um and produced at 20 rpm screw speed.

Whereas wider fiber diameter distribution is likely to
produce relatively less uniform web structure, with higher

(b) P31

Fiber count

2 3 4
Fiber diameter (um)

5 6

(©
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0 1 2

" mieli—

P34

4 5 6

Fiber diameter (um)

Figure 5. Fiber diameter distributions of some samples in Group 3. (a) P27, (b) P31, and (c) P34 coded samples. The bin size was chosen as

0.5 pm.
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Figure 6. Examples of fiber diameter distributions (a) normal (P22), (b) log-normal (P16), and (c) skewed log-normal (P2). The bin size was

chosen as 0.5 pm.

number of finer fibers there is definitely an increase in
surface area, and that will result in substantial improvement
in properties. Also, based on previous studies, overall fiber
diameter distribution in this study is still better, and other
properties seem to be not affected to a large extent. In the

Table 2. Median fiber diameters and distribution parameters

Exxon type process for comparable webs range of fiber
diameters produced might be much wider [41]. These results
may be useful in understanding the effect of the combination
of conditions on fiber diameter and diameter distribution to
produce webs with desired characteristics.

Sample  Screw speed Air . Fiber o
Group code (rpm) pressure dlametef (um) Distribution o n c
(kPa) (Median)
Pl 35 1.13 Log-normal 0.02 0.250 0.667
P2 20 69 1.15 Skewed log-normal - - -
P3 103 1.21 Log-normal 0.05 0.183 0.561
P4 35 1.40 Log-normal 0.05 0.399 0.617
P5 30 69 1.17 Log-normal(A-D) 0.01 0.295 0.584
P6 103 1.18 Log-normal 0.05 0.187 0.464
Group 1
P7 35 1.76 Log-normal 0.05 0.571 0.568
P8 40 69 1.30 Log-normal 0.05 0.296 0.500
P9 103 1.15 Log-normal 0.02 0.186 0.488
P10 35 2.18 Normal 0.02 2.251 1.139
P11 50 69 1.44 Log-normal 0.05 0.402 0.507
P12 103 1.40 Log-normal 0.05 0.380 0.426




292  Fibers and Polymers 2021, Vol.22, No.1 Numan Hoda et al.

Table 2. Continued

Screw speed Air . Fiber P
Group  Sample code pressure diameter (um) Distribution o n c
(rpm) (kPa) (Median)
P13 35 1.52 Log-normal 0.05 0.472 0.634
P14 20 69 1.17 Log-normal 0.05 0.222 0.551
P15 103 1.03 Log-normal 0.05 0.069 0.484
P16 35 2.13 Log-normal 0.05 0.762 0.436
P17 30 69 1.49 Log-normal 0.05 0.435 0.466
P18 103 1.28 Log-normal 0.01 0.291 0.455
Group 2
P19 35 2.95 Normal 0.05 3.112 1.345
P20 40 69 1.75 Log-normal 0.05 0.593 0.508
P21 103 1.60 Log-normal 0.05 0.512 0.463
P22 35 4.18 Normal 0.05 4.186 1.657
P23 50 69 1.81 Log-normal 0.05 0.612 0.472
P24 103 1.76 Log-normal 0.05 0.570 0.499
P25 35 1.23 Log-normal 0.02 0.297 0.634
P26 20 69 0.97 Log-normal 0.01 0.049 0.617
P27 103 1.03 Skewed log-normal - - -
P28 35 1.89 Log-normal 0.05 0.590 0.508
P29 30 69 1.25 Log-normal 0.05 0.247 0.467
P30 103 0.97 Log-normal(A-D) 0.01 0.011 0.414
Group 3
P31 35 2.03 Log-normal 0.05 0.665 0.555
P32 40 69 1.31 Log-normal 0.05 0.284 0.428
P33 103 0.97 Log-normal(A-D) 0.01 0.066 0.433
P34 35 2.72 Normal 0.02 2917 1.417
P35 50 69 1.34 Log-normal 0.01 0.375 0.469
P36 103 1.09 Log-normal 0.05 0.120 0.439
P37 35 1.31 Log-normal(A-D) 0.05 0.396 0.585
P38 20 69 1.30 Log-normal 0.05 0.301 0.599
P39 103 1.09 Log-normal 0.01 0.188 0.605
P40 35 1.50 Log-normal 0.05 0.449 0.558
P41 30 69 1.13 Log-normal(A-D) 0.01 0.182 0.560
P42 103 1.11 Log-normal 0.05 0.168 0.554
Group 4
P43 35 2.43 Normal 0.02 2.508 1.186
P44 40 69 1.87 Log-normal 0.05 0.588 0.506
P45 103 1.45 Log-normal 0.05 0.400 0.470
P46 35 2.41 Normal 0.02 2.649 1.242
P47 50 69 1.37 Log-normal 0.05 0.392 0.441
P48 103 1.22 Log-normal 0.05 0.246 0.422
P49 35 1.10 Log-normal 0.02 0.234 0.559
P50 20 69 0.97 Log-normal(A-D) 0.01 0.123 0.599
P51 103 0.97 Skewed log-normal - - -
P52 35 1.34 Log-normal 0.05 0.363 0.568
P53 30 69 1.13 Log-normal 0.05 0.190 0.618
P54 103 0.99 Log-normal(A-D) 0.01 0.102 0.520
Group 5
P55 35 1.48 Log-normal 0.05 0.407 0.551
P56 40 69 1.23 Log-normal 0.05 0.274 0.493
P57 103 1.24 Log-normal 0.02 0.265 0.463
P58 35 2.29 Normal 0.05 2.371 1.191
P59 50 69 1.32 Log-normal 0.05 0.324 0.541

P60 103 0.97 Log-normal 0.01 0.057 0.472
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Conclusion

In this study, the effect of most commonly changed
process conditions used in a Biax melt blowing process
using a commercial meltblown grade polypropylene resin
was investigated in detail with respect to fiber diameter and
diameter distribution. This investigation showed that air
pressure and melt throughput were the predominant parameters
that determine fiber diameter like in the traditional melt
blowing process. Melt temperature also had an effect to a
certain extent, although it did not follow a specific trend.
The fiber diameter distribution was dependent on the fiber
diameter, being normal at relatively larger diameters and
becoming log-normal when finer fibers were produced. In
all the cases, the fiber diameter range was fairly narrow, thus
allowing the formation of nonwovens with good structure.
Therefore, the Biax process might enable the production of
fine fiber nonwovens as well as relatively uniform webs
under appropriate process conditions, allowing higher
productivity and savings in energy and cost associated with
high-pressure hot air. Further studies are being conducted to
determine several performance properties of these meltblown
webs and will shed more light on this process.

References

1. M. Wehmann and W. J. G. McCulloch in “Polypropylene”,
Ist ed. (J. Karger-Kocsis Ed.), Vol. 2, pp.415-420, Springer
SciencetBusiness Media, Dordrecht, 1999.

2. R. Uppal, G. Bhat, C. Eash, and K. Akato, Fiber. Polym.,
14, 660 (2013).

3. M. A. Hassan, B. Y. Yeom, A. Wilkie, B. Pourdeyhimi,
and S. A. Khan, J. Membr. Sci., 427, 336 (2013).

4. D. Zhang, C. Sun, and H. Song, J. Appl. Polym. Sci., 94,
1218 (2004).

5. R.R. Hegde and G. S. Bhat, J. Appl. Polym. Sci., 115, 1062
(2010).

6. E. C. A. Schwarz, U. S. Patent, 5476616 (1995).

7. R. Zhao, A Paper for Insight, Austin, Texas, Oct 10-14,
2004.

8. M. A. Hassan, S. A. Khan, and B. Pourdeyhimi, J. Appl.
Polym. Sci., 133, 42998 (2016).

9. M. Jafari, Ph. D. Dissertation, NCSU, Raleigh, North
Carolina, 2017.

10. H. M. Krutka, R. L. Shambaugh, and D. V. Papavassiliou,
Ind. Eng. Chem. Res., 44, 8922 (2005).

11. Kasen Nozzle, “Meltblown”, Available at https://www.kasen.
co.jp/english/product/nonwoven-production-part/meltblown-
nozzle.php (Accessed February 3, 2020).

12. Biax-Fiberfilm Corporation, “Meltblown Systems”, Available
at  https://www.biax-fiberfilm.com/meltblown-systems
(Accessed April 3, 2020).

13. H. Yin, Z. Yan, and R. R. Bresee, Int. Nonwovens J., 8, 60

14.

15.

16.
17.

18.

19.

20.
21.

22.
23.

24.

25.

26.

27.

28.

29.
30.

31.

32.
33.

34.

35.

36.

37.

38.
39.
40.

41

Fibers and Polymers 2021, Vol.22,No.1 293

(1999).

T. Chen, X. Wang, and X. Huang, 7ext. Res. J., 75, 76
(2005).

C. J. Ellison, A. Phatak, D. W. Giles, C. W. Macosko, and
F. S. Bates, Polymer, 48, 3306 (2007).

K. C. Dutton, J. Text. Appar. Technol. Manag., 6, 1 (2008).
K. Duran, D. Duran, G. Oymak, K. Kilig, E. Oncii, and M.
Kara, Tekst. Konfeksiyon, 23, 136 (2013).

Y. Yesil and G. S. Bhat, Int. J. Cloth. Sci. Tech., 28, 780
(2016).

S. Fakhimi, Ph. D. Dissertation, NCSU, Raleigh, North
Carolina, 2017.

Y. Lee and L. C. Wadsworth, Polymer, 33, 1200 (1992).

R. R. Bresee and U. A. Qureshi, J. Eng. Fibers Fabr., 1,32
(20006).

Y. Yesil and G. S. Bhat, J. Text. Inst., 108, 1035 (2017).

E. M. Moore, D. V. Papavassiliou, and R. L. Shambaugh,
Int. Nonwovens J., 13, 43 (2004).

W. Han, X. Wang, and G. S. Bhat, J. Nanomater. Mol.
Nanotechnol., 2, 1 (2013).

R. R. Bresee and W. C. Ko, Int. Nonwovens J., 12, 21
(2003).

R. Nayak, I. L. Kyratzis, Y. B. Truong, R. Padhye, and L.
Arnold, J. Text. Inst., 106, 629 (2015).

M. Guo, H. Liang, Z. Luo, Q. Chen, and W. Wei, Fiber.
Polym., 17,257 (2016).

T. Ishikawa, Y. Ishii, Y. Ohkoshi, and K. H. Kim, 7ext. Res.
J., 89, 1734 (2019).

T. Chen and X. Huang, Text. Res. J., 73, 651 (2003).

T. Chen, X. Wang, and X. Huang, Text. Res. J., 74, 1018
(2004).

Y. Pu, J. Zheng, F. Chen, Y. Long, H. Wu, Q. Li, S. Yu, X.
Wang, and X. Ning, Polymers, 10, 959 (2018).

R. Zhao, Int. Nonwovens J., 14, 19 (2005).

H. M. Krutka, R. L. Shambaugh, and D. V. Papavassiliou,
Ind. Eng. Chem. Res., 45, 5098 (2006).

S. Barilovits, Ph. D. Dissertation, NCSU, Raleigh, North
Carolina, 2018.

B. Dodson, P. C. Hammett, and R. Klerx, “Probabilistic
Design for Optimization and Robustness for Engineers”,
Ist ed., John Wiley & Sons, West Sussex, 2014.

K. Krishnamoorthy, “Handbook of Statistical Distributions
with Applications”, 2nd ed., CRC Press, Boca Raton,
Florida, 2016.

E. L. Crow and K. Shimizu, “Lognormal Distributions:
Theory and Applications”, Vol. 88, Marcel Dekker, New
York, 1987.

Q. Y. Xuand Y. M. Wang, Adv. Mater. Res., 650, 78 (2013).
X. Wang and Q. Ke, Polym. Eng. Sci., 46, 1 (2006).

D. H. Tan, C. Zhou, C. J. Ellison, S. Kumar, C. W. Macosko,
and F. S. Bates, J. Non-Newtonian Fluid Mech., 165, 892
(2010).

R. L. Shambaugh, Ind. Eng. Chem. Res., 27, 2363 (1988).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


