
ABSTRACT

HASSAN, MOHAMMAD ABOUELREESH ABDRABOUH. Structure-Property- Process
Relationships for Meltblown Fibrous Media. (Under the direction of Dr. Behnam
Pourdeyhimi and Dr. Saad A. Khan).

Meltblowing (MB) is a unique one-step process for producing self-bonded fibrous

nonwoven membranes directly from polymer resins, with average fiber diameter ranging

between 2 and 5 µm. Determining routes for making nano- or submicron-fibers using this

process are desirable since there are many manufacturing assets that are already in place. We

used experimental techniques to investigate the influence of different die configurations and

operating conditions on fiber and web characteristics. We also report on strategies for

reducing the fiber size below one micron to achieve higher filtration quality at lower basis

weight relative to the conventional meltblown fibers. The results show significant promise

for the use of nano-meltblown fibers in filtration applications.

Fiber formation during the MB process is critically dependent on the aerodynamics of

the process as the drag force due to high-speed air jets is the main cause of fiber attenuation.

Typically, the air velocity and temperature decreases rapidly due to the early mixing with the

ambient air near the die tip. We used simulation as well as experimental techniques to

examine design strategies to control the air flow field below the polymer injection point in

order to achieve higher fiber attenuation to fabricate small meltblown fiber. In particular, we

examined the use of air constrictors and secondary air jets to maintain and/or increase the

maximum centerline air velocity and temperature below the injection point for a longer

distance than is possible with the existing systems. Computational fluid dynamics (CFD)

simulation for the new die configurations showed that vertical or inclined air constrictors and



secondary air jets around the primary air jets would keep the centerline air velocity and

temperature at their maximum values for 10-15 mm longer in distance below the die face

than in the case of the reference die configuration. Therefore polymers streams are kept at a

temperature near the polymer melting temperature (Tm) at higher air velocities for a longer

period. Hence higher fiber attenuation leading to meltblown webs with smaller fiber

diameters are fabricated. Experimental verification of some of these simulated configurations

showed 20-60% reduction in fiber diameter, reduced pore size, and improved the filtration

properties for the fabricated nonwovens webs.

The common meltblowing die technology is based on the slot concept. A recent

meltblowing die design that is based on the parallel plate concept is promising and currently

being used in adhesive meltblowing. This new die design is simple and a low cost option to

the expensive conventional meltblowing dies technology. In this study, we also investigated

the new technology capabilities, compared it to the conventional MB die performance, and

pointed out to the main challenges that may be facing this technology. We showed that the

parallel plate MB technology is capable of fabricating meltblown webs with fiber diameter

between 5-20 µm by modulating the process conditions, but its performance needed to be

enhanced to be capable to compete with the conventional slot MB die technology.
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CHAPTER 1
Introduction and Overview

1.1 Background

1.1.1 Nonwovens and their Application

Nonwovens are engineered fabrics made from fibers and polymers in the form of web

from directionally or randomly orientated fibers, bonded by friction, cohesion and/or

adhesion. Papers and products which are woven, knitted, tufted or stitch-bonded are excluded

from the above definition. Nonwovens are manufactured by high-speed, low-cost processes,

i.e., larger production rate and lower cost than traditional textile processes [1]. Nonwoven

fabrics date back thousands of years to felted material produced from animal fibers, but in the

last century people invented the nonwoven processes that create fabrics from synthetic

polymers, which may be called modern nonwovens [2]. The first commercial uses of modern

nonwovens were mainly in the automotive industry, in which nonwovens replaced more

expensive, woven fillers [2]. Nowadays, nonwovens are used in many applications and are

involved in our daily lives, often in an unobtrusive way. Today’s nonwovens are highly

engineered systems made from a variety of materials including fibers, powders, particles,

adhesives, films and other materials to provide specific solutions using a multitude of

functionalities. The most common products made with nonwovens listed by INDA, North

America’s Association of the Nonwoven Fabrics Industry, include: sanitary napkins, sterile

wraps, caps, gowns, wipes, apparel interlinings, padding and backing, wall coverings,
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gricultural coverings and seed strips, automotive headliners and upholstery, filters,

envelopes, tags, labels, insulation, house wraps, roofing products, and geotextiles [1].

Nonwovens can be classified as disposable and durable according to the usage life

time, or can be classified as wetlaid, airlaid, or spunlaid based on the manufacturing process.

In 2011, the nonwoven market recorded $26 billion as roll goods, and it is growing at a

significant rate of 7.8% [3]. In this regard, spunlaid technology is growing at a rate of ~10.4

% and is replacing older technologies, such as drylaid and wetlaid. However, there are still

some nonwoven products that cannot be produced by spunlaid technology like napkins,

fluffy and thick products like mattresses materials, towels, and most of cellulosic based

materials. Worldwide nonwoven production in 2011 reached 11.1 million tons of roll goods,

and N. America, Europe, and China are the main nonwovens producers, The United States

nonwovens market is the largest with more than 550 firms and $50 billion annual sales of

finished goods (Figure 1.1).

1.1.2 Meltblowing Process and Meltblown Fiber Applications

Meltblowing technology is one of the spunlaid processes to produce microfibers

through injecting molten polymer streams into high velocity gas jets. As illustrated in Figure

1.2, high-velocity air jets impinge upon the polymer as it emerges from the spinneret. The

drag force caused by the high speed air jets attenuates the fiber rapidly, and reduces its

diameter by as much as hundred times from that of the nozzle diameter [4]. Meltblown webs

have fibers range from 0.5-10 µm within the same web, high surface area per unit weight,

high insulation value, self-bonding ability, and high barrier properties. Due to these desirable
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properties, they are excellent candidates for making high quality filters, surgical drapes and

garments, diaper leg cuff, protective apparel as they are barrier to fluids and breathable.

Historically, the meltblowing process was developed for the production of

microfilters to monitor the radiation from US and Russian nuclear tests [5]. In the 1950s,

Wente at the Naval Research Laboratory initiated the work on meltblowing (MB), and put

the basic design for the MB die. In the 1960s, Exxon Corporation picked up on Wente’s work

and developed an effective 36-in. wide die, which is called the Exxon slot die. In 1983

Eckhard Schwarz invented a new meltblowing die [6]. The Schwarz die is a type of

meltblowing die that uses multiple columns of polymer orifices and associated arrays of

annular air jets. The polymer exits the die from the capillaries that are located in the center of

each orifice/jet assembly.

Because of the importance of making microfibers and nanofibers using the

meltblowing process, there has been considerable research work done examining this

process. Investigators have studied the process from different perspectives. Some

investigators [7-18] focused on characterizing the process–structure-property relationships

using techniques such as laser doppler velocimetry, high speed camera and computational

fluid dynamics. Shambaugh et al. [11-16] studied the effect of the slot die geometry on the

air flow field below the MB die and its effect on the fiber size. The effect of the nosepiece

shape on the flow field under the MB die has been investigated experimentally by Tate and

Shambaugh [11], and also theoretically using CFD simulations by Krutka and Shambaugh

[14-16]. Milligan and Wadsworth (17) made use of a crossflow to obtain finer fiber diameter

and improve the uniformity of the produced fiber mats.
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Some other investigators [18-25] focused on modeling the fiber motion and the fiber

attenuation in the meltblowing process. The simplest model used in this regard was the one-

dimensional model (1D) created by Uyttendaele and Shambaugh [18]. Rao and Shambaugh

[19] then expanded this model into a 2D model, and finally Marla and Shambaugh [20,21]

created the 3D model. Lee and Wadsworth (22) studied the structure and filtration properties

of meltblown polypropylene webs, while Qin and Wang (23) showed the unique filtration

properties of electrospun nanofibers.

1.1.3 Computational Fluid Dynamics (CFD)

The meltblowing process has been studied experimentally since the 1950’s. However,

with the constant progression of computing capabilities, computational fluid dynamics, CFD,

has become a valuable tool in recent research of this topic. CFD could be defined as a

sophisticated computational-based design and analysis technique. CFD software, such as

FLUENT, allows us to simulate flows of fluids, liquids and/or gases, moving bodies,

multiphase physics, heat and mass transfer, chemical reaction, and fluid-structure interaction

through computer modeling.

Meltblowing is a complex process and involves polymer streams injected into high

speed hot air jets. The strong dependence of the fiber formation process on the jet

aerodynamics inspired us to study the effect of changing the die geometry on the air flow

field which is the main cause for fiber attenuation. FLUENT has different turbulence models

to simulate the air flow field of the MB process. Turbulence models may differ in

computation time, accuracy and suitability of the model to the problem needed to be solved.

The most popular models in modeling turbulent flow are standard K-ε, standard K-ω, 



5

realizable K-ε, and Reynolds Stress Model [16, 25]. The turbulence model that has been used

in this study to simulate the air-flow field is the standard K-ε model with its default

parameters.

1.2 Motivation

Submicron fibers showed extraordinary properties in many fields such as filtration

and separation, and battery separators, because of their large surface area per unit volume and

the tight pore size. The common technique for production of nanofibers is electrospinning,

which involves the application of a high voltage (1-70 kV) to induce the formation of a liquid

jet of polymer solution or melt (Figure 1.3) [26]. As the jet of polymer solution is stretched

and whipped due to electrostatic forces, the solvent evaporates and fibers are collected as a

nonwoven mat on a grounded collector. However, electrospinning is inherently slow, solvent

intensive and not economical due to the high applied voltage (26). If meltblowing process

could be extended to the production of fibers in the nanofiber range, it would provide a much

faster, easier, and cheaper alternative to the electrospinning technique. Determining routes

for making nano-, and micro-fibers using the meltblowing process is desirable since there are

many manufacturing assets that are already in place. The proposed study aims at an in-depth

understanding of the fiber formation of the meltblowing process using a two-prong approach.

In the first approach, we plan to examine the effects of changing the operating conditions on

air velocities, air temperatures, final fiber diameter, and web properties. In the second

approach we aim to investigate the effect of utilizing new die configurations, based on

preliminary computational fluid dynamics (CFD) simulations, on process aerodynamics and

fiber characteristics, aiming to achieving submicron fibers. New die configurations include
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different hole densities, different spinneret L/D ratio, and air constrictors and secondary air

jets below the meltblowing die.

1.3 Research Goal

The overall goal of this work is to understand the fundamentals of the fiber formation

in the meltblowing process and examine new ideas to improve the process and enhance web

properties by controlling the fiber size. The main goals of this study are to:

(1) Investigate the applicability of producing submicron fibers using meltblowing process

(2) Examine new meltblowing die concept with large L/D ratio to enable nanofiber

fabrication

(3) Investigate the effect of using innovative die design with air constrictor to enhance

the process aerodynamics.

(4) Examine the effect of secondary air jets on the process air flow field

(5) Utilize the fundamental understanding gained to develop and improve a meltblowing

die with simple design and low cost.

1.4 Organization of Dissertation

In Chapter 2, we investigate the influence of the spinneret L/D ratio and operating

conditions on fiber and web characteristics. We also report on strategies for reducing the

fiber size below one micron to achieve higher filtration quality at lower basis weight relative

to the conventional meltblown webs. We found that production of nano-meltblown

membranes with an average fiber size in the range of 300 to 500 nm using this new die

concept is possible, and report on process operating conditions that result in such structures.
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Meltblown samples showed similar filtration efficiencies to that of the control sample at 88%

reduced basis weight and they could achieve HEPA filtration performance by multi-layering.

In Chapter 3, we used CFD simulations to examine the effects of 11 different new die

configurations on the process aerodynamics. Meltblowing dies with vertical or inclined air

constrictors maintained high centerline air velocity below the polymer injection and kept

polymer temperature around the melting point near the die face at higher temperature, so as

to achieve higher fiber attenuation. We noticed reduction in fiber diameter by 20-60% with

concomitant improvements in web performance.

In Chapter 4, we used CFD simulations to investigate another concept to control and

enhance the air flow field of the meltblowing process, which is the use of secondary air jets

to constrict the primary air jets and delay the early mixing with the ambient air nearby the die

tip in order to achieve higher fiber attenuation. The simulation results show that secondary

air jets act as a shield to the primary one, and maintain the air temperature near the die face at

a temperature 20-90 oC higher than what it would be in the case with no secondary jets.

In Chapter 5, we attempt to develop a new meltblowing die technology that is simple

in design and low in cost to manufacture. Initially we looked at the performance of a new

meltblowing die technology that is based on the parallel plate design concept and compared

its performance to a conventional MB die technology. Experimental results showed that this

new die technology is promising and can be used to produce meltblown fiber in the range of

3-10 µm by modulating the process conditions, but the die design needs to be modified in

order to produce typical fine meltblown fibers. We pointed out to some design modifications

that will greatly enhance the die performance such as decreasing the internal die resistance to
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air flow to increase air velocity, increasing the number of air nozzles around the polymer

nozzles, recess the polymer spinnerets above the die face, and have inclined air channels to

increase the drag force and fiber attenuation.

Finally, we summarize the overall implications of our research results and based on

our findings, we recommend future ventures that could potentially improve the performance

of the fiber and web properties of the meltblowing process.
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Figure 1.1. 2011 North America disposable nonwovens market value for roll goods $ 4.1
(billion) [3]



Figure 1.2. Schematic drawing ofSchematic drawing of the meltblowing process (Not to scale)
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meltblowing process (Not to scale)
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Figure 1.3. Schematic of a basic electrospinning setup, adapted from [26].
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CHAPTER 2
Fabrication of Nanofiber Meltblown Membranes and their

Filtration Propertiesi

2.1 Abstract

Meltblowing is a unique one-step process for producing self-bonded fibrous

nonwoven membranes directly from polymer resins, with average fiber diameter ranging

between 2 and 5 μm. Determining routes for making nano- or submicron-fibers using this

process are desirable since there are many manufacturing assets that are already in place. It is

envisaged that these nonwoven membranes will find applications in critical areas such as

medical, hygiene, filtration, bioseparation, and others. In this study, we investigate the

influence of different die configurations and operating conditions on fiber and web

characteristics. We also report on strategies for reducing the fiber size below one micron to

achieve higher filtration quality at lower basis weight relative to the conventional meltblown

webs. Their performance is compared to a control meltblown sample produced by using a

typical die design. We find that production of nano-meltblown membranes with an average

fiber size in the range of 300–500 nm using this new die design is possible and report on

process operating conditions that result in such structures. These samples achieve equal

filtration efficiencies to that of our control sample at 88% reduced basis weight but at a lower

polymer throughput. The lower basis weight also resulted in a lower pressure drop and

overall, the new samples exhibited a higher quality factor, twice that of the control. These

i The material in this chapter has been published as: M.A. Hassan, B. Yeom, A. Wilkie, B.
Pourdeyhimi, S. A. Khan, Fabrication of nanofiber meltblown membranes and their filtration 
properties, Journal of Membrane Science, 427 (2013) 336–344
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results show significant promise for the use of nano-meltblown fibers in filtration

applications.

2.2 Introduction

Nanofibers membranes are an exciting class of materials that exhibit many desirable

attributes primarily due to their extremely high surface to weight ratio, interconnected pore

structure and high permeability for gases [1]. In particular, low density, large surface area to

mass, high pore volume, and tight pore size qualify nanofibrous membranes to be useful for

many filtration applications such as filtering submicron particles from air or water [1], [2]

and [3]. Nanofibers can also be utilized for applications in the aerospace industry and

information technology, and in capacitors, transistors, drug delivery systems, battery

separators, and energy storage devices and fuel cells [4].

Typically, nanofibers are produced using electrospinning, a process in which a

charged fluid jet from a polymer solution or melt undergoes stretching and whipping in the

presence of an applied electric field resulting in continuous ultrathin randomly oriented fibers

in the form of a non-woven mat deposited on a collector [5], [6] and [7]. These fibers have

diameters in the range of 100–500 nm. Despite its simplicity and ability to produce

functional nanofibers [7], [8], [9] and [10], the electrospinning process is inherently slow and

solvent intensive, and the choice of polymers used is limited. Melt-electrospinning has been

an area of interest but no real success has been documented yet. Some published results

indicate also that the average fiber diameters are quite large (35±8 μm) and requires

viscosity-reducing additive to lower the range to a more acceptable range of 840±190 nm

[11]. There is also significant interest in capitalizing on existing high throughput fiber
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spinning methods to produce nanofibers; this would combine both desirable facets into one

existing process.

Almost all fiber barrier membranes used in the nonwovens industry are based on

meltblowing technology, a melt spinning processes used to produce microfibers by injecting

molten polymer streams into high velocity gas/air jets that form a self-bonded web when

collected on a moving surface. Figure 2.1 shows a schematic illustration of the process in

which high-velocity air jets impinge upon the polymer as it emerges from the spinneret. The

drag force caused by the air attenuates the fiber rapidly, and reduces its diameter by as much

as hundred times from that of the nozzle diameter [12]. Typical meltblown membranes have

fiber sizes ranging from 0.5 to 10 μm with an average fiber diameter of 2 to 5 μm. Meltblown

webs are known for their high surface area per unit weight, high insulation value, and high

barrier properties. These properties make them excellent candidates for making high quality

filters, surgical drapes and gowns, diaper leg cuff, protective apparel where a barrier to fluids

and breathability are essential features [13] and [14].

One critical area of application for meltblown webs is in the area of aerosol filtration.

The advantages of small fibers for filtration are well documented [15]. Meltblowing has the

potential to compete favorably with electrospinning if the meltblowing process could be used

to produce materials in the nanofiber range; meltblowing would provide a much faster,

easier, and less costly alternative to the electrospinning technique. It is not surprising that

meltblowing has prompted a significant amount of activity in the literature. Investigators

have studied the process from different perspectives. Several studies [16] to [26] have

focused on characterizing the process–structure–property relationships by using techniques
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such as laser doppler velocimetry and high speed imaging and computational fluid dynamics.

Shambaugh et al. [20] to [26] studied the effect of the slot die geometry on the air flow field

below the MB die and its effect on the fiber size. The effect of the nose-piece shape on the

flow field under the MB die was investigated experimentally by Tate and Shambaugh [21]

and theoretically by using CFD simulations by Krutka and Shambaugh [24], [25] and [26].

Tate et al. showed experimentally that using a blunt MB die produces a lower maximum

centerline velocity and that the centerline velocity profile decays at a higher rate than that

observed using a sharp MB die. Higher maximum centerline air velocity in the z-direction is

favorable as it leads to an increased rate of fiber attenuation (i.e., finer fiber) for a given air

flow rate. Milligan and Wadsworth [27] made use of a cross-flow to obtain finer fiber

diameter and improve the uniformity of the produced fiber mats. Lee and Wadsworth [28]

studied the effect of meltblowing process condition such as air temperature, die to collector

distance, and air flow rate on filtration properties of meltblown polypropylene webs. They

found that pore size and air permeability decreased with increasing processing temperature,

increasing air flow rate at the die, or decreasing die-to-collector distance.

Some attempts have also been made to fabricate nano-meltblown fibers. Companies

such as Arthur G. Russell designed laminated stainless steel dies to operate at high extrusion

pressures ∼1500 psi with 64 orifices/inch [29]. They showed the ability to produce fibers

with an average diameter of 400 nm by using a 6 in. single raw die. However, they noted a

lot of “fly” during the production. Fly refers to broken fiber debris that is air borne. Fly is

mostly caused by very high air velocities that cause fiber breakage. Ward and Fabricante et

al. [30] and [31] claimed to produce nanofibers with average size of 300 nm by using a new
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die design composed of stacked plates that form a row of orifices as small as 0.0125 mm in

diameter but no data or SEM images for such fibers were provided. Ellison et al. [32] were

able to produce some nanofibers with an average size of 500 nm by using a single hole die.

This was achieved by lowering the throughput, increasing polymer temperature, and

increasing the air flow rate (≈70 psi) while keeping the same spinneret diameter. Working at

very high aspirator pressures may not be commercially acceptable because of defects such as

rope formation and fly. Also, lowering the throughput significantly will result in large

residence time in the extruder, creating the potential for polymer degradation.

The data and results in the literature seem to suggest that reduction in fiber size is

possible, but no in-depth, or systematic study of fiber development, die configuration and

concomitant effects on fiber size, web uniformity and filtration properties can be found. We

report on strategies for forming nano-range meltblown fibers by using new die designs and

by manipulating the processing parameters. The work was completed on a pilot scale

meltblowing setup. Filtration properties, fiber and membrane characteristics of the resulting

webs were examined and compared to a typical micro-range meltblown membrane produced

using a typical MB die design.

2.3 Experimental

2.3.1 Pilot Meltblowing Unit

The webs were fabricated by using a pilot scale meltblowing set-up at Hills, Inc.

Three 60 cm wide slot dies with different hole diameters and different inter-hole distances

were used in this line. Since the 1960s, the slot die concept has been described in numerous

patents [33] to [38]. Compressed air for blowing the molten polymer was routed first through
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an electric heater, and then fed by one hose on each side of the spin pack (i.e., one upstream

and one downstream). Polymer pellets were melted and pressurized using a 1.9 cm extruder,

mounted vertically with a special screw design for low viscosity polymers. The heating in the

extruder involved four zone temperature controls; the first zone of the screw extruder was

water-cooled, in order to minimize polymer degradation. The polymer used in the trials was a

metallocene, isotactic polypropylene (Exxon, Achieve™ 6936 G) with 1800 melt flow rate

(MFR). The fibers were collected as a mat on a belt type collector (Albany International, 55

LD). Webs from the belt collector were collected onto rolls.

2.3.2 Die Geometry

Three 60 cm wide stainless steel slot dies were used in the experimental study. A

schematic illustration of the die is shown in Figure 2.2 [38], and the design details are

provided in Table 2.1. The polymer orifices were spaced evenly across the central 50 cm.

The control sample was produced using a regular meltblowing (MB) die (Die-Control) that

has 681 holes with a hole density of 14 holes/cm. Die [A] has 1470 polymer capillaries with

a hole density of 30 holes/cm, while die [B] has 1960 capillaries with hole density of 39

holes/cm. The die tip was sharp, i.e., mean radius was less than 0.127 mm. The angle

between each of the air slots and the face of the die was 60°. The nosepiece was setback by

0.508 mm. The new dies A and B have smaller diameters, and high L/D ratio that generate

high pressure drop at low polymer throughput, and hence increase flow uniformity. In

addition, the long holes contribute to the strength of the nozzle and therefore allow high

operating pressures. Finally the smaller diameters allow increasing hole density to gain back

some of the productivity that is lost because of working at low polymer throughput.
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2.3.3 Operating Conditions

The operating conditions were chosen to determine process windows that would

produce sub-micron fibers that could potentially be used in manufacturing high quality

membrane filters using the new die designs. The die temperature was set at 240 °C; air

temperature was set at 280 °C. The die to collector distance (DCD) was set at 19 cm for Die

[A] and 14 cm for Die [B]. The experimental conditions for the trials are shown in Table 2.2

and Table 2.3. As shown in Table 2.2, the polymer throughput was varied between 0.214 and

0.0022 g/hole/min and the belt speed was kept constant at 14.85 m/min. One of the goals of

conducting the trial of Group 1 was to produce nanofibers that can achieve similar filtration

efficiency to a control microfiber sample at a lower basis weight. In Group 2, the web basis

weight was varied at a relatively constant fiber diameter to examine the influence of basis

weight on performance at constant fiber diameters.

2.3.4 Fiber Diameter Measurements

To examine the fiber morphology, samples were sputter coated with a thin layer of

gold and analyzed with a scanning electron microscope (SEM, FEI XL-30, FEI Co.). Images

were taken at 10,000-× under 5 kV of an accelerating voltage for the electron beams. Fiber

diameters were measured using Image J software. For each membrane, at least 100 individual

fiber diameters were measured.

2.3.5 Air Permeability Measurements

The air permeability of a nonwoven membrane is the measured airflow through an

area of filter media at a specified pressure drop. Using the Air Permeability Tester, Textest-

FX3300 Labotester III, the air permeability was measured for the fiber mats under a drop
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pressure of 125 Pa. Some of the fabrics were layered in order to have a similar basis weight

to allow easy comparison between samples. For each sample, 10 measurements were taken

and averaged.

2.3.6 Filtration Efficiency Measurements

The filtration efficiency of the nonwoven membranes was examined by using the

Automated Filter Tester, TSI 3160, that measures particle penetration versus particle size at a

certain aerosol flow rate or face velocity. TSI 3160 generates two kinds of aerosol particles in

the range of 10–800 nm, polydisperse dioctylphtalate (DOP), or NaCl, using an atomizer.

TSI 3160 is capable of measuring efficiencies up to 99.999999% [39] and [40]. The filtration

efficiency was measured by using dioctylphtalate (DOP) aerosol at a face velocity of 5.33

cm/s. Some samples were tested under three conditions: as-received, discharged, and

charged. Samples were discharged by using isopropanol according to European standard EN-

779. To charge our samples, we used a Corona discharging technique and exposed the

specimen for 10 min below the Corona discharging setup at 5 cm at 65% relative humidity

and 20 °C. Full filtration curves for the samples were generated for particle sizes ranging

from 0.02 to 0.4 μm.

2.3.7 Capillary Flow Porometry

A capillary flow porometery from Porous Materials Inc. (PMI, Ithaca NY) was used

to analyze the pore structure of the nonwovens membranes. PMI porometry is based on the

displacement of a wetting liquid from a pore by a gas [41] with the work done by the gas

assumed to equal the interfacial increase in the free energy. The samples were tested with a

Salwick wetting liquid that had a surface tension of 20.1 dynes/cm. It was assumed that
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Salwick completely wetted out the samples tested, and hence a contact angle of 0° was

assumed for calculating pore diameter by using the Young–Laplace equation [42]:

D
4. .cos

L/G
p

 


Here p is the extrusion pressure in MPa, D is the pore diameter in μm, γL/G is the 

surface tension of Salwick in N/m and θ is the contact angle of Salwick with the sample, in

degrees. This technique is capable of providing us with the pore diameter at the most

constricted part of the pore, the bubble point diameter, as well as the pore diameter

distribution.

2.4 Results and Discussion

2.4.1 Fiber Diameter

Figure 2.3 shows the effect of polymer throughput on fiber diameter of meltblown

membranes produced with different die designs. The average diameter varied from 0.3 μm to

1.5 μm. In general, we observe that as polymer throughput decreases, fiber diameter

decreases. We also notice that Die [A] produced samples with fiber size similar to what could

be produced by Die [B] (Figure 2.3-Group 1) but at a higher polymer throughput which

yields a higher production rate. The main reason behind this result is that the drag force is

much higher in case of Die [A] because we are using higher aspirator pressures. Low

aspirator pressure is used in the case of Die [B] to avoid fiber fly. Lowering polymer mass

flow rate decreases fiber diameter because the same drag force from the air jet is acting on a

smaller polymer mass.
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Figure 2.4 shows representative SEM images of the membranes and their fiber

diameter distributions for Group 1 samples. In all cases, we find the fibers to be essentially

shot-free. “Shot” refers to large particles of (molten) polymer (often several tens of microns

in size) in the membrane that have ill-defined shapes [12]. From the histograms, we notice

that the distribution of meltblown fiber is log-normal-this is common for meltblown

structures. Figure 2.5 shows another statistical representation of the fiber diameter

distribution which is the box and whisker plots for the fabricated nonwoven membranes in

Groups 1 and 2. The bottom and top of the box are the 25th and 75th percentile (the lower

and upper quartiles, respectively), the solid band near the middle of the box is the 50th

percentile (the median), while the dashed band represents the mean fiber diameter. Whiskers

(error bars) above and below the box indicate the 90th and 10th percentiles. It is evident from

Figure 2.5 that for Group 2, the average fiber diameter of the samples is relatively constant at

0.45±0.05 μm. In general, the resultant fiber diameters are consistent with the expectation of

commercial webs (1 to5 μm) or substantially smaller (0.3–1 μm) depending on the used die

and processing conditions. These data show that it is feasible to significantly decrease the

average fiber diameter below 1 μm by modulating processing parameters. The important

findings that we need to emphasis here is that under some operating conditions, we are able

to produce nonwovens membranes with an average fiber size ≈330 nm with a production rate

of 2.23 kg/h/m of die width, which puts the meltblowing process with these new die designs

as a viable technique to produce nanofibers with relatively high productivity compared to

electrospinning. The production rate of the commercial electrospinning is around 650 kg/year

in the case of Nylon 6 nanofibers at an average fiber diameter of 200 nm when producing
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webs in the range of 5 g/m2 [43]. The production rate of a nano-meltblowing line of the same

width (1.6 m) would be 26,750 kg/year (based on 8000 h/year) of polypropylene fabric

produced at 2.5 g/m2 with 330 nm as fiber diameter, a 40-fold increase in throughput from

electrospinning.

2.4.2 Air Permeability

Airflow through nonwovens membranes can be described with the channel theory

that assumes that porous media is a bundle of cylindrical tubes passing from one surface of

the media to the other surface, and not necessarily perpendicular to the surfaces [43]. Air

permeability is inversely proportional to membrane thickness that is a function of web basis

weight, as seen in Group 2 of Figure 2.6. Air permeability can also be decreased by

decreasing membrane pore size by decreasing the fiber diameter. The effect of basis weight

and fiber diameter on air permeability can be seen as a competition where the more dominant

component will dictate the overall trend. This correlation can be seen in Group 1 of Figure

2.6 where the air permeability of the nonwovens membranes of die [A] samples are slightly

increasing due to the competing effect of these two parameters, but the membranes that are

produced by die [B] have relatively much higher air permeability due to the extremely lower

basis weight compared to other membranes of Die [A] beside their comparable fiber

diameters to that of samples A3 and A4. Thus the air permeability increase due to their lower

basis weight is more dominant than the decrease that is due to the fiber diameter reduction.

The general conclusion that can be extracted here is that air permeability of fabrics could be

tailored according to the web basis weight and the fiber size. As fiber size decreases, the pore

size decreases and hence air permeability decreases if we have the same basis weights.
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Higher air permeability is desirable in filtration as it is inversely proportional to pressure

drop.

2.4.3 Filtration Efficiency

Our initial effort focused on the filtration efficiency of the as-received samples, in

particularly determining whether we were dealing with mechanical efficiency only or a

combination of mechanical and electrostatic efficiencies. To this end, the penetration % of

three samples at two different conditions, as-received and discharged were measured. It is

worth noting that some processes create charge in the samples due to mostly frictional

effects. Discharging was done to ensure that the webs did not have any charge and that the

filtration efficiency was only mechanical.

Figure 2.7 shows differences between the penetration % for the as-received samples

and the discharged samples. We observe the difference to be sufficiently small to be

neglected, so that we can treat the as-received samples as if they are discharged samples due

to the low electrostatic charges that they have. In other words, the reported filtration

efficiency of the as-received samples can be considered as the mechanical efficiency only,

because the filtration efficiency due to electrostatic charges in the as-received samples is

negligible. This also means that our process did not induce any electrostatic charge.

Figure 2.8a shows the filtration efficiency of Group 1 samples. Nonwoven

membranes were challenged with 0.3 μm DOP aerosol at a face velocity of 5.3 cm/s. We find

that samples produced by using Die [A] have relatively similar filtration efficiencies to that

of the control sample although they were produced at a lower basis weight. The two samples

that were produced by Die [B] have lower filtration efficiency relative to the control sample
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as they were produced at a much lower basis weight. The samples were therefore, expected

to have very different pressure drops. In order to compare samples that differ in basis

weights, pressure drop, and efficiency, the filtration quality factor (Qf), sometimes called the

Figure of merit, has been calculated, and is shown in Figure 2.8b. The filtration quality factor

is defined as [44] and [45].

F

fractional capture per unit thickness γ -lnP
Q = = =

pressure drop per unit thickness Δp/h Δp

where γ=EΣdfL, P is the penetration fraction, Δp is the pressure drop across the

medium, EΣ is the summation of different single-fiber efficiency mechanism, L is the filter

thickness and df is the fiber diameter. The filtration quality factor of web A4 is twice the Qf

of the control meltblown web. Even membranes B1 and B2 that exhibited lower filtration

efficiencies relative to that of the control have much higher filtration quality factors.

Figure 2.9 shows the filtration performance of Group 2 webs. Group 2 webs were

produced at a relatively constant fiber diameter using Die [B] at different basis weights. The

membranes show high filtration quality factor relative to the control sample although their

filtration efficiency is much lower relative to the control sample. The higher quality factor is

mainly due to the lower basis weight and pressure drop.

Figure 2.10 shows the particle penetration fraction of layered samples of Group 1

versus the pressure drop across the filter media in a log–log plot. We find that the A4 sample

reaches HEPA-H14 filtration performance (99.978% mechanical efficiency at 280 Pa

pressure drop) at 40 g/m2. The fiber glass HEPA-H14 filter media provide the same filtration

efficiency at similar pressure drop but at a higher basis weight. The slope of the linear
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regression lines of each sample in Figure 2.10 can be correlated to the filtration quality factor

(Qf) to give an average factor. For example sample A1 has a (Qf)avg of 13.6, whereas sample

A4 has a (Qf)avg of 26. As shown, the smaller fiber diameter membranes (e.g., A4 samples)

have higher slopes that result in a higher figure of merit. The superior properties of sample

A4 to other samples goes back to the fact that it has sub-micron fibers.

Figure 2.11 depicts the full filtration curves of discharged samples of Group 1. The

aim of this test was to determine the most penetrating particle size (MPPS). Weight per unit

area of all samples was kept constant at 20 g/m2, and all membranes were challenged with

DOP aerosols in size range of 0.02–0.40 μm at 5.3 cm/s face velocity. As seen from Figure

2.11a, sample A4 provides the lowest MPPS values that are smaller than the control sample

by more than one decade. This can again be attributed primarily to the size of the fibers.

Figure 2.11b shows the MPPS for the nonwoven membrane samples. We find the MPPS of

the control sample to be the highest, whereas that of sample A4 to be the lowest, suggesting

that the filtration efficiency at the MPPS of the control sample has been increased and shifted

to a lower value. The reason behind this is the fiber size and the resultant smaller pore

structure. The resultant MPPS values are consistent with what could be found in the literature

which varies between 0.1 and 0.3 μm according to the membrane average fiber size [46].

2.4.4 Pore Diameter Analysis

Figure 2.12 shows the average pore size and the bubble point diameter versus

membrane basis weight for samples produced with Die [A]. We find that the samples exhibit

a similar average pore diameter of 7.5 μm although the fiber diameter is decreasing from

sample A1 to A4. This is interesting as we would have anticipated a smaller pore size with
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decreasing fiber diameter [47]. The main reason behind this unusual trend is potentially that

our membranes have different basis weights, therefore, the effect of fiber diameter on pore

size is negated by the lower basis weight of the membranes. The similarity in pore size

perhaps explains why we also achieved similar filtration efficiencies for our nanofibrous

membranes compared with the control sample—the control had larger fibers and was

heavier. The results for the bubble point diameter which represents the largest pore diameter

show a similar trend (Figure 2.12), with a bubble point diameter for the samples of 17.3 μm.

However, the throat diameter which represents the smallest pore diameter is increasing with

decreasing basis weight and this explains why we have lower filtration resistance or pressure

drop for such nanofibrous membranes that has lower basis weight and smaller fiber diameters

(see Supplementary Figure 2.1).

2.5 Conclusions

We investigated the characteristics of nano-meltblown fibrous membranes produced

by using three different die designs and different process conditions. We showed the

possibility of producing nanofibers by using the meltblowing process at high production rate

relative to the other techniques that produces nanofibers. We found that some of the nano-

meltblown membranes that are produced using the new dies provide similar filtration

efficiencies at much lower basis relative to a control sample, and its filtration quality factor

can be enhanced by more than 100% in some cases without affecting the yardage production.

We also demonstrated that HEPA performance can be achieved through only mechanical

filtration by using an appropriately structured meltblown nonwoven. The pressure drop
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across the membrane was comparable to the commercial fiberglass one. We also

demonstrated that MPPS can be lowered with using smaller fibers.
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Table 2.1. Configuration of different dies

Die Type L/D
Hole density
(holes/cm)

Orifice diameter
(mm)

Space between
capillaries (mm)

Control 30 14 0.3048 0.3048

Die [A] 50 30 0.1778 0.1778

Die [B] 200 39 0.127 0.127
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Table 2.2. Group 1 processing conditions

Sample C A1 A2 A3 A4 B1 B2

Polymer throughput
(g/hole/min)

0.214 0.1 0.05 0.025 0.0125 0.0055 0.0022

Basis weight (g/m2) 20 20 10 5 2.5 1.5 0.5

Belt speed (m/min) 15.6 14.85 14.85 14.85 15.5 14.5 14.5
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Table 2.3. Group 2 processing conditions

Sample C B1 B2 B3 B4

Polymer throughput
(g/hole/min)

0.214 0.0055 0.002 0.002 0.002

Basis weight (g/m2) 20 1.5 0.5 0.33 0.22

Belt speed (m/min) 15.6 14.5 14.5 22 33



Figure 2.2.1. Schematic drawing of the MB process.
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Figure 2.2. Schematic illustration of the MB die, adapted from [38].
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Figure 2.5. Fiber diameter of nanoMB webs in Groups 1 & 2. The boundaries of the
boxes indicate the 25th and the 75th percentiles and a straight and a dashed lines mark
the median and the average fiber diameters. The error bars on the bottom and the top

of the box indicate 10th and 90th percentiles.
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CHAPTER 3
CFD Simulations and Experiments for Modified Meltblowing Die

with Air Constrictorsii

3.1 Abstract

Meltblowing process employs high-speed hot air jets to attenuate polymer streams

injected from a die head. Typically, the air velocity and temperature decreases rapidly due to

the early mixing with ambient air near the die tip. In this study, we examine design strategies

to control the air flow field below the polymer injection point in order to achieve higher fiber

attenuation to fabricate meltblown webs with smaller fiber diameters. In particular, we

examine the use of air constrictors to maintain and/or increase the maximum centerline air

velocity and temperature below the injection point for a longer distance than is possible with

the existing systems. Computational fluid dynamics (CFD) simulation for the new die

configurations show that vertical or inclined air constrictors around the primary air jets

would keep the centerline air velocity and temperature at their maximum values for 10-15

mm longer in distance below the die face than in the case of the reference die configuration.

Polymers streams are kept at a temperature near the polymer melting temperature (Tm) at

higher air velocities for a longer period, resulting in higher fiber attenuation, and meltblown

webs with smaller fiber diameters. Experimental results with some of these simulated

configurations show reduction in fiber diameter, and pore size validating the simulation.

ii The material in this chapter is being submitted to Polymer for publication
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More importantly improved filtration properties are obtained for the fabricated nonwovens

webs.

3.2 Introduction

Meltblowing (MB) technology is a melt-spinning process used to produce microfibers

through injecting molten polymer streams into high velocity air jets. In the MB process, high-

velocity air jets impinge upon the polymer streams as they emerge from the spinneret (see

Figure 3.1). The drag force caused by the air jets attenuates the fibers rapidly reducing their

diameter as much as a hundred times the nozzle diameter. Meltblown fiber diameters can

range from 0.1-10 µm within the same web with an average fiber diameter of 1-2 µm. These

meltblown fibrous webs are known for their large surface area per unit weight, high

insulation value, and excellent barrier properties yet breathability [1-5].

Fiber formation during the MB process is critically dependent on the aerodynamics

of the process as the drag force due to high-speed air jets is the main cause of fiber

attenuation [6, 7]. The maximum air velocity is quite important as polymer streams spend

most of the time in the centerline below the die face. It is also useful to have a high air

velocity over a long range of z (distance from die face) values, i.e., the integral of the air

velocity versus z curve should be as large as possible. Higher air velocity in the z-direction is

favorable as it leads to an increased rate of fiber attenuation (i.e., finer fiber) for a given air

flow rate [8, 9].

Several investigators have studied different die geometries to enhance the air flow

field below the die face with a view to achieve smaller fiber diameters and better web

uniformity. Tate et. al. [6] investigated the effect of the spinneret nosepiece geometry on the
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air flow. They found that blunt MB dies produce a lower maximum centerline air velocity,

causing the centerline velocity profile to decay at a rate higher than the sharp MB dies.

Kurtka et. al. [7-9] examined the effect of the spinneret nosepiece position to the die face.

According to the nosepiece position, the slot meltblowing dies can be classified into three

types, inset MB dies, flush MB dies, and outset MB dies. The inset MB die is where the die

tip is above the die face, but the flush MB die is when die tip and die face are at the same

level, and the outset die is when the die tip is below the die face level. They found that the

inset MB die is superior to the outset and the flush dies as it gives a higher centerline air

velocity which is an important parameter for the filament attenuation. Kurtka and the co-

authors used computational fluid dynamics (CFD) to simulate different MB die

configurations, and found that increasing the nosepiece recession leads to an increase in the

maximum centerline velocity and the air velocity at the highest recession is triple the air

velocity for a flush die. This is significant because higher maximum air velocity in the z-

direction leads to an increased rate of fiber attenuation for a given air flowrate and thus finer

fibers. Furthermore, Kurtka depicted the turbulence fluctuation for the inset and outset dies

which are quite important in the evaluation of die design as it affects fiber laydown and the

web uniformity. He found that as the recession above the die face increases for the inset dies,

the velocity fluctuation increases, which may cause fiber to bend, and/or stick to the die

walls. For outset dies, the velocity fluctuation is found to decrease as the nose piece extends

beyond the die face and therefore the probability of having web defects such as ropes is

lowered.
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Accordingly, there is a need to fabricate smaller fiber diameters by increasing fiber

attenuation without introducing high turbulence at the die tip that may lead to die clogging

and fiber accumulation around the die walls. Several methods to improve fiber attenuation

have been examined, including die tip type and its position. In this study, we investigate new

die configurations that has vertical or inclined air constrictors to produce finer meltblown

fibers. Computational fluid dynamics was used to predict the effects of these new die

configurations on the air flow field below the die face. The new die configurations are able to

maintain a high centerline air velocity below the polymer injection point, and maintained the

polymer temperature around the melting point (Tm) for a longer period near the die face. In

addition, we experimentally test the design concept of these new configurations and showed

their effects on fiber diameter and web properties.

3.3 Numerical Modeling and Simulation Parameters

Computational fluid dynamics (CFD) is a useful tool for examining new die

geometries without the cost associated with experimental testing. Computational fluid

dynamics is also capable of providing us with other important parameters that are not easily

measured experimentally, such as turbulent intensity and dissipation rate. Thus, CFD was

used to examine the air flow field of multiple die configurations in order to identify the most

efficient design.

3.3.1 Turbulence Modeling

Meltblowing is a complex process and involves polymer streams injected into a high

speed hot air jets. The strong dependence of the fiber formation process on the jet

aerodynamics inspired us to study the effect of changing the die geometry on the air flow
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which is the main cause for the fiber attenuation [14-17]. The CFD package used in this

investigation includes two programs: GAMBIT 2.2.6 and FLUENT 12.1.4. GAMBIT

provides the necessary tools to create the mesh geometrical domain of the simulation model,

while FLUENT performs all the computational and post-processing tasks by using the built

in models. FLUENT has different turbulence models in order to simulate the air flow field.

Turbulence models may differ in computation time, accuracy and suitability of the model to

the problem needed to be solved. The most popular models in modeling turbulent flow are

standard K-ε, standard K-ω, realizable K-ε, and Reynolds Stress Model [8, 18-20]. The

turbulence model that has been used in this study to simulate the air flow field is the standard

K-ε model with its default empirical constants. Such a model has been reported by Krutka et

al. and Begenir [7-9, 21] to be satisfactory for simulating the air flow field below the MB slot

and annular dies.

The K-ε equations model takes the forms shown below, and the suggested values of

the empirical constants embedded in these equations are as follows, C1ε = 1.44, C2ε = 1.92 ,

Cµ = 0.09 , σk = 1, and σε = 1.3 [8,20]. Convergence of the model equations were required to

reach 10-6 residuals and approximately, 10,000 - 20,000 iterations were necessary to meet

this convergence criterion for the different simulations.
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3.3.2 Domain Size and Grid Generation

The computational domains of the new configurations were generated using

GAMBIT 2.2.6 and Figure 3.2 represents the computational domain used in the simulations

for the reference die configuration. The origin of the MB domain is at the center of the die

face, with the x-direction transversing to the major slot axis, the y-axis (not shown) is

perpendicular to the plane of the drawing, and the z-direction in the downward direction

below the die. Similar to Krutka et. al. [7-9] and Begenir [21], the domain dimensions were

30 mm and 100 mm in x and z-direction, respectively. These dimensions are large enough to

represent the air velocity and temperature profiles below the die. The presence of the

polymer and its spinneret was neglected, which is reasonable due to the small dimensions of

the polymer spinneret relative to the die dimension. A symmetry boundary condition was

used along the z-axis (x=0) to reduce the size of the computational domain [7-9]. The grid is

structured with quadrilateral cells because it is convenient for the rectangular nature of the

computational domain. The grid resolution of the area that is close to the symmetry line and

the die face is fine structured and it becomes coarser towards the outlet pressure boundary
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conditions. The number of quadrilateral cells for each die geometry was around 120,000

cells.

The air flow entering the computational domain was set as a pressure inlet boundary

condition at T=537 K, and P= 0.293 atmg. The right boundary and the bottom boundary (see

Figure 3.2) were set as pressure outlets with ambient air conditions (T= 300 K, and P=0

atmg). The left boundary was set as a line of symmetry. All other boundaries were assigned

the default setting of being a wall at a temperature equal to 533 K. The turbulence

specification was set with an intensity of 5% and a turbulence scale length of 0.1 mm. These

values have been calculated according to the equations 5 and 6. The turbulence intensity and

turbulence hydraulic diameter were set to be 4 %, and 100 mm, respectively. The non-

isothermal air flow was modeled as a compressible flow and its density (ρ) and viscosity (µ) 

were calculated using ideal gas law and kinetic theory respectively. The turbulence intensity

and the turbulence scale length were calculated according to the following equations:

   
1

8
DHI 0 16 5. Re




where; I is the turbulence intensity, and Re is the Reynolds number based on the hydraulic

diameter.

 0 07 L 6l .

where; ℓ is the turbulence scale length, and L is the characteristic length of the duct or the

hydraulic diameter
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3.3.3 Die Configurations

We investigated 11 new die configurations and compared the air flow field in them to

the air flow field of a reference MB die provided by Reicofil, and operated on a pilot-scale

MB line at the Nonwovens Institute at North Carolina State University. The reference die,

Figure 3.3, is a sharp-edged, inset die with a recession distance of a = 1.524 mm, and air

plates angle of 45°. The air gap width is d = 1.524 mm, the air slot width b = 0.63 mm, and

the distance between the outer edges of the air slots is h = 1.263 mm (h = 2b), while the

overall length of the air slot is ℓ = 737 mm. Since the aspect ratio of the air slot ℓ/b = 1168 is

significantly larger than 50, the air flow field converging from the air jets in the meltblowing

line used in this study could be modeled as 2-D at positions below the die center, and free of

end effects [18, 19]. Table 3.1 shows the different die geometries under investigation in this

study. We studied the effect of the air constrictor length (L), width (W), and angle (Φ) on the

air flow field below the MB die.

3.4 Results & Discussions

3.4.1 Effect of Air Constrictor Length

We examined the effect of the air constrictor length on the air flow field below the

MB die (see Table 3.1, configurations 1-3). We set the width between the two air constrictors

at 2 cm, i.e., 1 cm away from the spinneret centerline in the x- direction, and varied the

length of the air constrictor (1 cm, 2 cm, and 3 cm). The effect of varying the air constrictor

length on the centerline air velocity is shown in Figure 3.4-A, while that on the temperature

profile is depicted in Figure 3.4-B. We find the maximum air centerline velocity to increase

slightly increase from 271 m/s to 277 m/s, and the maximum air centerline velocity
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maintained for a distance of 10-15 mm longer below the die face. Maintaining the maximum

centerline air velocity for a longer distance than the reference configuration increases the

overall fiber attenuation. Centerline air velocity increased because the hot air jets have been

constricted by limiting the cross-sectional area underneath the die face and by confining them

between the constrictors boundaries for a longer distance below the die face. This

improvement in velocity profile would be expected to result in higher fiber attenuation and

hence smaller fiber diameters. No significant effect on the maximum centerline temperature

was noticed; however the presence of the constrictors maintained the maximum centerline

temperature for an increased distance below the die face, from 10 mm to 18 mm, because air

constrictors delayed the interaction between the hot air jets and the ambient air near the die

face. Higher attenuation would likely occur because the polymer is kept at a higher

temperature and experiences higher air velocities for a longer time. We also notice that the

longer the constrictor, the higher the temperature profile along the measured distance from

the die face, but a longer constrictor may increase the turbulence and may cause fiber roping

or fiber sticking to the constrictors walls.

3.4.2 Effect of the Air Constrictor Width

The configuration corresponding to Figure 3.4 had a width of 2 cm between the two

constrictors, and varying length. Here, we examine the effect of varying the width, 0.6 cm, 1

cm, 3 cm, and 4 cm (see Table 3.1 configurations 1, 4-7) keeping the length of the constrictor

constant at 1 cm. Figure 3.5 depicts the effect of air constrictors width on (A) centerline air

velocity, (B) centerline air temperature, and (C) centerline air turbulent intensity profiles

below the die face. A pronounced effect on velocity and temperature is seen at smaller widths
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(e.g. W = 0.6 cm) because of the substantial decrease in the cross-sectional area for the air

jets to flow through it. The temperature profile of configuration 4 (W = 0.6 cm), shows a

sudden drop at the beginning due to sudden pressure drop of the air within the narrow area

between the air constrictors. This pressure drop is due to the sudden expansion of the air jets

inside the limited area between the air constrictors walls and the corresponding temperature

decrease likely occurs because of the Joule–Thomson effect that may take place during this

sudden expansion [22]. By narrowing the distance between air constrictors, the maximum

centerline air velocity and temperature can be increased and/or maintained for a longer

distance below the die face, but the potential effect on turbulence should also be taken into

consideration.

Turbulent intensity and the turbulent kinetic energy are important factors to be

considered because they greatly influence fiber formation, entanglement, and roping. Thus

we investigated how the air constrictor width affects the turbulent intensity. The turbulent

intensity is the root-mean-square of the turbulent velocity fluctuations divided by the mean

velocity of the flow, and can be also calculated from the system kinetic energy. Figure 3.5(C)

shows that as the air constrictor width decreases, the maximum centerline turbulent intensity

increases and its peak shifts towards the die face. Fiber roping can take place in this high

turbulent region where polymer streams are in high turbulent flow in their molten state.

Configuration 4 that has air constrictors with 0.6 cm width showed the highest turbulent

intensity because of the limited expansion for the air jets that lead to higher velocity and

velocity fluctuation. Configurations with W=2cm and above show relatively similar profiles

to that of the reference case especially at the peak point. In general, configurations with
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widths between 1 to 4 cm achieve better performance over the reference configuration by

keeping the maximum centerline air velocity and maximum centerline air temperature

constant at their peak values for a longer distance below the die, while they also have

minimal effect on the turbulent intensity and its dissipation rate.

Figure 3.6 show the mean air velocity, the velocity vectors and the static temperature

contour maps for air flow field of meltblowing dies with different air constrictor widths.

(Static temperature is the temperature that would be measured experimentally if a

temperature probe were used in the flow field.) The velocity and temperature contour plots

look quite similar, as might be expected from the fundamental relationship between heat- and

momentum-transfer processes [7, 8]. As shown, as we decrease the width of the air

constrictors around the air jets, air velocity and air temperature increases (contours color

become darker red and extended for a longer distance below the die face), but the air

turbulent increase and the recirculation zones come closer toward the centerline where

polymer streams are existed (see highlighted areas in Figure 3.6(B)). The shift of the

recirculation zones toward the centerline by decreasing the air constrictor width is not

recommended, as it would increase the probability of rope formation specially if the

magnitude of these velocity vectors increased as we see in case 5 (L=1 and W=1). Near the

die face we have a significant difference between the velocity and temperature contour maps.

Because the zone between the air inlets and very near to the die face and air constrictors is a

velocity recirculation zone, the velocities are relatively low. However, for the case of the

temperature contours, this recirculation area is filled with hot air that has limited interaction

with the ambient air. Thus, the air temperature in these recirculation zones remains high and
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would keep the polymer streams at a lower viscosity during the attenuation process, see

Figure 3.6(C).

3.4.3 Effect of Air Constrictor Angle

The effect of air constrictor angle on the air flow field below the MB die was

examined. The investigated air constrictor angles were 45o, 60o, 72o, and 90 o (see Table 3.1).

The constrictor fixed-end was set 3 mm away from the spinneret centerline, while the

constrictor free-end was set 27 mm below the die face. Figure 3.7 (A&B) show the maximum

centerline air velocity and temperature for different air constrictors. Configurations with

angle between 45o - 60o may perform better than the other two configurations. Because of

maintaining higher centerline air velocities and temperatures for a longer distance below the

die face that would result in higher fiber attenuation. The air constrictor with an angle Φ=90o

exhibit this with a much higher maximum centerline air velocity but with rapid decay. This

could result in much higher fiber attenuation in the first 10 mm below die face but much

lower fiber attenuation at distances larger than 10 mm. The temperature profile of

configuration 11, Φ=90o, shows a sudden drop at the beginning due to a pressure drop of the

air within the narrow area between the air constrictors, and the concomitant Joule–Thomson

effect [22]. Centerline temperature starts to increase again possibly as the pressure increases

and equalizes with the outside atmosphere, the centerline velocity stays constant at 530 oC

for ~ 20 mm and then starts to decrease at a rate similar to the other die configurations once

the air start to interact with the ambient air near the edge of the constrictors.

Figure 3.7(C) shows the turbulent intensity for the simulated die configurations with

different air constrictor angles. Configuration 8, and 9, Φ = 45o and 60o respectively, did not
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show a significant difference in their turbulent intensity from the turbulent intensity of the

reference die configuration. Configurations 10 and 11, Φ = 72o and 90o respectively, show

the highest centerline turbulent intensity at a closer distance to the polymer injection point,

and their maximum centerline turbulent intensity was higher than the reference case by 20-40

%. This is not favorable as it will increase the likelihood for fiber entanglement and roping of

the polymer streams that are in the molten state near the die face. Thus, air constrictors with

angles between 45o and 60o would be the best choice, as they will keep the maximum

centerline air velocity and temperature for a longer distance below the die without a

significant increase in the turbulence near the die face.

3.4.4 Experimental Verification

In this section we attempt to verify if constricting the air flow underneath the MB die

face will have an effect on the actual fiber size and web properties as implied by our CFD

results. We are not trying here to quantitatively verify the predictions of the K-ε model for

the air velocity and temperature profiles using the CFD simulations because validating of the

model predictions has been examined earlier by others for the reference die configuration

[7,8,21]. We developed three air constrictors and attached them to a small MB die at the

Nonowovens Institute located at North Carolina State University. Five different fabrics were

produced in each trial, for a total of 20 samples (see Table 3.2). All fabrics were produced at

the same processing conditions, and the only variable was the aspirator pressure that was

varied between 15 to 35 psi. The polymer used was an isotactic polypropylene (Achieve

6936G1). The polymer temperature was held constant at 255 oC and air temperature was kept
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constant at 280 oC. The polymer throughput was held constant at 0.3 g/hole/min. The

fabrics produced had a basis weight of 30 g/m2.

Figure 3.8-A shows an SEM image for fibers produced at an aspirator pressure of 35

psi using a MB die with air constrictors positioned 10 mm away from the spinneret

centerline, while Figure 3.8-B shows another SEM micrograph for a MB sample produced at

the same pressure and same MB die, but with air constrictors positioned 4 mm away from the

spinneret centerline. We find the fibers in the first image to be slightly larger than those in

the second image. Note however, that the second image shows significant roping. We noticed

shot formation and roping defects in the case of the second and third air constrictors, but in

the case of the first air constrictor that was 10 mm away from the spinneret centerline there

were no shots or roping defects. We believe that the high turbulence near the die face is the

main reason behind these defects, and consistent with our predictions from CFD simulations

on the turbulent intensity. In addition, any imperfection in manufacturing and alignment of

the two air constrictors around air jets may direct the molten polymer streams towards one of

the constrictors side and initiate rope formation.

Figure 3.9 shows the average fiber diameter for the fabrics produced using a MB die

with different air constrictors. We were able to produce fabrics using the MB die with air

constrictor at 10 mm away from the spinneret centerline and with air constrictors at 7 mm

away from the spinneret centerline. In the latter case, we could not produce a uniform fabric

due to the fiber sticking to the constrictor walls, but we were able to collect manually some

fibrous webs and measure their fiber diameter distribution using SEM. As shown in Figure

3.9, the MB die with different air constrictors was able to reduce the fiber size in the fabrics
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produced. This is consistent with the expectation from our CFD simulation results that

showed higher centerline air velocities and temperatures profiles in case of MB dies with

different air constrictors widths. In the case of the air constrictors positioned 10 mm away the

spinneret centerline, we reduced the fiber diameter by 20% compared to the fibers produced

using the reference MB die at the same process conditions when air aspirator pressure is 15

psi. In the case of the air constrictors at 7 mm from the spinneret centerline, we obtained

fibers that were smaller by 20 to 40% than the fibers produced using the reference die.

Figure 3.10 shows the average pore diameter of the produced meltblown nonwovens.

Mean flow pore diameter was measured by using PMI capillary porometry [23, 24]. The

fabric produced by using MB die with air constrictors had relatively smaller pore diameters

compared to those produced with the same MB die without using air constrictors. This is

attributed to the smaller fiber size as a result of using the air constrictors that accelerated the

air flow and increased the drag force and fiber attenuation on the spun polymer streams.

Figure 3.11 shows the filtration efficiency and filtration quality factor of webs

obtained using the air constrictors. Filtration properties of the fabrics are measured using

TSI 3160 [25] by challenging them against 0.3 µm DOP particles at face velocity 7.75

cm/sec. The results show enhancement in filtration efficiency for most of the cases of the

fabrics produced by using MB die with air constrictors over the reference fabrics. Figure

3.11(B) shows the normalized filtration properties per unit thickness in the form of the

filtration quality factor (Qf). Qf is defined as the fractional capture per unit thickness divided

by the pressure drop per unit thickness [26, 27]. It is evident that filtration quality factor is

greatly enhanced especially at aspirator pressures from 15-25 psi. The enhancement in the
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filtration properties is mainly due to the smaller fabricated fiber diameters that we obtained

because of using MB die with air constrictors that enhanced the air flow field as predicted in

the CFD simulations results.

3.5 Conclusion

In this study, we used CFD simulations to examine the effects of 11 different new die

configurations on the air flow field of the MB process. The main goal behind generating

these configurations was to maintain high centerline air velocity below the polymer injection

and keep polymer temperature around the melting point near the die face, so as to achieve

higher fiber attenuation. The simulation results show that using air constrictors would result

in higher maximum centerline air velocity, and higher maximum centerline air temperature.

In addition to that both maxima are maintained for a longer distance (10-15 mm) below the

die for some configurations. Keeping these maxima constant for a longer distance below the

die face would result in higher fiber attenuation, vis a vis smaller fiber diameters, which is

highly desirable. We also experimentally verified the concept that using MB dies with air

constrictors would lead to smaller fiber diameter using three different air constrictors. The

results show that we reduced the fiber diameter by 20 to 40% with concomitant

improvements in web performance.

3.6 Nomenclature

C1ε first empirical constant for ε equation

C2 ε second empirical constant for ε equation

Cµ empirical constant for µt

Dh hydraulic diameter
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Gk generation of turbulence kinetic energy

Sk user-defined source term of turbulence kinetic energy

S ε user-defined source term of turbulence dissipation rate

ui u i-component of velocity vector

ε turbulence dissipation rate

σk empirical constant for k equation

σ ε empirical constant for ε equation
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Table 3.1. Simulated new die configurations

Effect of
air
constrictor
length

0 Ref.
Config.

1 L = 1 cm
W= 2 cm

2 L = 2 cm
W= 2 cm

3 L = 3 cm
W= 2 cm

Effect of
air
constrictor
width

4 W= 0.6 cm
L = 1 cm

5 W= 1 cm
L = 1 cm

6 W= 3 cm
L = 1 cm

7 W= 4 cm
L = 1 cm

Effect of
air
constrictor
angle

8 Φ = 45o

L=3 cm
9 Φ = 60o

L=3 cm
10 Φ = 72o

L=3 cm
11 Φ = 90o

L=3 cm
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Table 3.2. Meltblown nonwovens processing conditions

Die
Configurations

Reference Configuration, without constrictors

Vertical Constrictors @ 10 mm from the centerline

Vertical Constrictors @ 7 mm from the centerline

Vertical Constrictors @ 4 mm from the centerline

Aspirator
pressure, psi

35 30 25 20 15



Figure 3.1. Schematic drawing of the MB process,1. Schematic drawing of the MB process, (Not to scale), adapted from

72

, adapted from [4]



Figure 3.2. Domain size and its boundary conditions for the reference die configuration2. Domain size and its boundary conditions for the reference die configuration

73

2. Domain size and its boundary conditions for the reference die configuration
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Figure 3.3. A cross-sectional view of (a) meltblowing die face, the z-axis (not shown) is
perpendicular to the plane of the drawing, and (b) 45° sharp, inset meltblowing die, the
y-axis (not shown) is perpendicular to the plane of the drawing (drawing is not to scale).

Adapted from Ref [20]
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Figure 3.6. Effect of air constrictor width on (A) air velocity contour map, and (B) air
velocity victors map, and (C) air temperature contour map

Figure 3.6. Effect of air constrictor width on (A) air velocity contour map, and (B) air
velocity victors map, and (C) air temperature contour map
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Figure 3.6. Effect of air constrictor width on (A) air velocity contour map, and (B) air
velocity victors map, and (C) air temperature contour map



78

0 20 40 60 80 100

C
e

n
te

rl
in

e
A

ir
V

e
lo

c
it

y
,

m
/s

0

50

100

150

200

250

300

350

400

0 20 40 60 80 100

C
e

n
te

rl
in

e
A

ir
T

e
m

p
e

ra
tu

re
,

K

340

360

380

400

420

440

460

480

500

520

540

560

Distance below the Polymer Injection Point, mm

0 20 40 60 80 100C
e

n
te

rl
in

e
A

ir
T

u
rb

le
n

t
K

.E
.

(m
2

/s
2

)

0

500

1000

1500

2000

2500

3000

(B)

(C)

(A)

Ref Config

= 45o

= 60o

= 72o

= 90o

Ref Config

= 45o

= 60o

= 72o

= 90o

Ref Config

= 45o

= 60o

= 72o

= 90o

Figure 3.7. Effect of air constrictor angle on (A) centerline air velocity, and (B)
Centerline air temperature, and (C) centerline air turbulent K.E



Figure 3.8. SEM images for fibers produced @ 35 psi using (
positioned 10 mm away from the spinneret centerline line, (B): air constrictors

positioned 4 mm away from the spinneret centerline line

. SEM images for fibers produced @ 35 psi using (A): air constrictors
positioned 10 mm away from the spinneret centerline line, (B): air constrictors

positioned 4 mm away from the spinneret centerline line
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A): air constrictors
positioned 10 mm away from the spinneret centerline line, (B): air constrictors

positioned 4 mm away from the spinneret centerline line
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CHAPTER 4
CFD Simulation for Modified Meltblowing Dies with Secondary

Air Jetsiii

4.1 Abstract

Meltblowing (MB) process is an exciting technology that produces micro- and

submicron fibers from polymer resins in a single step. In this process high-speed hot air jets

are employed to attenuate polymer streams injected from a die head. Typically, the air

velocity and temperature decreases rapidly due to the interaction with ambient air near the

die tip. In this study, we used computer simulation to examine the effect of using secondary

air jets to shield the primary air jets from interacting with ambient air near the die face.

Computational fluid dynamics (CFD) simulation for the new die configurations show our

hypothesis prevail with the secondary air jets delays the mixing of the primary hot air jets

with ambient air, raises the temperature below the polymer injection point by 40-80 oC

relative to the reference die. Polymers streams were kept at a temperature near the polymer

melting temperature (Tm) for a longer period that could lead to higher fiber attenuation and

smaller fiber diameters. The performance of MB die with secondary air jets is compared to

the performance of MB die designs consisting of vertical or inclined air constrictors. The MB

dies with secondary air jets exhibit higher temperature profile, but lower velocity

enhancement compared to the constrictor-based geometry.

iii The material in this chapter is being submitted to Polymer for publication
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4.2 Introduction

Meltblown engineered fabrics are known for their high surface area per unit weight,

high insulation value, and high barrier properties while maintaining breathability [1-5]. A

typical meltblowing process produces micro- and submicron-fibers by employing high speed

air jets that impinge on injected molten polymer. The drag force from the high-velocity air

jets rapidly attenuate the molten polymer streams near the die face, leading to fiber with

average diameter of 2-5 µm and range between 0.1 and 10 µm within the same web.

Meltblown fibrous media are known for their high surface area per unit weight and high

barrier properties. Thus, they are highly consumed in filtration and they are good candidates

for making surgical drapes and gowns, and protective apparel where a barrier to fluids and

breathability are essential features [1-3]. Fabricating media with smaller fiber diameters is

highly recommended as it will improve their performance in such applications and would

decrease the polymer consumption as well. Hassan et. al. [5] showed that filtration efficiency

can be greatly enhanced if fiber sized of meltblown media is decreased and they achieved

similar filtration efficiency at 88% reduced basis weight and they doubled the filtration

quality.

Drag force due to the high-speed air is the main cause of fiber attenuation, and fiber

formation in meltblowing is critically dependent on the process aerodynamics. Several

investigators have thus studied different die geometries to enhance the air flow field below

the die face with the intent to reduce fiber diameters and achieve improved web uniformity.

In our previous paper [6], we showed that the majority of modeling and simulation work of

the meltblowing process [7-10, 15-18] investigated the effect of the die nose piece shape on



85

the air flow, and examined experimentally and theoretically the effect of the spinneret

nosepiece position with respect to the die face. Furthermore, studies examined the effect of

the angle between the air knifes and the nosepiece on air flow field.

Secondary crossflow air streams have been employed in some literature to provide

cold or ambient air to quench the extruded filaments, [11]. Balk [12] disclosed a similar

secondary air quenching system for a spunbonding die system that split a sawtooth cross

section film into fibrous material. Accelerating the air below the die tip to increase the air

velocity and therefore, increase the drag force and fiber attenuation was suggested by

Arseneau et al [13] by recessing the die tip above the die face. Groner et al. [14] suggested

the use of a cold secondary air stream followed by an air constrictor to increase the fiber

attenuation after fibers solidified. Rapid cooling of the fiber near the die face would result in

higher polymer viscosity and rapid solidification that would increase the fiber diameter. In

addition, the cross flow direction may increase the fiber roping defects and may accumulate

fibers on the edges of the air constrictors.

In our previous work [6], we investigated the effect of air constrictors attached to the

meltblowing die on air flow field using computational fluid dynamics (CFD). Our simulation

results for these new die configurations showed that air constrictors around the primary air

jets would maintain constant centerline air velocity and temperature at their maximum values

for an additional 10-15 mm distance as compared to the reference die configuration. The high

temperature and velocity would facilitate fiber attenuation and enable smaller diameter.

This study builds on our previous work [6] as we investigate the effect of secondary

air jets as another way of accelerating the air below the die face and shielding the primary air
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jets from early interaction with ambient air. Such an approach would lead to higher air

velocity and temperature that will increase fiber attenuation. We also compare our results

with these MB dies with air constrictors to understand the role of each die type in fiber

attenuation show their effects on the centerline air velocity and temperature.

4.3 Numerical Modeling and Simulation Parameters

4.3.1 Turbulence Modeling.

Meltblowing is a complex process and involves many parameters affecting the fiber

size and web properties. The strong dependence of the fiber formation on the process

aerodynamics inspired us to study the effect of changing the die configuration on the air flow

field and web characteristics [15-18]. The CFD package used in this investigation includes

two programs: GAMBIT 2.2.6 and FLUENT 12.1.4. GAMBIT provides the necessary tools

to create the mesh geometrical domain of the simulation model, while FLUENT performs all

the computational and post-processing tasks by using the built in models. The most popular

models in modeling turbulent flow are standard K-ε, standard K-ω, realizable K-ε, and

Reynolds Stress Model [9, 19]. In this study we used the standard K-ε turbulence model with

its default empirical constants to simulate the air-flow field of the meltblowing process. The

K-ε equations model and the values of the empirical constants embedded in these equations

can be found in our previous paper [6]. The residuals of the model equations were required to

reach 10-6 to achieve convergence. Approximately, 10,000-20,000 iterations were necessary

to meet this convergence criterion for the different simulations.
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4.3.2 Domain Size and Grid Generation

The computational domains of the new configurations were generated using

GAMBIT 2.2.6, and Figure 4.1 represents the computational domain used in the simulations

for the reference die configuration. The origin of the MB domain is at the center of the die

face. The x-direction is transversing to the major slots axis, the y-direction is parallel to the

axis of the slots, (not shown), and is perpendicular to the plane of the drawing, while the z-

direction is the downward direction below the die. Similar to our previous work [6] and to

Krutka et al [8-10], the domain dimensions were 30 mm and 100 mm in x and z-direction,

respectively. The presence of the polymer was neglected, and a symmetry condition along

the z-axis (x=0) was used to reduce the size of the computational domain. The grid was

structured with quadrilateral cells because of the rectangular shape of the computational

domain, and the number of quadrilateral cells for each die geometry was around 120,000

cells. For more details about the domain boundary conditions, please check our previous

paper [6].

4.3.3 Die Configurations

We investigated 11 new die configurations in our previous work [6] and compared

their performance relative to a conventional MB die provided by Reicofil, and operated on a

pilot-scale meltblowing line at the Nonwovens Institute at North Carolina State University.

For more details about the die dimensions and die parameters, please check our pervious

paper [6]. Table 4.1 shows some of the new die geometries that we investigated in our

previous work to study the effect of the air constrictor length, width, and angle on the air

flow field below the MB die. Table 4.2 shows another 4 die configurations that are under
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investigation in this study. We are examining the effect of introducing secondary air jets to

the primary one. In all studied cases, the air throughput through the air jets was equal to that

is used in the reference case die.

4.4 Results & Discussions

4.4.1 Effect of Secondary Air Jets

The idea behind using secondary air jets is to delay the interaction of the primary air

jets and the spun polymer streams with the ambient air. The new die configurations utilized

the same amount of air that is used in the reference case, but 80% of the total air was directed

to the primary air jets and 20% was directed to the secondary air jets. The polymer injection

point in this design was raised above the die face by 1 cm in order to constrict the air jets and

hence maintain the maximum centerline air velocity, as this dome shape will behave like the

vertical air constrictor that is 2 cm wide, and 1 cm long [6] .

Figure 4.2 shows the centerline air velocity below the polymer injection point.

Configurations 12, 14, and 15 have kept the centerline air velocity constant at its maximum

value for 10-15 mm longer in distance below the die. Configuration 12 (dome air constrictor)

has increased the centerline temperature and it act similar to the vertical air constrictor that

we discussed in our previous work, and its temperature profile is midway between the

reference configuration and the other one that has secondary air jets. Configuration 13 that

has inclined secondary air jets has a higher initial maximum centerline velocity by 15 m/s

above the reference case. The velocity profile of configuration 13 (inclined secondary air

jets) decays at a faster rate than the other new die configurations due to the high turbulence

that occurs near the die face between the two air jets and the ambient air, add to that, the
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lower amount of air that is devoted to the primary air which is 80% of the total utilized air.

Figure 4.3 shows the corresponding centerline air temperature profiles in which we observe

the centerline air temperatures are enhanced by the secondary air jets, as they act as a shield

to the primary ones and delay their interaction with the ambient air. The temperature

difference between configuration 15 (vertical secondary air jets at the edge) and the reference

case is around 90 oC at 20 mm distance below the die face. This temperature difference will

greatly increase fiber attenuation as polymer viscosity will be low because the polymer

temperature has been kept close to the polymer melting temperature (Tm) for a longer time.

Figure 4.4 shows the centerline air turbulent kinetic energy below the polymer

injection point for the different die designs. Configuration 12, die with dome air constrictor,

shows a slightly higher turbulent kinetic energy peak but the rest of the profile is identical to

the reference case. The other configurations, 14 and 15, have higher turbulent kinetic energy

that may affect fiber laydown and cause roping. The inclined secondary jets, configuration

13, show high turbulence but at a closer distance to the polymer injection point. Higher

turbulent kinetic energy is mainly due to the high fluctuation of air velocity due to the mixing

of the streamlines of the jet, and because of the inclination angle of the secondary air jets.

This may increase fiber roping and also adversely affect the fiber laydown. Among the three

configurations that have secondary air jets, we can conclude that the MB die configurations

with vertical secondary air jets could be the best, because they significantly increased the

temperature below the die face and their turbulent K.E. is further away from the die face than

the one that has inclined secondary air jets. However, these dies may be practically not

recommended because such higher turbulence near the die face may initiate rope formation.
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4.4.2 Comparison between the New Die Designs

In this section, we are compare the results of the MB dies with secondary air jets and

that of the MB dies with vertical or inclined air constrictors. Figure 4.5 shows the mean air

velocity, the velocity vectors and the static temperature contour maps for air flow field of

modified meltblowing dies. (Static temperature is the temperature that would be measured

experimentally if a temperature probe were used in the flow field.) As shown, the modified

meltblowing dies were able to achieve higher air velocity for a longer distance below the die

face except in the case of the MB die with secondary air jets (contours color become darker

red and extended for a longer distance below the die face). The velocity vectors maps show

quantitatively the introduced turbulence of the air flow field and show an increase in the

number of the recirculation zones especially in the case of MB with secondary air jets. The

shift of the recirculation zones toward the centerline by using MB die with secondary air jets

is not recommended, as it would increase the probability of rope formation (see Figure 5(B)).

Temperature contour maps are depicted in Figure 5(C) and show a significant difference

between the modified configurations and the reference case. The MB die with secondary air

jets showed a better temperature contour as the secondary air jets shielded the primary one

and formed recirculation zones. These zones are filled with hot air and have limited

interaction with the ambient air, and thus, the air temperature in these recirculation zones

remains high and would keep the polymer streams at a lower viscosity during the attenuation

process.

Figure 4.6 shows the enhancement in the centerline air velocity of these new die

configurations over the reference die configurations. As shown, the normalized centerline air
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velocity for the reference configuration is the horizontal black line, and the other profiles are

for the new die designs. From this graph, we can tell that the MB die with vertical or 45o

inclined air constrictors were the best from the velocity enhancement point of view, because

these configurations were able to keep the centerline air velocity above the reference case for

a distance of ~ 70 mm below the die face with a maximum enhancement of 16.5% at z= 20

mm. The use of the MB die with secondary air jets showed a poor effect on the centerline

velocity as the velocity was initially enhanced by 5-10% above the reference case, and after

z= 18 mm it fell below the reference centerline air velocity and was decreasing at a fast rate

until it reached 86% of the reference die air velocity. We believe that the poor air velocity

performance of the MB die with secondary air jets is mainly due to the lower amount of air

utilized in the primary air jets in this case compared to others. The air interactions between

the primary air jets and the secondary air jets increased the kinetic energy dissipation rate and

therefore the velocity value decreased at a faster rate.

Figure 4.7 compares the normalized centerline air temperature for the different die

designs that we investigated. As shown, the centerline air temperature of the MB die with

secondary air jets showed the best performance relative to the other new die designs and also

to the reference die configuration. The MB die with secondary air jets showed a maximum

temperature enhancement of 12% over the reference die design at z=20 mm and the whole

profile was higher than the reference die air temperature profile over the entire distance

below the die face. We believe this is mainly due to the shielding effect of the secondary air

jets to the primary one. This temperature enhancement would keep the polymer temperature

around the melting point for a longer time and therefore will decrease the polymer viscosity,
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increase fiber attenuation and decrease fiber diameter. The other two new die configurations

also showed a temperature enhancement over the reference die and the maximum

enhancement was around 7.5% at z=20 mm and the two profiles were also above the

reference die temperature profile for the entire distance below the die face. The enhancement

in the temperature profile and the velocity profile will have a great effect on the fiber

attenuation and smaller fiber diameters could be fabricated.

Figure 4.8 shows the effect of the different die configurations on the normalized air

turbulent kinetic energy. As shown, the MB dies with air constrictors were able to reduce the

turbulence near the die face by more than 70% and once the air flow passed the air

constrictors and interacted with ambient air its turbulent K.E. increased and slightly passed

the reference die turbulent K.E. by 10%. The MB dies with secondary air jets increased the

overall turbulence of the system and until it reached 60% above the reference case near the

die face and this significant increase in the system turbulence is not recommended as this

would increase the probability of fiber streams to stick to the die walls and it will enhance

rope formation, so that we highly recommend the use of air constrictors to enhance air flow

field below the die face as it has minimal effect on air turbulence.

4.5 Conclusion

In this study, we used CFD simulations to examine the effects of 4 different new die

configurations on the air flow field of the meltblowing process and compared their

performance to a reference MB die. The primary reason behind generating these

configurations was to accelerate air below the polymer injection and keep the polymer

temperature around the melting point near the die face by delaying the mixing with the



93

ambient air in order to achieve higher fiber attenuation. The simulation results show that

secondary air jets act as a shield to the primary one, and delay the mixing with ambient air. It

also constricts the air flow and increases the air velocity below the die. The secondary air

jets will maintain the polymer filaments at a temperature 40-80 oC higher than what would be

the case with no secondary jets. This temperature enhancement will greatly facilitate fiber

attenuation. The MB die with secondary air jets has a relatively poor air velocity profile after

20 mm from the die face because of the distribution of air on the two kinds of air jets, but the

enhancement in the centerline air temperature that reached 12% at its maximum may

overcome this drawback especially if most attenuation is taking place in the first 1-2 cm

below the die face. The MB die with vertical or inclined air constrictors showed a better

centerline air velocity profiles than the MB die with secondary air jets, and slightly lower

temperature profiles, and their overall performance may be better than the MB die with

secondary air jets.
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Table 4.1. Previous simulated new die configurations

Effect of
air
constrictor
length

0 Ref.
Config.

1 L = 1 cm
W= 2 cm

2 L = 2 cm
W= 2 cm

3 L = 3 cm
W= 2 cm

Effect of
air
constrictor
width

4 W= 0.6 cm
L = 1 cm

5 W= 1 cm
L = 1 cm

6 W= 3 cm
L = 1 cm

7 W= 4 cm
L = 1 cm

Effect of
air
constrictor
angle

8 Φ = 45o

L=3 cm
9 Φ = 60o

L=3 cm
10 Φ = 72o

L=3 cm
11 Φ = 90o

L=3 cm
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Table 4.2. Current simulated new die configurations with secondary air jets

Effect of

secondary

air jets

12 Config

12

13 Config

13

14 Config

14

15 Config

15



Figure 4.1. Domain size and its boundary conditions for the reference die configuration1. Domain size and its boundary conditions for the reference die configuration
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1. Domain size and its boundary conditions for the reference die configuration
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Figure 4.5. Comparison between different die configurations: (A) air velocity contour
map, and (B) air velocity victors

Figure 4.5. Comparison between different die configurations: (A) air velocity contour
map, and (B) air velocity victors map, and (C) air temperature contour map
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Figure 4.5. Comparison between different die configurations: (A) air velocity contour
map, and (C) air temperature contour map
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CHAPTER 5
Fabrication of Micro-Meltblown Fibers Using Simple and Low

Cost Die Technologyiv

5.1 Abstract

Meltblown fiber are typically produced using a die technology based on the slot

concept, an extension of the sheet die technology with a series of nozzles substituted the

center slot of the sheet die. While this prevalent technology has met with considerable

success, a low cost, simple design would be desirable. A recent meltblowing die design that

is based on the parallel plate concept is low cost promising and currently being used in

adhesive meltblowing. In this study, we investigate this new technology capabilities,

compare it to the conventional MB die performance, and point out to the main challenges that

may be facing this technology. We show that the parallel plate MB technology is capable of

fabricating meltblown webs with fiber diameter between 5-20 µm by modulating process

conditions. We also suggest possible routes to enhance its performance to be competitive

with the conventional slot MB die technology.

iv The material in this chapter is being submitted to the Journal of Aerosol Science and
Technology for publication
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5.2 Introduction

Meltblowing (MB) is a nonwovens technology to produce engineered fabrics of

randomly laid man-made fibers in a single step. Typically, molten polymer resins are

extruded or fed to a meltblowing die head (Figure 5.1) where upon high speed hot air jets

impinge upon the polymer streams once they exit the die spinnerets and reduce their diameter

by the effect of the drag force [1-3]. The most common MB die technology currently used

was developed in the mid 1950s, and it is based on the “slot” concept that is an extension of

the sheet die technology. In this approach a series of nozzles substituted the center slot of the

sheet die [4]. The second meltblowing technology that is currently utilized commercially is

the biaxial Schwarz MB die that was developed in the 80’s, and is in the form of arrays of

annular jets [5]. Typical Schwarz MB die has either square or triangular air holes

surrounding the polymer capillaries and it is designed to have multiple rows to allow for up

to 12000 nozzles per meter [6]. Another meltblowing die technology recently patented by

Kwok (1996) [7, 8] is in the form of parallel plates assembly primarily used in for adhesive

meltblowing, (Figure 5.2). The parallel plate MB die technology is simple in design offered

low in cost compared to other technologies, but it is mainly being used for adhesive

meltblowing. The manufacturing cost of the 1 meter long die may cost one-tenth of the cost

of the conventional MB die. In adhesive meltblowing, the MB layer is used to bond two

different substrates, and many industries have taken advantage of this technology for making

baby diaper construction and elastics, feminine napkin core stabilization and adhesive strip,

industrial filter material lamination, and filter mask lamination [9].
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Several studies have been conducted on the slot MB die and its performance,

including examining methods to reduce the fabricated fiber diameter and improve and control

the web properties, and investigating the effect of die geometry on process aerodynamics and

the fiber properties [10-22]. They also developed several models, one-, two-, and three-

dimensional models have been developed for the slot meltblowing die [17-22]. The effect of

the air channel angle and the polymer spinneret position on the air flow field under the slot

MB die face was also investigated both experimentally [10] and theoretically using

computational fluid dynamics (CFD) simulations [13-15]. Krutka et al. [13] showed

experimentally that using a blunt slot MB die produces a lower maximum centerline velocity

and that the centerline velocity profile decays at a higher rate than that observed using a

sharp MB die. Also Kurtka et. al. [14] also used CFD to simulate different MB die

configurations, and found that increasing the nosepiece recession leads to an increase in the

maximum centerline velocity and the air velocity at the highest recession was three times the

air velocity for a slot MB die with polymer nozzles at the same level as the die face. Higher

maximum centerline air velocity in the z-direction, is favorable as it leads to an increased rate

of fiber attenuation (i.e., finer fiber) for a given air throughput. Krutka et. al. [16] analyzed

the multiple jets in the biaxial MB die and investigated the effect of the interaction of the

multiple rows and columns on the air flow field below the die face. They found that the

spreading rate for the center jets of the multi hole dies were similar to each other and close to

0.5, but the spreading rate for a single annular jet, is close to one [16].

While considerable research work has focused on the slot MB die, very limited data

exist on the performance of the parallel plate MB die technology. In this study, we examine
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the capabilities of the parallel plate MB die technology and compare its performance to the

conventional meltblowing slot die technology. We point out to the key attributes of this die

design and explain its potential for producing MB fiber using a low cost and simple die

design. Also, we provide a recipe for improving the die performance in order to be

competitive with the common used technologies.

5.3 Experimental Materials and Methods

5.3.1 Meltblowing Unit

A mini meltblowing line at the Nonowovens Institute (NWI) located at North

Carolina State University is utilized to conduct this study. The base component of the system

is a 1.9 cm single screw extruder with an extended 30:1 barrel. Around the extruder barrel,

we have four band heaters to establish four individual temperature zones. During operation,

polymer pellets were melted and pressurized using the extruder that is mounted horizontally.

The final temperature zone is set to the desired temperature, while the temperatures in the

other zones are incrementally decreased by 10 to15 °C for each zone. Immediately after the

extruder, we have a static mixer followed by a gear pump to precisely feed the MB die with

the right polymer throughput. Compressed air for blowing the polymer melt was heated using

an electric heater, and then fed by two hoses to each side of the MB die.

5.3.2 Die Designs

We used two kinds of parallel plate MB dies that were donated by ITW Dynatec.

The first model, the 106356 F (from now on we will refer to it as DT2), has square polymer

nozzles of an equivalent diameter of 180 µm with nozzle density of 7 nozzle/cm (17

nozzle/inch), (Figure 5.2). Parallel to each polymer nozzle, we have two other nozzles, one
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from each side, for air to flow in a parallel direction to the polymer streams to attenuate

them. The polymer nozzles were protruded from the die face by 1 mm. The second Dynatec

MB die design, the 116632 (referred to DT4 from now on), has ~7.5 nozzle/cm (19

nozzles/inch), with an equivalent diameter 180 µm, (Figure 5.2). Parallel to each polymer

nozzle, we have 4 other nozzles for the hot air required for fiber attenuation. The polymer

nozzles were at the same level of the air nozzle and the die face. The Dynatec dies are

manufactured in the form of 2.5 cm long MB dies. Our spin pack is 15 cm long and it can be

assembled from 6 little dies of either model (Figure 5.3).

The performance of the new Dynatec die technology was compared to a 15 cm long

conventional MB slot die (from now on the CS die), that was purchased from Reifenhäuser

REICOFIL GmbH & Co. KG. This conventional slot MB die has 10 holes/cm and each hole

has a diameter of 150 µm. The die tip was sharp and the angle of the air channels was 60o,

(Figure 5.1). The nosepiece was protruded from the die face by 1 mm and air gap for the air

jets was 1 mm.

5.3.3 Process Conditions

Commercially available metallocene isotactic polypropylene (Achieve™ 6936G) with

1500 melt flow rate (MFR) was purchased from ExxonMobil Chemicals. We ran two trials:

one to study the effect of the air aspirator pressure, and the other one to study the effect of the

polymer throughput on the fiber and web characteristics. For both trials we kept the air

temperature at 553 K, polymer temperature at 528 K, basis weight or weight per unit area at

20 g/m2, and the die to collector distance at 13 cm (5 inch). For the first trial we varied the air

aspirator pressure between 1.36 and 2.38 bar (i.e., 20 and 35 psi, respectively) and kept the
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polymer throughput at 0.2 g/hole/min. For the second trial we varied the polymer throughput

between 0.05 and 0.2 g/hole/min, and we kept the air aspirator pressure at 1.7 bar.

5.3.4 Fiber Diameter Measurements

To examine the fiber morphology and measure the fiber size, samples were sputter

coated with a thin layer of gold and analyzed with a scanning electron microscope (SEM, FEI

XL-30, FEI Co.). Images were taken between 1000X and 5000 X at 5 kV of an accelerating

voltage for the electron beams. Fiber diameters were measured using Image J software. For

each meltblown mat, at least 100 individual fiber diameters were measured, and average fiber

diameter and standard deviation are reported herein.

5.3.5 Filtration Efficiency Measurements

Filtration properties is one of the most important properties of meltblown nonwovens

as around 70-80% of the total produced meltblown is consumed in the filtration market [23].

The filtration efficiency of the produced meltblown fibrous mats were examined by using the

Automated Filter Tester, TSI 3160, that measures particle penetration versus particle size at a

certain aerosol flow rate or face velocity [24]. For each sample, filtration efficiency was

measured for in triplicates and the average value reported herein. The filtration efficiency

was measured by using dioctylphtalate (DOP) aerosol at a face velocity of 5.33 cm/sec which

is the most common or standard face velocity.

5.3.6 Pore Size Measurement

Pore size is another important property of meltblown webs. The capillary flow

porometery from Porous Materials Inc. (PMI, Ithaca NY)) is used to analyze the pore

structure of the fabricated meltblown nonwovens. The PMI porometry is based on the
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displacement of a wetting liquid, such as Silwick, from a pore by a gas. The work done by

the gas equals the interfacial increase in the free energy. Our samples tested with the Salwick

wetting liquid that has a surface tension of 20.1 dynes/cm. It was assumed that Silwick

completely wetted out the samples tested and hence a contact angle of 0◦ was taken for 

calculations of pore diameter using the Young–Laplace equation [42]:

D
4. .cos

L/G
p

 


where P is the extrusion pressure in MPa, D is the pore diameter in µm, γL/G is the surface

tension of the Salwick wetting agent in N/m, and θ is the contact angle of Salwick with the 

sample, in degrees. This technique is capable of providing us with the average pore diameter,

pore diameter at the most constricted part of the pore, and the bubble point diameter which is

the largest pore diameter plus the pore diameter distribution [25,26].

5.4 Results & Discussions

Our initial experiments used the parallel plate dies DT2. We compared the fiber

diameter of the fabricated fibers obtained using this die to the other meltblown fibers that are

produced using a CS die at the same processing conditions. As shown in Figure 5.4, the fiber

diameter of the meltblowns fabricated using the DT2 are relatively large compared to the

conventional meltblowns that are produced at the same conditions. The average fiber

diameter produced using DT2 at different aspirator pressure varies between 17 to 25 µm,

while for the fibers produced using the CS die at the same conditions varies between 2.5 to

3.5 µm. From our initial observations on the DT2 die performance and the spin pack that we

have, we however realized that for the same air aspirator pressure, the amount of air
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throughput flowing through the DT2 die at the same pressure is much less. For example at

1.7 bars, we had air throughput of 1.05 s.m3/m in case of the CS die, but only 0.33 s.m3/m in

the case of the DT2 die. We believed that this is may be due to the limited number of air

hoses that are connected to the spin pack, which was one, compared to the larger number of

air hoses that can be connected to the spin pack of the CS die , which was 4 air hoses. We

thought about another reason that may be causing low fiber attenuation which is the limited

number of air nozzles around the polymer nozzle, and the protrusion of the spinnerets below

the die face. We modified the spin pack and drilled another hole into it, to accommodate one

more air inlet to the air chamber, and we coupled two air hoses and attached them to one of

the two air inlets to the Dynatec spin pack. We obtained another parallel plate die design

from Dynatc, DT4. The new DT4 die design has higher number of air nozzles around the

polymer nozzles and the polymer spinnerets are at the same level of the die face.

Figure 5.5 shows the average fiber diameter for the new Dynatec dies (DT4) and the

original DT2 after modifying the spin pack to allow for four air hoses to be connected to it.

As shown, for DT2, we were able to reduce the fiber size from 25 µm to 15 µm by increasing

the amount of air flowing through the spin pack although we at the same air aspirator

pressure. The air throughput was increased from 0.33 s.m3/m to 0.57 s.m3/m @ 1.7 bar,

because we decreased the spin pack air resistance by increasing the air inlet cross sectional

area. This increase in air throughput increased the air velocity and drag force leading in

increased fiber attenuation. Results using the DT4 die showed larger fiber diameter compared

to the DT2 when we ran them at the same conditions. The reason behind the poor

performance of DT4 compared to DT2 is that increasing the number of air nozzles around
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each polymer nozzle from 2 to 4 has increased the cross sectional area, and the air throughput

was even lower at the same aspirator pressure because of the higher internal air resistance of

the new design, (Table 5.1), therefore we obtained lower air velocities around the polymer

streams that decreased fiber attenuation. Although we had modified the spin pack to

accommodate 4 air hoses like the CS spin pack, the fiber size of the CS die is much smaller

because of the high air throughput that can flow through the die at the same air aspirator

pressure. We believe that the DT dies have in general a high internal resistance to air flow.

This may be suitable for adhesive meltblowing because they need large fiber diameter, but

for fabricating regular meltblown fibers that have typically small fiber diameter, the die

design needs to be modified to allow for more air to flow through its air channels.

Figure 5.6 shows the effect of polymer throughput on the fiber size, where air

aspirator pressure constant was kept at 1.7, 3.4, or 4.7 bars. As shown, by decreasing polymer

throughput and increasing the air aspirator pressure, we could reduce the fiber size down to

3-5 µm for the DT2 die design, but still the performance of the CS die is much better for the

same reason that we explained earlier.

Figure 5.7 shows some SEM images for different fabricated meltblown mats using

the two die technologies. The first two images (Figure 5.7 a, b) are comparing fibers

produced using DT2 and CS dies. As depicted, the DT2 die was able to produce good quality

fibers but their size was approximately 5 times larger than what could be fabricated using the

conventional MB die at the same operating conditions. The second two images (c & d)

compare fibers produced using Dynatec DT2 and DT4 die technology at the same conditions.

As shown, the sample fabricated using DT4 die has large broken fiber with necking. We
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noticed also, that the fabric surface is rough and the fiber mat is brittle. This is mainly due to

the low drag force that did not cause enough fiber attenuation on the spun polymer streams.

The last two images (e & f) are for samples produced using DT2 but at different aspirator

pressures. The sample produced at the higher air aspirator pressure show relatively smaller

fiber size because of the higher air velocity that increased fiber attenuation.

Figure 5.8 shows the average pore size of the produced meltblown at different

polymer throughput. We find the pore size of the conventional meltblown to be much smaller

and between 10-18 µm, whereas the pore size of the DT2 meltblown is large and between 20

to 60 µm. Typical meltblown nonwovens have average pore size between 5 to 50 µm

depending upon the fiber diameter and the web basis weight or the web solidity [1]. The

large pore size of the DT2 meltblowns is a reflection of their large fiber diameters. At 0.05

gm/hole/min the pore size of the DT2 fabric is 3 times the pore size of the CS meltblown

fabric produced at the same conditions, but pore size was decreased by increasing the air

aspirator pressure.

Filtration efficiency is a key factor in quantifying the meltblown properties, because

one of the primary applications of meltblown nonwovens is in the filtration industry. Typical

filtration efficiency of meltblown fabrics is between 20 and 60% depending upon fiber

diameter and web solidity, but it can be increased to be above 99% if they are electrically

charged to increase the capturing efficiency [26-28]. Figure 5.9(A) shows the filtration

efficiency for meltblown fibers produced using the parallel plate DT2 die and the

conventional MB die at the same conditions. All tested webs have the same basis weight,

which is 20 g/m2. Filtration efficiency of the CS meltblowns is 1.5 to 2 times the filtration
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efficiency of the DT2 meltblowns produced at the same air pressure. Figure 5.8(B) shows the

filtration efficiency of the fabricated melblowns at different polymer throughput. As shown,

as polymer throughput decreases, filtration efficiency increases because of the smaller fiber

diameter that was fabricated. We also notice that the ratio of the efficiency of the MB fabrics

of the conventional die to the filtration efficiency of the MB fabrics of the DT2 die increases

with decreasing polymer throughput. This is mainly due to the significant reduction in fiber

diameter in case the conventional die because of the higher air throughput that impinges on

the polymer streams.

Generally, the parallel plate Dynatec dies could be used to fabricated meltblown fiber,

but with larger size in the range of 5 to 40 µm. There are several reasons behind this large

fiber size; the first one is the high internal resistance to air flow that reduces the air velocity,

which is the main parameter affecting fiber attenuation. The second one is the parallel flow

nature of the attenuating air. Krutka et. al. [13] showed that inclined air jets with angle

between 30o and 60o will have a pronounced effect on centerline air velocity and temperature

that will significantly affect the fiber attenuation and reduce fiber diameter. The third reason

is the polymer spinneret position relative to the die face and the air nozzles. In DT2, the

polymer spinnerets are protruded from the die face or excessed below the die face. This

protrusion is significantly decreasing the centerline air velocity, and therefore decreasing

fiber attenuation. Krutka et. al. [14] used computational fluid dynamics (CFD) to simulate

different MB die configurations, and found that increasing the polymer nozzles recession

above the die face leads to an increase in the maximum centerline velocity and the air

velocity at the highest tested recession was three times the air velocity for a die with polymer
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nozzles at the same level with the air nozzles. The significant increase in the maximum

centerline air velocity in the z-direction would lead to an increased rate of fiber attenuation

for a given air flowrate and thus finer fibers. Aside from the fiber diameter size, we also

noticed also that the fabricated webs using the DT dies have poor uniformity, (Figure 5.3).

This is mainly due to the fact that the 15 cm long spinning pack was assembled from 6 little

dies, and we had some spaces between each die with no polymer nozzles. We can avoid this

in production if the die is manufactured in a longer length or if we have multiple spinning

beams to decrease the non-uniformity defects. In addition, we noticed that the MB DT2 die

system is less productive than the conventional slot meltblowing die systems. This is mainly

due to lower nozzle density in these dies. The polymer nozzle density in conventional MB

dies is between 10 to 20 nozzle/cm, while in DT2 it is 3 to 7.5 nozzle/cm. This low nozzle

density will decrease the overall mass production per unit length of the MB line. To

overcome this, we may need to have multiple spinning beams.

5.5 Conclusion

In this study we examined at the performance of a new meltblowing die technology

and compared its performance to the conventional MB die technology. The new parallel plate

MB die technology is simple in design with a cost only one-tenth of the conventional MB

die. Experimental results showed that this new die technology is promising and can be used

to produce meltblown fiber in the range of 3-10 µm by modulating the process conditions,

but the die design need be modified to produce typical fine meltblown fibers. We discussed

some design modifications that may significantly enhance the die performance such as

decreasing the internal die resistance to air flow to increase air velocity, increasing the
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number of air nozzles around the polymer nozzles, recessing the polymer spinnerets above

the die face, and having inclined air channels to increase the drag force and fiber attenuation.
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Table 5.1. Air flowrate through the different die designs
Aspirator Pressure,

bar
Air Throughput,
m3/min @ STP

CD DT2 DT4
1.02 0.88 0.35 0.31
1.36 0.98 0.50 0.37
1.70 1.05 0.57 0.42
2.04 1.15 0.62 0.45
2.38 1.25 0.68 0.50
2.72 1.31 0.71 0.57
3.40 1.39 0.74 0.59
4.76 1.51 0.82 0.65



Figure 5.1. Schematic drawing of5.1. Schematic drawing of the conventional MB process, (not to scale
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not to scale)



Figure 5.2. Parallel plates die desFigure 5.2. Parallel plates die design at different configurations
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ign at different configurations [8]



Figure 5.3. Dynatec die spin pack and a meltblown sample produced using DT2 dieFigure 5.3. Dynatec die spin pack and a meltblown sample produced using DT2 die
design
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Figure 5.3. Dynatec die spin pack and a meltblown sample produced using DT2 die
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Figure 5.7. SEM images produced for different die designs at different processSEM images produced for different die designs at different process
conditions
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SEM images produced for different die designs at different process
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CHAPTER 6
Conclusions and Outlook

6.1 Conclusions

In this work, we provided strategic die design and process parameter control that can

lead to fabrication of nanofibers using meltblowing. The new die design is capable of

producing uniform nanofibers at lower polymer throughput, but it is 40 times higher the

production rate of any commercial electrospinning techniques. We showed the possibility of

producing nanofibers with an average fiber size in the range of 300 to 500 nm using the

meltblowing process. We investigated the characteristics of the nano-meltblown fibrous

membranes and found that some of them provided similar filtration efficiencies at much

lower basis relative to a conventional meltblown sample. The filtration quality factor was

enhanced by more than 100 % in some cases without affecting the yardage production. We

also demonstrated how to tailor the membrane pore size and showed that HEPA filter

performance could be achieved through only mechanical filtration by using an appropriately

structured of these nano-meltblown nonwoven. The pressure drop across our HEPA filter

was comparable to the commercial fiberglass one. We also demonstrated that most

penetrating particle diameter could be lowered with using smaller fibers.

We used computational fluid mechanics simulations to examine the effects of new

MB die configurations to control air flow below the die face. The main goal behind

generating these configurations was to maintain high centerline air velocity below the

polymer injection and keep polymer temperature around the melting point near the die face,
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so as to achieve higher fiber attenuation. The simulation results showed that using air

constrictors would result in higher maximum centerline air velocity, and higher maximum

centerline air temperature. In addition to that both maxima are maintained for a longer

distance (10-15 mm) below the die for some configurations. Keeping these maxima constant

for a longer distance below the die face would result in higher fiber attenuation, vis a vis

smaller fiber diameters, which is highly desirable. We also experimentally verified the

concept that using MB dies with air constrictors would lead to smaller fiber diameter using

three different air constrictors. The results show that we reduced the fiber diameter by 20 to

60 % with concomitant improvements in web performance.

In a parallel effort, we examined using computational fluid dynamics (CFD) new

meltblowing dies with secondary air jets that could shield the primary air jets from

interacting with ambient air near the die tip. This would keep the polymer temperature

around the melting point for a longer period to achieve higher fiber attenuation and fabricate

webs with smaller fiber diameters. CFD simulations for the new die configurations showed

the secondary air jets delayed mixing of the primary hot air jets with ambient air.

Consequently, the temperature profiles below the polymer injection point increased by 40-80

oC in comparison with the temperature profile of the reference die. Therefore, polymers

streams were kept at a temperature near the polymer melting temperature (Tm) for a longer

period, leading to higher fiber attenuation is obtained, and smaller fiber diameters could be

fabricated. The performance of MB die with secondary air jets was compared to the

performance of MB die designs consisting of vertical or inclined air constrictors. The MB die

with secondary air jets showed a higher air temperature profile but the enhancement in the air
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velocity was lower than the others, and the overall performance of MB with secondary air

jets may be not favorable because of the high turbulence that may initiate rope formation.

Finally, we evaluated the performance of a new meltblowing die technology and

compared its performance to the conventional MB slot die technology. This parallel plate

MB die technology is simple in design and its cost is one-tenth the cost of the conventional

MB die. Experimental results showed that this new die technology is promising and could be

used to produce meltblown fiber in the range of 3-10 µm by modulating the process

conditions, but the die design need be modified to produce typical fine meltblown fibers. We

discussed some design modifications that would greatly enhance the die performance such as

decreasing the internal die resistance to air flow to increase air velocity, increasing the

number of air nozzles around the polymer nozzles, recess the polymer spinnerets above the

die face, and have inclined air channels to increase drag force and fiber attenuation.

6.2 Recommendations for Future Work

6.2.1 ScCO2 Assisted Meltblowing

Super critical carbon dioxide (ScCO2) is known as an inert polymer processing aid

and its ability to plasticize polymers allows lower operating temperatures, and meltblowing

longer chain polymers [1,2]. Normal meltblown fibers have large size with low surface area

relative to the electrospun nanofibers. ScCO2 could be used as an alternative method to

increase fiber attenuation by reducing polymer viscosity, or as a porogen to introduce some

pores in the fibers themselves. In previous studies by Royer et.al and others [1-6], an

example of the reduction of the apparent viscosity of polypropylene upon the addition of

various wt% of ScCO2 was reported (Figure 6.1). Approximately 50% reduction in the
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apparent viscosity is seen with the addition of 4 wt% of ScCO2 at 190oC. Supercritical CO2

could be pumped via a syringe pump to the extruder to plasticize the melt to reduce the

polymer viscosity. In order to examine this idea, we recommend the following;

1- The extruder should have an injection port in the last quarter of its length and the extruder

barrel should have a depressurization zone at the injection port to allow for easy entrance

for CO2 (Figure 6.2). The screw design should have several closely spaced flights prior to

the injection port to prevent CO2 from leaching upstream towards the extruder hopper.

After the injection section, the screw design should have a mixer to ensure good mixing

between CO2 and the polymer melt.

2- The meltblowing die design should have small capillaries with large L/D ratio in order to

achieve high pressure before the polymer streams exit the die. This high pressure should

be above 73 bar to insure super critical conditions. This die design could be the nano

meltblowing die design that has large L/D ratio (developed by Hills Inc), or could be the

annular Schwarz MB die that is offered by Biax Fiber Film Co. [7,8].

6.2.2 Effect of Viscosity-Breaking Agent

Polymer viscosity is one of the main factors in the meltblowing process, and it has a

great effect on the final fiber diameter. The effect of the viscosity-breaking agent, such as

IRGATEC CR 76, on the polymer viscosity and MB fibers could be investigated. IRGATEC

CR 76 is a peroxide free polymer modifier for polypropylene nonwovens. It reduces viscosity

of the polypropylene (PP) melt by controlling the degradation of the molecular weight during

spinning. Additionally, it narrows the molecular weight distribution, enhances PP spinability

and improves nonwoven fabric performance [9].
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6.2.3 Experimental Verification of MB Die with Secondary Air Jets

In our study, we showed using computational fluid dynamics that the MB dies with

secondary air jets have enhanced the air flow field below the die through increased centerline

air velocity and centerline air temperature. This improvement in process aerodynamics

should increase fiber attenuation and decrease fiber diameter. Examining this idea

experimentally would be desirable, and proving that it has a pronounced effect on the fiber

size would be a nice addition to the literature of nonwovens science and technology.

6.2.4 Co-spinning of Nano and Micro-Meltblown Fibers

Nanofibers are an exciting new class of material that have large surface area per unit

volume, but in filtration they tend to cake and produce large pressure drop during usage.

Usually nanofibers layers are supported on top of microfiber layer produced using

spunbonding process or meltblowing process. We propose co-spinning of nano-meltblown

fibers with micro-meltblown fibers simultaneously. The presence of the nanofibers will

decrease the pore size while microfibers will give the structure some high porosity and prvent

the caking that may take place if we have a single pure nanfiber layer. Also, we may use

different polymeric materials such PET and PP. PET is meltblown using a nano-meltblowing

die, while the PP is meltblown using a regular meltblowing die. PET would give the overall

filter media structure more porosity and therefore will decrease the filtration resistance and

increase filtration quality factor [10].
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Figure 6.1: Viscosity versus shear-rate behavior of polypropylene, PP-4018, at various
concentrations of dissolved carbon dioxide and 190 oC. Copied from [3] with permission



Figure 6.2. Schematic drawing for ScCO. Schematic drawing for ScCO2 assisted MB setup
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assisted MB setup



Figure 6.3. Schematic drawing for coSchematic drawing for co-spinning of nano and micro-meltblown fibers

141

meltblown fibers


