
 

ABSTRACT 

Joghataei, Majid. Effects of Polymer Rheology on Meltblowing Fiber formation process and Fiber 

Diameter Distribution. (Under the direction of Dr. Eunkyoung Shim.) 

 

Meltblowing technology is one of the most economical ways to produce fine fiber webs. 

Properties and quality of web, fiber size, and fiber diameter distributions in the meltblown 

process result from complex interactions between capillary orifice configuration, viscoelastic 

polymer strands, and surrounding high-speed air stream. Even though the mechanism of 

meltblowing is extensively studied, a comprehensive understanding of the role of polymer melt 

rheology on fiber diameter, diameter distribution, process stability, and fiber breakage is still 

lacking. In this study, linear isotactic polypropylenes (PP) with a variety of melt flow rates 

(MFR) and narrow molecular weight distribution and PP Blend (PPB) were used to produce 

meltblown web in order to understand the role of polymer melt rheology on attenuation and 

instability development in meltblowing fiber formation and related to fiber diameter, diameter 

distributions and lower limit of fiber diameter at on-set failure points. The morphological 

characteristics of produced nonwoven samples have been determined by scanning electron 

microscope images and rheological characterization determined by capillary and parallel plate 

rheometer to find the melt viscosity (zero shear viscosity (–)) and melt elasticity which 

correlated here with the longest relaxation time (‗).  

There are two critical questions in this study. The first is how polymer properties control fiber 

diameter and diameter distribution. The results have shown that an increase in viscosity and 

elasticity appears to make a statistically significant increase in median fiber diameters. 

Moreover, each polymer sample has different median fiber diameters at the same melt viscosity, 

although median fiber diameters are the same at the same melt elasticity for different PP resins. 

On the other hand, dispersity and skewness show the same trend. The dispersity and skewness 

decrease with increased melt elasticity, although melt elasticity has almost more effect on these 

parameters when polymer rheology is modified by molecular weight and temperature. In the 

following, PPB has been used to investigate the effect of melt rheology on fiber diameter and 

diameter distribution to modified melt rheology by changing the molecular weight distribution. 

The results have shown that an increase in melt elasticity for PPB makes a statistically 



 

significant increase in median fiber diameters. On the other hand, dispersity and skewness show 

the same trend. The dispersity and skewness decrease with the increase in melt elasticity. The 

results indicate that utilizing high molecular weight PP resin can stabilize the production of 

polymeric micro and nanofibers through the meltblown process. 

The second question of this study is how polymer properties influence melt strand instability and 

the onset of a process failure and achieving the smallest possible fiber diameter without defect 

formation. The following investigated melt strand stability and fiber breakage after die exit. The 

results have shown that the critical air drag force, which represents the melt strength of flow 

before fiber breakage, increases with the increase of melt viscosity and elasticity. There is a 

relationship between critical air drag force and polymer melt viscosity and elasticity when 

polymer rheology is modified by molecular weight and temperature, although the critical air drag 

force is almost the same at the same temperature and melt viscosity and it is not similar at the 

same temperature and melt elasticity which it can be related to the high molecular weight 

polymer resin used to make PPB. Then the results have shown that the critical draw ratio after 

die exit decreases with the increase of melt viscosity and melt elasticity. The critical draw ratio is 

not the same at the same melt viscosity and melts elasticity for different PP with different MFR 

when polymer rheology is modified by molecular weight and temperature. Also, the critical draw 

ratio after die exit is almost similar at the same temperature and melt viscosity, and it is not 

similar at the same temperature and melt elasticity when polymer rheology is modified by 

molecular weight distribution. Finally, the results show that the failure mechanism is almost 

similar for all polymer resins at different throughputs at critical points, and polymer melt 

rheology does not have too much effect on stress at the break and stability points.   
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Chapter 1: Introduction and Background  

There are several definitions for nonwovens by different standards and different associations. 

According to ISO 9092, the nonwoven is described as a "manufactured sheet, web, or batt of 

directionally or randomly oriented fibers, bonded by friction, and/or cohesion and/or adhesion, 

excluding paper and products which are woven, knitted, tufted, stitch-bonded incorporating 

binding yarns or filaments or felted by wet-milling, whether or not additionally needled. The 

fibers may be of natural or man-made origin. They may be stapled or continuous filaments or be 

formed in situ". 

Nonwovens are divided into three major categories: dry-laid, wet-laid, and polymer-laid, which 

the last one include spunbond, flash spun, and meltblown. Furthermore, dry-laid materials have 

origins in textiles, wet-laid materials in papermaking, and polymer-laid products in polymer 

extrusion and plastics.  

Recently nonwoven industry focused on new applications requiring fiber of smaller size. Micro 

and nanofibers are among the most significant developments in recent years while keeping all of 

the characteristics expected by textile producers and users. Very fine fibers have high specific 

surface areas and high flexibility. As a result, webs containing predominantly micron or 

submicron fibers have a large surface-to-volume ratio and micropores. Micro and nanofibers 

have been used in highly technical applications such as filtration, membrane separation, 

superabsorbent clothing, wound dressings, scaffolds for tissue engineering energy, biosensors, 

storage, and other electronic applications. Melt spinning, meltblowing, and electrospinning are 

the three current processes to produce fine fibers.1,2 Meltblowing is a rapid, single-step process 

used to produce fibers with diameters in the range of 1-2 µm and less. Meltblowing has the 

potential to compete with electrospinning because meltblowing would provide a much faster, 

easier, and less costly alternative to the electrospinning technique. If meltblowing technology 

makes very fine fiber at the scale of nano size, then it would penetrate new markets and enhance 

current product offerings. Therefore, a significant focus on meltblowing research is reducing 

fiber diameter without defects formation and controlling the fiber diameter and diameter 

distribution.3 In the meltblown process, a polymer melt is extruded through die capillaries into 

the high-speed hot gas stream, and polymer melt strands simultaneously accelerate, cool, stretch, 

and form small fibers. Properties and quality of the web, fiber size, and distributions are the 

results of complex interactions between capillary orifice configuration, viscoelastic polymer 
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strands, and surrounding high-speed air stream. Even though the mechanism of the meltblown 

process is extensively studied, a comprehensive understanding of the role of polymer rheology 

on meltblowing and their contributions to process stability and fiber diameter distribution is still 

lacking. This research aims to investigate how polymer melt rheology influences meltblowing 

fiber formation. Our focus will be polymer melt strand attenuation and instability development 

near the die exit, where molten polymers extrude out and experience relaxation and extremely 

high extensional deformation by air drag. It may determine both fiber size and width of fiber size 

distribution as well as the onset of melt stream breakage that yields fiber defects such as fly and 

shot.  

In this study, Chapter 1 covers the introduction and background. Chapter 2, the literature review, 

covers the important concepts, including an introduction to meltblown technology and the effect 

of polymer properties, processing parameters, and die geometry on fiber diameter, diameter 

distribution, defect formation, and fiber breakage in the meltblown process. Besides, it is 

explained the polymer melt rheology and how polymer rheology changed by temperature and 

modifying the molecular weight. Chapter 3 shows the influence of polymer melt rheology on 

fiber diameter, fiber diameter distribution, and skewness for meltblown produced by high MFR 

polypropylene resins and modifying the melt rheology by temperature and molecular weight. 

Chapter 4 follows chapter 3 with different polymer resins when polymer melt rheology is 

modified by polymer molecular weight distribution. Chapters 5 and 6, Investigate the effects of 

polymer melt rheology on melt strand instability and on-set of process failure in meltblown when 

polymer rheology is modified by temperature and molecular weight for different PP resins with a 

variety of melt flow rate and molecular weight distribution to make PPB and compared by two 

PP resins have used.  Overall conclusions are explained in chapter 7. 
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Chapter 2: Literature Review 

2.1 Introduction to Meltblown Technology   

The meltblown process is unique, highly engineered, and low-cost nonwoven. This process is 

unique because it is used almost exclusively to produce microfiber and, recently, nanofibers 

rather than fiber the size of standard textile fiber.1 Meltblown microfibers generally have 

diameters ranging from 2 to 10 ‘ά, although they may be as small as 500 nm and as large as 30 

‘ά.2,3  Figure 2-1 shows a schematic view from inside a meltblown fabric.  

 
Figure 2-1 Schematic image of meltblown nonwoven fabric 

 

The technology to produce microfiber with meltblowing was first introduced under the U.S. 

government project by the Naval Research Laboratory in 1950. In this project, the goal was to 

collect the radioactive particles in the upper atmosphere with microfibers. This work was 

published for the first time by Wente in 1956. Therefore, the meltblown process is one of the 

newest methods to produce nonwoven mats. Esso Research and Engineering Company 

(ExxonMobil Corporation) developed a program initiated in 1960 and followed Wente's work. 

They licensed the meltblown production technology to others and concentrated on producing 

resins to supply this new process. Since then, the meltblowing process and numerous meltblown 

products have been recognized, developed, and commercialized. The most accepted definition 

for the meltblown process is: "a one-step process in which high-velocity air blows a molten 

thermoplastic resin from an extruder die tip onto a conveyer or takes up the screen to form a fine 

fibered self-bonding web."4  

The number of publication activities about meltblown fabrics from 1970 to 2020 is presented in 

Figure 2-2.5 
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Figure 2-2 The number of scientific studies on the fundamentals of the meltblown process 

 

The meltblown process is similar to a spunbond process with the difference that in the meltblown 

process, resins convert to nonwoven fabrics in a single, integrated process. The standard 

meltblown presses consist of the following elements. In the first step, polymers are in the form of 

beads, pellets, or chips stored in silos, and then these are carried to the feed section of an 

extruder. In the next step, materials are melted within the extruder barrel and pumped to the 

meltblown die through heated channels. Therefore, the extruder reduces the polymer molecular 

weight by shear and heat degradation. The primary step in the meltblown process is the fiber-

forming process. In this step, the metering pump and filter are added between the extruder and 

die tip to clean the polymer and transfer it to the die. Next, the molten polymer transfers to a 

distribution system to provide uniform flow to each hole in the die tip. The air holes, or air 

knives, are responsible for supplying the high-velocity hot air, known as primary air, which 

assists in drawing, or attenuating, the polymer to form microfibers. The die hole diameter can be 

produced in a wide range, typically between 0.3 and 0.4 mm. According to several authors, the 

orificeôs density varies in size, generally from 12 - 16 orifices per centimeter. An air compressor 

generates high-velocity air, usually 50% ï 80% of the sound speed. Air goes through a heating 

unit to receive the optimum air temperature, typically 200°C to 370°C. The air temperature is 

hotter than the polymer to hold the polymer in a liquid state. After fiber formation immediately 

below the die, air with ambient temperature is drawn into the hot air stream containing the 

microfibers. Ambient air solidifies the fiber and cools this region's hot air or gas. The distance 
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between the die and the belt is around 15 to 50 cm. The hot air stream, directed horizontally or 

downward, delivers the fibers onto the collection device where the web forms. The filaments are 

placed on a circular drum if the path is horizontal. Also, if the direction is downward, the 

filaments are placed on a moving belt. Then vacuum is used inside the drum or under the belt to 

collect the air, and microfiber made in the previous steps is laid down randomly and entangled 

together. In this region, fibers are still soft at laydown and will tend to form fiber-to-fiber bonds 

that this bond will cause microfibers to stick together. Fiber entanglement and fiber-to-fiber 

bonding make fiber cohesion and strong fabric. That is why meltblown is a one-step process, and 

there is no need for a separate bonding step. The final step in the meltblown process is winding 

and finishing. The schematic picture of the meltblown process and fiber attenuation after die by 

the drag force of the hot air in the meltblown process are shown in Figure 2-3 and Figure 2-4.6ï8 

 
Figure 2-3 Schematic view of the meltblown process 

 

 
Figure 2-4 Schematic picture of fiber attenuation after die in the meltblown process. (a) Die 

diameter, (b) Fiber diameter at die swell, and (c) Fiber diameter after swell 
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The meltblown process variables can be classified into the polymer system, the process 

parameters, and the die geometry (Table 2-1). When a change to the process parameters, polymer 

system, or geometry occurs, fiber diameter, fiber diameter distribution, and on-set of a process 

failure will change in the following.   

Table 2-1 Variables that affect fiber formation in the meltblown process 

Parameters Effect on Meltblown Final Products 

Polymer System Process Parameters Geometry 

Chemical Structure 

Molecular Weight 

Polydispersity 

Melt viscosity 

Melt Elasticity 

Melt strength 

Polymer Throughput 

Polymer Temperature 

Melt Flow Rate 

Air Flow Rate 

Air Temperature 

Die Temperature 

Die to Collector Distance (DCD) 

L/D Ratio  

Die capillary diameter 

Nose tip Angle 

 

2.1.1 Polymer Resins Used in Meltblown Process 

A wide range of thermoplastic polymeric materials can be used in meltblowing. Thermoplastics 

are plastic polymers that melt when heated and solidify as they are cooled. Also, many 

thermoplastic polymers can melt, stretch, and elongate into a fibrous form. Among the 

thermoplastic polymeric materials, polypropylene (PP) is the most commonly used polymer for 

meltblowing due to its ease of processing and suitability for end-use. Many new products 

employing different polymers have either recently been introduced or are currently being 

researched.  According to the latest research report by Global Market Insights, Inc., ñthe PP 

Nonwoven Fabrics Market volume was valued at $27 billion in 2019 and is projected to 

surpass $55 billion by 2026ò. Typically, PP used for meltblowing would have a melt flow index 

between 300 - 1500 g/10 min. Typically, a higher melt flow rate indicates lower viscosity, which 

has a vital attribute of the meltblown process, as it allows for the rapid attenuation of fine fibers. 

Moreover, PP is used widely because of its physical properties, ease of processing, low cost, and 

versatility in making a wide range of products.9 The other parameters which make the PP 

valuable for meltblowing can be a low density of PP (0.91 ), enabling to make of lightweight 

https://www.globenewswire.com/Tracker?data=_H0kw45Rq-6TdNXpZORwKTeeSsEaFb6ZLjpXcmjacB8L0ZFvn7DUnJph6Zd2T2vn7yKkbWt_zPy0oq4R-2nnfNtTFGQ_h5cA0-VJ41n3jVoj7Hzz3to26u6gRkjKpznBhzaIkcx5hDN-RTOv-OubdzONqUVVMobBjnwlFBEQt_tPOYsoQE6DVwpZmb5La4yJ-ZazypPdsBWItMyxW-fN08lqkEIeHtpFqnXauEAC62VxBcsnkI0-PIFUhX2E_8pZqVEBWcVxcN_l_0jHN0t7wvZphv99gdS0yWcOBSqy72JOP7wha2VudoDYZg32PvQv
https://www.globenewswire.com/Tracker?data=_H0kw45Rq-6TdNXpZORwKTeeSsEaFb6ZLjpXcmjacB8L0ZFvn7DUnJph6Zd2T2vn7yKkbWt_zPy0oq4R-2nnfNtTFGQ_h5cA0-VJ41n3jVoj7Hzz3to26u6gRkjKpznBhzaIkcx5hDN-RTOv-OubdzONqUVVMobBjnwlFBEQt_tPOYsoQE6DVwpZmb5La4yJ-ZazypPdsBWItMyxW-fN08lqkEIeHtpFqnXauEAC62VxBcsnkI0-PIFUhX2E_8pZqVEBWcVxcN_l_0jHN0t7wvZphv99gdS0yWcOBSqy72JOP7wha2VudoDYZg32PvQv
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fabrics. Then, low glass transition (Tg = ī13 ᴈ ) and melting temperature (Tm = 165 ᴈ) allow 

PP to produce economic meltblown fabric. Next is inherent hydrophobicity, which reduces the 

drying step before production, and finally, chemical stability and good mechanical strength and 

abrasion resistance of PP compared to other polymeric resins (Figure 2-5).10  

 

 
Figure 2-5 Chemical structures of Isotactic Polypropylene, which is mainly used in the 

meltblown process 

 

Most types of thermoplastic polymers used in the meltblown process are summarized in Table 

2-2. 

Table 2-2 Polymers used in the meltblown technology11 

Common polymers have been used  

in the meltblown process 

Other polymers have been used 

 in the meltblown process 

Polypropylene (PP) Ethylene-vinyl acetate (EVA) 

Polystyrene (PS) Ethylene methacrylate (EMA) 

Polyesters Ethylene vinyl alcohol (EVOH) 

Polyurethane (PUR) Poly Lactic Acid (PLA) 

Polyamide (PA 6, 66, 11, 12) Polybutylene terephthalate (PBT) 

Polyethylene (PE) Polyphenylene sulfide (PPS) 

Low- and high-density polyethylene 

 (LDPE and HDPE) 
Poly methyl pentene (PMP) 

Linear low-density polyethylene (LLDPE) Polyvinyl alcohol (PVA) 

Polycarbonate (PC) Polyethylene terephthalate (PET) Poly 

 

The effects of polymer properties on fiber diameter and fiber formation are discussed in the 

future section. 
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2.1.2 Meltblown Processing Parameters 

The meltblown process is complex in that many variables impact the created web. The actual 

process parameters in the meltblown process that determine the final fiber diameter and web 

properties are represented in Table 2-3. 

Table 2-3 Some variables that must be controlled during the meltblown process 

Processing parameters that affect fiber diameter and web formation 

Extruder 

condition 

Hot air 

conditions 

Polymer 

conditions 

Die 

conditions 

Ambient air 

condition 

Die to collector 

distance (DCD) 

Laydown 

conditions 

Temperature 

 

 

Shear  

 

 

Polymer 

degradation 

Volume 

 

 

Flow rate 

 

 

Temperature 

 

 

Velocity 

Temperature 

 

 

Flow rate 

 

 

Shear rate 

 

 

 

Temperature 

profile 

 

 

Gas flow 

rate profiles 

 

 

Polymer 

flow rate 

profile 

 

Temperature 

 

 

Lack of 

turbulence 

 

Vacuum 

 

 

Turbulenc

e 

 

 

There are several studies have been done about the polymer throughput, melt temperature, melt 

viscosity, air speed, air pressure, air temperature, die to collector distance (DCD), collector 

speed, and die temperature to find the effects of these parameters on fiber diameter, fiber 

diameter distribution, and on-set of melt strand breakage in the meltblown webs. Table 2-4 

shows the general effects of some critical parameters on fiber and web formation that have been 

found for the last four decades. The effects of processing parameters on fiber diameter and fiber 

formation by details are discussed in future sections. 
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Table 2-4 Effect of process variables on fiber diameters and defect in meltblown 

process9,12,13,14,15,16,17,18,19 

                 
Polymer 

throughput 

Polymer 

temperature 

Air flow 

rate 

Air 

temperature 

Die 

temperature 
DCD 

Collector 

speed 

Fiber 

Diameter        

Shot 
       

Fly  é  é é   

Roping é. é  é é  é 

Fiber 

breakup       é 

 

2.1.3 Die Geometry 

In the meltblown process, die assembly is one most crucial areas that seriously affect the 

polymer strands. The die assembly has ever been the hot innovation spot in the history of 

meltblown technology developments because it vastly influences polymer strands' aerodynamic 

and rheological forces. Meltblown die is generally an assembly of a polymer feed distribution 

system, a nosepiece, and two adjustable air knives in many cases. Table 2-5 summarizes 

improvement in meltblown die design in chronological order. 
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Table 2-5 The most important meltblown die patents between 1970-2020 

Patent title  Date Author  Description Die design  

MELT-

BLOWING 

DIE FOR 

PRODUCING 

NONWOVEN 

MATS20 

1974 

J.W. Harding;  

J. P. Keller;  

R. R. Buntin 

A drilled hole type 

meltblown die that holes 

are drilled in a single 

block of hard metal, such 

as steel. A pair of air 

slots on each side of the 

nosepiece is connected 

to the air manifolds and 

can be adjusted to 

different die settings.20,21 

 

MELT-

BLOWING 

DIE USING 

CAPILLARY 

TUBES22 

1974 
D.T. Lohkamp; 

J. P. Keller 

The two-piece assembly 

produces die, and the 

capillary tubes are 

included in the solder 

layer between the two 

pieces to form the die 

device. The capillary 

type of die has the 

advantages of 

performing longer holes 

and more accurate 

alignment of the orifice 

with great ease.21,22 

 

APPARATUS 

AND 

PROCESS FOR 

MELT-

BLOWING 

AFTER 

FORMING 

THERMOPLA

STIC 

POLYMER 

AND 

PRODUCT 

PRODUCED 

THEREBY23 

1983 E.A. Schwarz 

In this die type, the 

polymer is heated to 

decrease viscosity and 

then accelerated quickly 

by nozzle-blown air to 

near sonic velocity to 

produce fine fibers with 

little polymer 

degradation. This 

discovery broke the 

limitation of air from 

two sides of the tapered 

die tip. Therefore, 

several orifice rows can 

be arrayed in a die head 

to produce desirable 

productivity without a  

tremendous capital 

increase.21,23 
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Table 2-5 (Continued) 

SLOTTED 

MELT-

BLOWN DIE 

HEAD24 

1988 

D.W. Appel; 

W. Wis; 

 A.D. Drost; 

J.C. Lau 

The slot die has a single 

continuous slot opening 

running instead of 

several individual 

orifices. To produce 

fiber, at least one of the 

slot's inner sides has 

spaced grooves 

perpendicular to the apex 

line, and one of the sides 

extends below the other 

side to form a lip within 

the fluid stream.21,24 

 

MELT 

BLOWING 

DIE25 

1991 
P.G. Buehning; 

S Hills 

A die tip is mounted on 

the die body to give a 

residual compressive 

force to the die tip 

nosepiece, and opposite 

and similar forces are 

utilized on both sides of 

the orifice row to secure 

the die tip. The mounted 

die tip can be easily 

disassembled and 

cleaned by specialty 

methods such as high-

temperature ovens and 

ultrasonic cleaners.21,25 

 

MODULAR 

MELTBLOWI

NG DIE26 

1997 
M.A. Allen; 

J.T. Fetcko 

Modular die 

constructions include a 

plurality of side-by-side 

self-contained, 

interchangeable 

meltblowing modules on 

a manifold. Each module 

consists of a body, a die 

tip assembly, and 

polymer and airflow 

passages for conducting 

hot melt and hot air from 

the manifold through 

each module. The 

modular die tip cost is 

approximately $300/in., 

which is relatively 

inexpensive compared to 

$1300/in.21,26 
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Table 2-5 (Continued) 

MULTIHOLE 

MELT 

BLOWN DIE 

NOSEPECE27 

2000 M.W. Milligan 

The present invention is 

directed to an improved 

die nose piece 

comprising a multiplicity 

of adjacent holes offset 

concerning each other at 

an angle greater than or 

equal to 5 and less than 

90, through which resin 

filaments are ejected. In 

each adjoining hole pair, 

the first hole angled 

toward the upper face 

and a second hole turned 

toward the lower face. It 

is claimed that this 

nosepiece reduces the 

filament-to-filament 

interaction, thus 

minimizing the shot 

formation.21,27 

 

MELTBLOWN 

DIE HAVING 

A REDUCED 

SIZE28 

2005 
B.D. Haynes;  

M.C. Cook 

This invention presents a 

meltblown die, which 

has a considerably 

smaller width in the 

machine direction of the 

meltblowing process 

than conventional 

meltblown dies. The 

invention die included a 

die body, a die tip 

mounted to the die body, 

the first air plate 

mounted to the die body, 

and the Second airplate 

mounted to the die body. 

Also, this die has 

advantages over 

conventional meltblown 

die, including improved 

air entrainment.28 
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Table 2-5 (Continued) 

DIE FOR 

PRODUCING 

MELTBLOWN 

MULTICOMP

ONENT 

FIBERS AND 

MELTBLOWN 

NONWOVEN 

FABRICS29 

2006 
B.D. Haynes;  

M.C. Cook 

A die tip is modified for 

extruding a plurality of 

meltblown 

multicomponent 

filaments that includes at 

least two series of pipes 

that extend and converge 

into the interior of the 

die tip to convey a 

multicomponent 

thermoplastic structure 

into the interior of the 

die tip to a series of 

capillaries that open to a 

series of die opening for 

extruding 

multicomponent 

filaments is provided.29 

 

METHOD 

AND 

APPARATUS 

FOR 

PRODUCTION 

OF 

MELTBLOWN 

NANOFIBERS
30 

2008 

J.E. Brang;  

A. Wilkie;  

 J.S.  Haggard 

Meltblowing die for 

fabricating polymeric 

nanofibers with spin 

holes formed by 

channels in plate(s) 

surface(s) of the plate(s) 

where polymer exits at 

the plate(s) edge(s). The 

channels are Smaller 

than 0.005" widex0.004" 

deep and have an L/D at 

least as large as 20:1. 

Flow rates of the 

polymer through the 

apparatus are on the 

order of 0.01 g/hole/m or 

less. This die makes 

fibers mostly less than 

0.5 microns in diameter. 

 

MELT 

BLOWING 

DIE, 

APPARATUS, 

AND 

METHOD31 

2017 M.A. ALLEN  

The die includes a stack 

of plates, including 

corresponding 

meltblowing die tips, die 

body, and air 

functionalities. One or 

more rows of polymer 

filament extrusion 

orifices extend through 

in a stack direction 
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across multiple stack 

plates. Within the stack, 

a gas distribution system 

has gas outlets 

positioned to provide 

distributed gas flow to 

contact and attenuate 

extruded polymer 

filaments. The stack may 

also include at least 20ï

60 plates per centimeter 

of length and 1-20 rows 

of orifices.31 

Melt-blowing 

die32 
2017 

H. Adachi; 

Y. Miura 

In this meltblown die, 

the primary airflow path 

blows out the primary 

air, and the secondary 

airflow path that is 

presented across the 

primary airflow path 

blows out the secondary 

air from outside the 

primary air. The 

secondary airflow path is 

inclined to be closer to 

the resin flow path's 

central axis toward the 

lower side, and the 

second air outlet that is 

located at the tip of the 

inclined part and blows 

out the secondary air.32 

 

 

Moreover, the die assembly consists of three essential parts: the polymer feed distribution plate, 

the die nosepiece, and the air manifolds. The first part is the feed distribution plate. This part is 

responsible for creating an equal polymer flow across the plate. The plate should be heated to 

keep the polymer flowing. Also, the shape of the plate distribution can influence polymer 

distribution. There are two types of feed distribution plates, the T-type and coat hanger-type, but 

the coat hanger is broadly used In the Exxon die because it provides both even polymer flow and 

residence time across the die's full width. The coat hanger distribution plate shows in Figure 

2-6.21  
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Figure 2-6 Coat- Hanger Die33 

 

In a valuable study for the optimal design of the die geometry, Sun and coworkers found that the 

coat hanger die has a profitable operation for different resins and various throughputs, and the 

melt flow in the die obeys power-law behavior.33 Meng et al. proposed an optimal design 

procedure to improve the uniformity of flow rate distribution at the coat-hanger die outlet. They 

also found that the coat hanger die decreases the coefficient of variance by 65% compared to a 

typical plate.34 The next part is the die tip, which is the crucial component of the die assembly 

and is responsible mainly for the fiber diameter and quality of the webs. Today, two types of 

meltblown die tips, single row, and multiple rows die tips, are very utilizable in the industry, as 

shown in Figure 2-7.  A single row refers to a single line of capillaries melted by two imposing 

hot gas streams for fiber attenuation, and a multiple rows die consists of cylindrical tubes to 

provide concentric air at near sonic levels around each polymer jet steam as it forms a fiber.  

 
Figure 2-7 Exxon type die (left) and multirow die (right)35 

 

Also, there are two basic types of nosepieces for single-row capillary and drilled hole types. The 

capillary nosepiece consists of two flat surfaces with a semicircle milled into each flat piece, and 
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the pieces are placed together and correctly aligned to form the orifices. The drilled hole type is 

one piece of metal in which holes are drilled to form the orifices. 

 
Figure 2-8 Schematic of die nosepieces for single row melt-blown die, capillary type (top), 

drilled hole type (bottom)1 

 

The last important part of the die is that the air manifold or air knives are responsible for 

supplying the high-velocity air (primary air), which assists in drawing or attenuating the polymer 

to form micro or nanofibers. Typically, the manifold is located on the die nosepiece's sides and 

hits the polymer with hot, high-velocity air when it exits the die tip. An air compressor creates 

high-velocity air, typically 50% ï 80% of the sound speed, passing through a heating unit to 

obtain the optimum air temperature, typically between 230 to 360ᴈ. The air gap and setback 

determine the angle and time the air hits the polymer stream.36 

 
Figure 2-9 Die tip schematic (a) slot angle (b) nosepiece or die tip (c) air gap (d) slot angle (e) 

setback 
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More explanations about the effects of die geometry on fiber diameter and fiber formation are 

discussed in future sections. 

2.2 Fiber Diameter and Diameter Distribution  

Micro and nanofibers are among the most significant developments in recent years while keeping 

all of the characteristics expected by textile producers and users. Very fine fibers have high 

specific surface areas and high flexibility. As a result, webs containing predominantly micron or 

submicron fibers have a large surface-to-volume ratio, micropores, and high porosity. Micro and 

nanofibers have been used in many high-technology applications such as filtration, membrane 

separation, superabsorbent clothing, wound dressings, scaffolds for tissue engineering energy, 

biosensors, storage, and many electronic device applications. Melt spinning, meltblowing, and 

electrospinning are the three current processes to produce fine fibers. The fibers produced via 

standard melt spinning are usually not smaller than 10 µm. Since the polymer solidifies during 

the drawing process, this yields highly oriented chains, producing solid fibers at fast rates. 

Meltblowing is a rapid, single-step process used to produce fibers with diameters in the range of 

1-2 µm, while electrospinning can make fibers with diameters in the range of 100 nm and even 

less. The electrospinning process includes the presence of an electrostatic charge to a polymeric 

solution fed through a spinneret under a high electric field. The main operation involves charge 

induction in the solution through contact with a high-voltage electrode in a metal syringe. High 

voltage is applied to the solution and causes the solution to drop off from the syringe tip and 

twist into the shape of a Taylor cone. An electric field of the surface charge overcomes the 

surface tension of the solution. Therefore, a thin jet of the solution erupts from the solution 

surface and travels to the grounded collector.37,38 Most of the research on electrospinning has 

used solutions, and this method is solvent intensive, and solvents can be toxic. On the other hand, 

polymers, commonly used for nonwoven processes, especially polyolefins, are not soluble in 

many known solvents. Therefore, they cannot be used for electrospinning easily. Hence, 

meltblown is the best method to produce fine fiber for these polymers. Also, the electrospinning 

process is inherently slow and inappropriate for the industry. Meltblowing has the potential to 

compete with electrospinning because meltblowing would provide a much faster, easier, and less 

costly alternative to the electrospinning technique. If meltblowing technology makes very fine 
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fiber at the scale of nano size, then it would penetrate new markets and enhance current product 

offerings. Therefore, a significant focus on meltblowing research is reducing fiber diameter.39  

There is a need for meltblowing processes to control the fiber diameter distribution, like the 

control of fiber diameter. Still, the number of studies in this area is not a lot, such as fiber 

diameter. For some applications, such as air filtration, a wider fiber diameter distribution can be 

advantageous. Still, narrow distribution, such as liquid filtration and tissue scaffolding, is more 

beneficial for other uses.40  In this process, fiber diameters were distributed normally for larger 

fiber diameters. However, fiber diameter distribution for smaller fiber diameters has been shown 

to follow a lognormal distribution regarding average fiber diameter, which affects the pore size 

distribution and nonwoven performance.41 

2.2.1 Effects of Processing Parameter   

As mentioned before, meltblowing is a simple, versatile, one-step process for converting 

polymeric raw materials into nonwoven. Meltblowing technology is one of the most economical 

ways to produce fine fiber webs. In this process, a polymer melt is extruded through die 

capillaries into the high-speed hot air stream, and polymer melt strands simultaneously 

accelerate, cool, stretch, and form small fibers. Properties and quality of the web, fiber size, and 

its distributions are the results of complex interactions between viscoelastic polymer strands and 

the surrounding high-speed air stream. Therefore, many processing parameters impact fiber 

diameter and diameter distribution, such as polymer throughput, melt temperature, airspeed, air 

pressure, air temperature, die-to-collector distance, collector speed, and die temperature. In the 

following, we will describe more than two decades of study about the effect of processing 

parameters on fiber diameter and diameter distribution. 

In the first studies in this field, Kayser and Shambaugh found that increased polymer throughput 

resulted in higher-diameter fibers. This is due to the same amount of drafting force cannot stretch 

more material to the finer diameter.42 Chen et al., in a comprehensive study, discovered similar 

results. They explained and verified their model in the meltblown process with experimental 

results, predicted fiber diameters, and compared with the experimental data. They found that a 

lower polymer flow rate, a higher initial polymer temperature, and a higher polymer melt flow 

index can produce finer fibers.43 Recently, Hao et al. started investigating jet motion in the 



20 
 

meltblowing process with a numerical simulation involving airflow. They also predicted the jet 

diameter based on the jet velocity calculated in the model and mass continuity equation. They 

verified modeling calculations with an experimental study. Finally, it was determined that 

decreasing the polymer flow rate would increase the polymer jet velocity on average. Therefore, 

they have suggested picking a polymer with lower polymer flow rates and smaller viscosity to 

produce finer fiber.44 Straeffer and Goswami found a narrow fiber diameter distribution at the 

higher jet velocities. There is no peak or broad fiber diameter distribution at the lowest jet 

velocities. Also, Malkan, in a study, discovered that there is a wide fiber diameter distribution 

with an increase in the polymer melt flow index.45 The increase in the processing temperature, 

such as polymer and die temperature, decreases the fiber diameter due to the reduction of the 

melt viscosity.43 Although Chen showed that the effect of air temperature on mean fiber diameter 

is insignificant, most studies have shown that an increase in the air temperature results in a 

decrease in the mean fiber diameter. 12,43 Different studies have shown that an increase in the 

airflow rate decreases the average fiber diameter. Nevertheless, Milligan showed that the fiber 

diameter is not affected at higher air velocities (275ï 300 m/s and higher).46,47 The die to 

collector distance is another vital parameter modifying the fiber diameter and properties of the 

web in the meltblown process. Most studies have shown that the fiber diameter decreases with an 

increase in the collector distance. However, Lee indicated that the mean fiber diameter was not 

affected beyond a collector distance of 30 cm. 12,14,48,49 Bresee declared that the increase in the 

collector speed (83%) increased the fiber diameter only by 0.1 microns, meaning that the 

collector speed is not an influencing factor.50 Shambaugh performed an energy balance and a 

dimensional analysis by analyzing the industrial data on the meltblowing process and show the 

resulting fiber diameter is affected by the viscosity ratio (polymer/air viscosity).2 Moreover, 

Haynes realized meltblowing experiments using a single-hole die and concluded that the ratio of 

air-to-polymer mass fluxes presented a satisfactory description of the fiber size for a wide range 

of processing conditions.51 

2.2.2 Effects of Material Properties 

Several studies have shown that the fiber diameter and fiber diameter distribution are related to 

material structure. Material variables include polymer type, molecular weight, molecular weight 

distribution, polymer melt viscosity, melt elasticity, melt strength, and melt flow rate. As shown 
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in Table 2-2, a wide range of thermoplastic polymeric materials can be used in the meltblowing 

process. The compatibility of a polymer in meltblowing is independent of the backbone chemical 

structure. The most common polymers for meltblowing are polyolefins. Polypropylene is typical 

polyolefin used in the meltblown process due to its physical properties and an extensive average 

range of molecular weights in different tacticity, low cost, and versatility in making a wide range 

of products.9 Much progress in the meltblown process has been made by introducing ultra-high 

and extremely high melt flow rate resins available directly from the polymerization reactor. 

These resins significantly improve meltblown productivity and product quality and reduce fiber 

diameter and energy costs. Also, the meltblown market's growth is accelerated due to this new 

resin technology. The important attributes of polypropylene for the meltblown process are 

summarized in Table 2-6.52  
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Table 2-6 Important attributes of polypropylene for the meltblown process 

Melt viscosity tailoring 

Polypropylene viscosity can be controlled by 

chemical degradation, mechanical shear 

degradation, and thermal degradation. The 

resin is of higher melt viscosity (lower melt 

flow rate), and the processor can control the 

final melt viscosity by combining three 

degradation mechanisms to meet the desired 

product attributes. 

Molecular weight distribution 

The meltblown process requires narrow 

molecular weight distribution to produce 

uniform fine fiber. The new catalyst 

technology enabled resin manufacturers to 

produce extremely high melt flow rates with 

narrow molecular weight distribution. The 

three degradation processes above further 

reduce the polymer's molecular weight 

distribution. 

Relatively High melting point  

The melting point in polypropylene is high 

enough for most applications, and yet the 

melting behavior is such that it can be 

thermally bonded due to its relatively broad 

melting range. 

Fine fiber capability 

The polypropylene melt can be drawn to fine 

fiber if the melt viscosity is sufficiently low 

and the narrow molecular weight distribution. 

The low melt viscosity is needed because the 

fiber draw is accomplished by the drag of 

high-velocity airflow rather than by 

mechanical draw. The narrow molecular 

weight distribution reduces the melt elasticity 

and melts strength of the resin so that the melt 

stream can be drawn to a very fine diameter 

without much draw force.  

   

Polyester is an important material in the textile industry. Also, it is believed that this polymer 

resin can become the second most widely used polymer resin in the meltblown process, after 

polypropylene. The reason can be related to a higher temperature, resistance, higher strength, and 

other meltblowing fabric properties that cannot be fully met with polyolefins. Therefore, end-use 
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and compatibility with the meltblown process are two critical factors in using different polymer 

resins in the meltblown industry. Zhao and coworkers produced a bicomponent meltblown web 

with polypropylene and poly (ethylene terephthalate). The result has shown that the high 

percentage of shrinkage of PET increased the average fiber diameter. Nevertheless, by adding 

Polypropylene (25%), the increase of fiber diameter under the same heating conditions is 

reduced significantly.53 Recently, Jafari and Shim, due to the rising concerns over the 

environmental sustainability of polypropylene (PP) filter materials, used Poly(lactic acid) (PLA), 

which is a likely alternative for petroleum-based synthetic plastic. This study investigated the 

effects of processing parameters on PLA meltblown structures and filtration performances using 

a commercially available low molecular weight PLA resin. The result has shown that PLA 

meltblown tends to have larger fiber diameters than PP meltblown at the same processing 

parameters.54  Louis and coworkers produced poly(vinylidene difluoride) (PVDF) mats with fine 

fiber by meltblown process. This study has made meltblown fabric with an average fiber 

diameter varying from 2 to 6 ʈÍ. This study's goal is to create a meltblown mat for battery 

separation.7 Tan and coworkers used polystyrene (PS) blends with different molecular weights to 

produce meltblown fabrics. In this study, they have found that increasing melt viscosity leads to 

an increase in average fiber diameter without any significant effect on the coefficient of 

variation. In contrast, an increase in melt elasticity beyond a threshold value reduces the 

variation coefficient while increasing the average fiber diameter.41 Deng and coworkers 

successfully fabricated bicomponent micro/nanofibers membrane based on polypropylene and 

polystyrene by meltblown process. The incompatibility of the used polymers made the viscosity 

of blended melt fluctuate continuously, resulting in the remarkable diameter difference that 

happened in prepared fibers.55 Although ethylene-based polymer has been used in textile 

technology for several years, minimal data have been reported on polyethylene meltblown 

nonwovens. Yesil and coworkers investigated the effects of processing parameters on some 

characteristics of polyethylene meltblown nonwovens, such as fiber diameter.56 

2.2.3 Effect of Die Geometry 

A meltblown die tip's geometry widely impacts polymer strands' aerodynamic and rheological 

forces and fiber diameters.  Numerous die tips were invented and used in the meltblown industry, 

but the two universal categories of meltblown die tips, such as single row and multiple rows die 



24 
 

tips, have been used more than other categories. The first one is a single row refers to a single 

line of capillaries matched by two imposing hot gas streams for fiber attenuation. The following 

commercial die used in meltblown is Multi-row, or Biax die (die patented by Biax-Fiberfilm 

Corp). In this model, polymer melt distributes to cylindrical capillaries. An annular attenuating 

air stream surrounds each capillary to provide concentric air near sonic levels around each 

polymer jet steam for fiber attenuation. Moreover, single-row die tips are generally used in the 

meltblown industry, and there is still room for additional design optimization for making fine 

fiber.  

Researchers had to change the die geometry in many studies to enhance the airflow field to 

achieve a higher drag force to reduce fiber diameter. Tate has shown that a sharp slot die is 

aerodynamically superior to a blunt die, enhancing airflow and reducing fiber diameter.57 Hassan 

and coworkers used computational fluid dynamics (CFD) simulations to investigate the effects of 

different meltblowing die configurations on the meltblown process's airflow field. They 

investigated the effects of air constrictors of different widths, lengths, and angles to identify 

designs that would maintain high centerline air velocity below the polymer injection and keep 

polymer temperature around the melting point near the die face. Simulation results revealed that 

vertical air constrictors with a width between 20 and 30 mm and length between 10 and 20 mm 

would result in higher maximum centerline air velocity and higher maximum centerline air 

temperature to get finer fiber.58 

In a comprehensive study, Khan investigated the effect of die orifice dimensions such as 

diameter and L/D ratio and die geometry variables such as nose tip angle, air gap, nose tip 

setback, and face gap on fiber diameter. It was observed that orifice diameter, air gap, and L/D 

ratio all had a statistically significant effect on average fiber diameter, and higher MFR was more 

sensitive to orifice length than low MFR. the investigation has shown that the effect of nose tip 

setback and L/D on fiber diameter was not statistically significant. It was also learned that orifice 

diameter in the range of 15-20 mm had no practical effect on the final fiber diameter. This 

study's result has indicated that a lower nose tip angle reduced average fiber diameter. 59 Sun and 

coworkers have shown that the L/D ratio in meltblown die has a positive linear effect on the 

pressure drop as the L/D ratio increases.33 The effect of the capillary diameter has been 

thoroughly researched as a function of fiber size. Smaller capillary diameters allow for lower 
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mass throughputs of polymer and, thus, finer fibers. Ultimately, the die density, or the number of 

holes per inch (HPI), has been of great interest, yet there is a lack of research to describe the 

exact effect of die density on meltblown nonwovens.3 

2.3 Process Failure, Flow Instability, and Defects 

One of the ultimate goals of the meltblown process would be the production of the smallest 

possible fibers. Fiber diameter reduction can achieve in various ways, including higher melt and 

air temperature,60 low molecular weight polymer,8 high airflow rate,61 low polymer throughput,49 

high melt flow rate,43. Still, eventually, the process reaches the failure points where melt or 

polymer strands break.  

2.3.1 Major Instabilities and Defects in Meltblown 

Several flow instabilities and defects can limit the processing window for the meltblown 

technology, especially concerning the smallest achievable fibers. Instability, such as 

aerodynamic perturbation or whipping action and fiber breakup instabilities, are driven by 

surface tension (Rayleigh instability) in the meltblown process. Moreover, the result of 

instabilities in the meltblown process after die would be defects such as shot, fly, die drool, and 

roping in final products. These instabilities and defects explain in more detail below. 

2.3.2 Melt Strand Instability   

Fiber Breakup   

During attenuation of the melt strand, a few centimeters below the die, where the melt strand is 

stable, and the elongation is along the direction of extrusion through a nozzle, the fiber diameter 

started to fluctuate periodically, which led to the pinch-point formation at which melt strands 

breakages occur under extreme extensional deformation imposed by air drag force. It has been 

reported that the resin properties, such as elongational viscosity and surface tension, have 

affected periodic fluctuations of fiber diameter.62 

One reason for fiber breakup after die is a kind of instability in meltblown fibers induced by 

surface tension, particularly when fiber diameters approach the nanoscale. This phenomenon is 

typical for Newtonian liquids and is called Rayleigh instability. Numerous researchers studied 
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Rayleigh's instability, both theoretically and experimentally. Rayleigh explained that 

axisymmetric disturbances could grow and control the breakup of a jet, and a small disturbance 

can be increased exponentially with time. Fiber breakup in meltblown occurs when surface 

tension forces increase fiber necking at various locations along with the fiber. These necked 

regions grow and ultimately pinch off the fiber, resulting in droplets of a characteristic size. 

Moreover, extensional stress builds up for viscoelastic fluids due to the fiber's drawing, which 

can delay or even retard this instability. Also, as shown in Figure 2-10, the spherical particles 

made after fiber breakup are different from the shot in the meltblown process.3,19 

 

Figure 2-10 Meltblown fiber breakup19 

 

Han and coworkers produced nanofibers with multihole die meltblown machines using two kinds 

of commercial polypropylene under different processing conditions. In this study, they 

investigated both theory and experimentally the fiber breakup driven by surface tension, and The 

Rayleigh instability theory presented as the cause of fiber breakup. The results of this study 

reveal that polymer viscosity plays an essential role in fiber breakup. Also, meltblowing process 

conditions, such as higher melt viscosity or lower air pressure, could reduce the fiber breakup. 

The modeling part of this study has shown that the polymer surface tension influences the fiber 

breakup and could increase dramatically with decreasing fiber diameter.19 

Ellison and coworkers have studied the fiber breakup under certain processing conditions. The 

materials in this study were polymers (polypropylene (pp), polybutylene terephthalate (PBT), 

and polystyrene (PS)). Fiber breakup was not observed in PBT meltblowing experiments. The 

reason may be related to higher melt viscosity and elasticity in the PBT compared to PP and PS. 

They also observed that the fiber breakup amount depends on processing temperature and air and 

polymer flow rates. In general, they believed that the overall average fiber length and mat 
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strength reduce by a significant level of these instabilities. Also, the level of entanglement in 

meltblown can affect the creation of fiber breakup during the fabrication process.3 

Ziabicki, in a study, described that a cohesive fracture and capillary action cause fiber breakup. 

Surface tension effects drive capillary breakup. However, for meltblown compared to melt-spun 

fibers whose fiber diameters are smaller, capillary forces are probably too low to cause the 

breakup. On the other hand, Cohesive fracture occurs when the tensile stress in the fiber passes a 

critical stress value, and the critical stress value is a function of temperature and elongation 

rate.60 

Recently Hao used a Level- set method coupled with the Navier-Stokes equations to simulate the 

breakup process of melt strands during melt blowing and specifically after die exit. In this study, 

they explained by using the theory of the melt strand breakup process driven by surface tension, 

and the breakup process was illustrated visually by simulation results.  

Figure 2-11 shows simulation results of the polymer jet breakup process driven by surface 

tension during melt blowing. The numbers at the top explain the time of the process.  At zero 

time, which presents the initial state of the disturbed melt strand after die: thread-like regions 

between larger nodules of fluid. In the meltblowing process, these perturbations are always 

present and can be generated by various sources, including the vibration of the processing 

machine, fluctuations of the airflow turbulence, and the non-uniformity in the shear stress on the 

free surface. In the flowing time between 0.005-0.02 seconds, the perturbation continues to 

develop, and the thinner part of the melt strand becomes thinner until they break up and form like 

an individual droplet. As time progresses, each droplet tends to be pulled into a spherical shape 

caused by surface tension. The breakup process in a melt strand begins with the development of 

small perturbations on the free surface of the fluid.63 
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Figure 2-11 Evolution of a melt strand breakage into drops after die (diameter of 3 ɛm, viscosity 

of 3 Pa·s, and surface tension of 0.02 N/m)63 

 

Moreover, this study investigated the effects of several parameters, such as polymer viscosity, 

fiber diameter, surface tension, and perturbation amplitude, on the breakup process. They have 

found that the breakup of the melt strand after die happened very easily with the decrease of 

polymer viscosity, polymer jet diameter, and the increase of polymer surface tension and 

amplitude of perturbation. They have also explained that lowering the surface tension is a very 

important parameter of the polymer that can help reduce the fiber breakup phenomena and 

simultaneously obtain meltblown nonwovens with better quality. However, they did not explain 

how we can reduce the surface tension of each polymer sample.  

Whipping Motion  

In meltblown, airflow attenuates a molten polymer jet that passes out from a small orifice in a 

die. The surrounding air or ambient air, drawn into the fiber stream, reduces the molten jet's 

temperature as the molten polymer falls toward the collection screen, located a few centimeters 

away from the die orifice. The higher airspeeds between the die and screen lead to thinner jets 

and faster production rates and cause the fiber to undergo violent whipping motions before it 

arrives on the collection screen. Therefore, the bending instability of thin liquid jets in the air is 

caused by a high level of melt and air inertia.64 The fiber vibration in which the name changed to 

fiber whipping was first identified in Shambaugh's meltblown study. Their study showed that the 

fiber motion appeared to be playing, and the view seemed to be a bundle of jets, with each jet 

leading toward a single fiber. Also, in their study, high-speed strobe photography was used for 

recording in a single-hole meltblowing device.60 Zeng and coworkers used a high-speed camera 
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to capture the fiber whipping motion below a single orifice meltblowing slot die. In this study, 

they proved that the whipping action of the fiber in meltblowing is similar to electrospinning. 

However, the whipping in the electrospinning process is an electrically driven bending 

instability, whereas, in the meltblowing process, it is aerodynamics-driven bending instability. 

Also, the bending instability is related to the high velocity of air. Higher airspeeds lead to thinner 

jets and faster production rates and cause the fiber to undergo violent whipping motions. 

Although whipping behavior in electrospinning has been confirmed in numerous works, fewer 

have touched on the meltblown fiber whipping dynamics.65 The theory of aerodynamically 

driven bending instability of thin liquid jets in the air was developed and explained for the first 

time by Yarin and his coworker.66 

Shambaugh and coworkers have made several numerical simulations of the meltblowing process 

to predict fiber diameter. The first model was based on equations applied to the melt spinning 

process. This one-dimensional model simulated fiber dynamics and used empirical correlations 

to incorporate heat transfer and drag effects at the air-fiber boundary. The model included a 

Newtonian and a viscoelastic equation, and it was concluded over the range of parameters 

studied that viscoelasticity had minimal effect on fiber diameter. In the following, they 

developed the model from one-dimensional to two and three-dimensional models. These models 

allowed the fiber to experience lateral velocity perturbations and thus attempt to simulate the 

fiber whipping phenomena observed in meltblowing. These models also indicated that 

viscoelasticity had minimal impact on fiber diameter because they believed that the rapid 

changes in temperature occurs during melt blowing.60,67,68 Xie and coworkers utilized an 

improved Lagrangian numerical approach to simulate the fiber whipping in melt blowing. The 

fiber whipping simulated in this research was significantly developed compared to earlier work 

that utilized the Lagrange model to simulate fiber whipping. Furthermore, this research simulated 

fiber diameter, velocity, and temperature below the spinneret. Meanwhile, they have concluded 

that the most attenuation of fiber diameter occurred close to the die exit. Also, the fiber velocity 

increased gradually while the air velocity decreased rapidly along the spinning line. On the other 

hand, the fiber temperature decreased slower than the decreasing air temperature.69 

Yarin and coworkers presented a comprehensive, quasi-one-dimensional model of the dynamics 

of three-dimensional excursions of polymer jets in meltblowing outlined. The model could 

predict the fiber lay-down patterns in nonwovens formed on the collector. This study compared 
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the model's fiber diameter and standard deviation with experimental data. Also, the model 

suggests that the effect of the turbulence spectrum in gas flow and screen speed does not affect 

the values of the mean diameter fibers significantly and fiber size distribution approaches the 

normal one as the screen velocity increases.70 

In the meltblown process, whipping can be into various forms of two-dimensional bending 

motion and three-dimensional spiral path of fiber. As shown in Figure 2-12, this model (two-

dimensional bending motion) is related to slot-die, where the frequency changes as the distance 

from the die head, polymer flow rate, polymer temperature, and airflow rate change. Also, the air 

temperature does not have any effect on frequency. On the other hand, the amplitude increases if 

the distance from the die head and airflow rate increases, and the polymer flow rate decreases. 

Air and polymer temperature do not have a significant effect on the amplitude.65  

 
Figure 2-12  two-dimensional fiber bending instability near die exit65 

 

Another form of whipping would be the three-dimensional spiral path of fiber in the post-die 

area that is related to the swirl-die, as shown in Figure 2-13. This type of whipping reduces the 

frequency with polymer flow rate and temperature rise. Also, the frequency decreases when the 

airflow rate decreases. Moreover, air temperature and distance from the die head do not have any 

particular impact on frequency. On the other hand, the amplitude remains constant with the 

change in processing conditions.71  
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Figure 2-13  Development of fiber path near the swirl die71 

 

While influences of various processing parameters on whipping and bending perturbation and its 

impacts on fiber diameter and diameter distribution are relatively well studied, it is not the only 

source of fiber diameter variations and process failures. The instability development of a molten 

polymer jet in the high-speed air jet stream also needs to be understood, as it determines process 

failure. 

2.3.3 Fiber Defects 

Shot 

"Shot" is a particle of polymer in the meltblown fiber web (shot is not very common in other 

types of the nonwoven process) that is larger than the size of the fiber (several tens of microns in 

size) that have indistinct shapes. Butin and Lohkamp suggested that the fiber breakage associated 

with the incidence of shot formed by the elastic "snap back" of the fiber ends upon breaking. 

Still, this model is not the only way to produce a shot. Milligan and Haynes never observed a 

broken fiber except in the case of a plugged and chugging orifice. SEM and optical microscopic 

pictures of shots in the meltblown web are shown in Figure 2-14.3  
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Figure 2-14  SEM (bottom) and optical (top) microscopic picture of shots in meltblown web72 

 

Several parameters would be affected to produce shots on meltblown web, but most of these 

clumps result from the process conditions.73 For instance, high temperatures, much low 

molecular weight, and smaller equipment cleanliness can be the main reasons to have more shots 

on our web.1  

Utsman and Milligan, based on an experimental study, have suggested that the number of shot 

intensity decrease with increased primary air velocity and decreases primary air temperature, 

polymer throughput, and polymer temperature. They also found that the higher melt flow rate 

can reduce the number of shot intensity.74 

Khan investigates the effects of die geometry and process variables on the shot formation of 

meltblown webs. He also developed a subjective technique to determine the shot level. In this 

method, he explained that each sample web was visually rated on a relative five-level subjective 
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scale such as none, low, medium, high, and high incidence. He also revealed that shot notably 

increased if the orifice diameter and nose tip setback increase.59 

In a brilliant study, Bresee and Yan explained their experimental observations of the shot in 

meltblown webs. They conclude that the shot is typical in just meltblown webs, not other 

nonwoven webs. They also explained that most shot particles visible to the human eye have 

diameters in the range of 100-300 ʈÍ, the overall shape is approximately circular and well 

crystallized, and the volume is roughly estimated to be 710 mm3. The amount of web area 

containing the shot is typically less than 0.1%. Most of the big size shot particles cause the 

melting of nearby fibers in webs. "The number of shot particles per unit basis weight decreases 

with increasing basis weight when basis weight is varied only by changing the collector speed. 

Also, the number of shot particles per unit web area decreases with increasing die to collector 

distance." They also tried to explain their experimental data because of three different models. 

The first model was the Fiber transformation model. "This model involves forming fibers and 

then transforming them into shot particles." The development of tiny shot particles is plausible in 

this model. However, this model is unsuitable for medium and large shot particles because of 

significant size, shape, and internal morphology changes. The second model is the direct-shot-

formation model. "In this model, fibers and shot are both formed initially, so shot particles are 

produced directly without undergoing a fiber-to-shot transformation." the final model is shot- 

precursor model." This model involves forming shot precursors at the die and allowing these 

precursors to grow into shots.75 

Fly 

Fly is a contamination of the surrounding air in the meltblown process by a collection of very 

short and extremely thin fibers that do not collect on the screen or drum. Furthermore, it does not 

affect the web as with the other defects. Extreme and excessive blowing conditions (air pressure) 

die to collector distance, and collector speed causes this defect.76 Fly particles are shown in 

Figure 2-15, which are related to different die to collector distances.  
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Figure 2-15 flies particles collected at high (top), medium (middle), and less (bottom) die to 

collector distance. (Black bar is equal to 3.0 cm)17 

 

Several researchers, during their studies, found that very high air velocity (supersonic flows) 

produces an unstable airflow field, which is the main reason and also responsible for a large 

number of fibers breakage or fly generation between die and screen. 77,78 

Bresee and Qureshi published their study about fly formation in the meltblown process. This 

research also explained that primary air pressure, die to collector distance, and collector speed is 
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the main reasons for fly formation. They also explained that fly formation is controlled by 

aerodynamic drag and fiber entanglement, which states that fly particles are released during 

meltblown when a drag force exists that is strong enough to break fibers. Second, fiber 

entanglement is insufficient to retain broken fibers within the forming web. They also presume 

that only two regions of the meltblown process produce a large enough drag force on the fiber, 

leading to fly particle generation. These regions can be near the die and the collector, where 

differences between air and fiber speeds are significant. 17 

Khan investigates the effects of die geometry and process variables on the fly formation of 

meltblown webs. He also developed a subjective technique to determine the fly level. In this 

method, he explained that each sample web was visually rated on a relative five-level subjective 

scale such as none, low, medium, high, and extremely high incidence. He also revealed that fly 

notably decreases if the orifice size diameter increase and fly rating increases with an increase in 

the air gap.59 

Die Drool 

Die drool in polymer technology is a long-time known phenomenon, and the first publication on 

this phenomenon came back in 1946. Die drool is described as an unwanted spontaneous 

accumulation of the polymer at the die exit of the extrusion die, in which the polymer builds up 

into a large, usually degraded, or solidified mass. Die drool frequently breaks away from the die, 

entirely or partly encloses the flow, and causes reduce the quality of the product. Until recently, 

scientists believed that die drool is only related to process, but based on recent studies, it is 

considered a fundamental rheological phenomenon. Moreover, die drool is a complex problem 

related to extrusion techniques, polymer materials, and different processing conditions. Also, 

there are two die drool types, external and internal (Figure 2-16).  
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Figure 2-16 Die droll phenomenon79 

 

Several factors have affected die drool, such as die design, polymer material, and processing 

conditions. Die design includes sharp corners at die lips inside the extrusion die, high surface 

energy die wall materials, high surface roughness, and a small length to diameter ratio. Polymer 

characteristics such as low molecular weight fractions, low molecular weight tail, high melt 

elasticity, different material properties in blends, extending oils or waxes, and chemical reactions 

between the polymer and the metal die can affect die drool. Furthermore, processing conditions 

such as high processing temperature, drawdown, and intensive cooling of the die exit and other 

factors such as die swell, shark skin, wall slip, vortices, and slip-stick are essential to make this 

phenomenon. 

Also, there are some methods to eliminate die drool. Modifying extrusion dies, such as using low 

surface energy materials, ceramic dies or hard chrome, rounded die exit edge, flared die exit, 

replaceable inserts, and dies with a short convergent channel followed by a long diverging 

channel. Modification of polymer materials such as the addition of processing aids, increase in 

chain branching, decrease in polymer melt elasticity and shear viscosity, reduction of the filler 

content, optimization of coating agents used to prevent the formation of agglomerates, and 

modification of blending of polymers to reduce phase separation during processing. Finally, 

modification of processing conditions such as replacement of contaminated air near the die exit 

with clean hot air or gas, decrease in external cooling, reduction in residence time, extreme 

shearing, and viscous dissipation to minimize material degradation.80 
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Roping 

Roping mainly occurs when several fibers bundle or fuse together and effectively create one 

large fiber bundle or one large, fused fiber during the meltblown process. Roberts has explained 

that three different fibrous interlacing types will be considered roping: 1) Roped fiber bundles 

when several singular fibers can still be identified within a roped bundle. 2) Fused fibers when 

the differentiation between individual fibers within a roped bundle is vague due to fiber fusion. 

3) Unusually coarse fibers, when the large fiber of approximately five times the size of a typical 

fiber, was likely formed from fiber fusion but may or may not have been caused by natural 

variation in the process.18 Several patent and scientific papers regarding the roping phenomenon 

in the meltblown process exist. Within these studies, scientists investigated the dependent and 

independent variables such as turbulence in the air stream, fiber fineness, die to collector 

distance, air volume, cooling rate, air stream uniformity, and polymer resin on roping in the 

meltblown process. 

Bresee and coworkers claim that an increase in air flow rate or a reduction in die to collector 

distance increases the roping in the meltblown web. Therefore, it seems that fiber traveling time, 

actual melt temperature, heat transfer, and cooling efficiency play an essential role in roping in 

this process.50,81 Different fiber roping in the meltblown process have shown in Figure 2-17.   

On the other hand, there are not many studies about the quantification of roping in the meltblown 

process. In one of these studies, Bresee and coworkers quantified roping by using a high-speed 

camera and measuring the diameter of the fiber bundles.50  

 
Figure 2-17 Different roping models in the meltblown process: entangled fiber bundles, fused 

fibers, and unusually Coarse fibers (from left to right)18 

 



38 
 

2.4 Polymer Melt Rheology  

Thermoplastics are polymeric materials that are melted when heated, and denoted polymeric 

materials can be made to soften or take on new shapes under heat and pressure. Thermoplastics 

are available in solid-state as chips, granules, or powder and then melted and reshaped to form 

various plastic products.82  

Melt rheology is the deformation of the material under the influence of stresses. There is a 

deformation when the thermoplastics are melted and converted into solid products of various 

shapes. All polymer melts are viscoelastic materials; response to external load lies in varying 

extents between a viscous liquid and an elastic solid. An ideal elastic solid is often described as a 

spring. The deformation is fully recovered when the stress is released, whereas a perfect viscous 

liquid is usually represented by a dashpot, the energy of deformation is wasted in the form of 

heat. Moreover, the energy cannot be recovered by releasing external forces.83 

A polymer melt represents a bunch of entangled and flexible lines of varying lengths. Molecular 

weight or the degree of polymerization influences the length of the line, and with increasing 

molecular weight, the melt viscosity increase. Therefore, the longer the chains make the 

polymers' flow harder because they are more tangled, and the processibility worsens, although 

mechanical properties improve. In the fiber formation process, different viscosity would 

influence fiber diameter. On the other hand, the molecular weight distribution signifies the extent 

of length variation in the cluster, and it can affect elasticity and, in the fiber formation process, 

affects fiber diameter distribution width. Rheological tests' sensitivity is mainly due to chain 

entanglements resulting in significant differences in flow behavior, even for small variations in 

chain length or branching. Change in the rate of deformation describes changes in flow behavior. 

Rheological analyses are often used as a valuable tool for quality control of raw materials, 

manufacturing process, and final product and then for predicting material performance. 84 

As shown in Figure 2-18, polymer melts can exhibit Newtonian behavior under some conditions. 

There is a Newtonian region in the low shear rate where the viscosity does not change with the 

shear rate. This graph presents a general decrease in melt viscosity at some critical shear rate, 

and polymer chains align more uniformly as the shear rate increases, then the viscosity decreases 

accordingly. Molecular weight and molecular weight distribution are very efficient between all 

parameters that affect the melt rheology.  
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Figure 2-18 A typical viscosity versus shear rate curve for thermoplastic polymers 

 

For instance, viscosity decreases with shear rate would occur sooner as molecular weight 

distribution broadens. The reason can be related to the length of the molecular chain because the 

smaller molecular chains have lower viscosity. However, the polymer's viscosity would be 

higher at broad molecular weight distribution at higher shear rates. The long molecular chains at 

higher shear rates tend to act tenaciously and elastically, providing higher viscosity. Therefore, 

the slope of the viscosity versus the shear rate curve is used as a tool to describe the molecular 

weight distribution. 

Furthermore, the low shear viscosity height can relate to the average molecular weight. However, 

these relationships are considerably affected by influences such as branching, cross-linking, and 

molecular entanglement. Assuming the constant molecular weight and molecular weight 

distribution, higher branching, cross-linking, or entanglement levels can have a higher average 

molecular weight at low shear rate testing compared to a reference polymer with low 

entanglement and a small amount of branching or cross-linking. As the shear rate increases, the 

viscosity decreases quickly. The viscosity will be much higher at higher shear rates than the 

reference material having little branching, entanglement, or cross-linking. Due to the dependence 

of rheology on the structure and the basic inherent chemistry of the polymers, rheological data 

can be used effectively to control material parameters like molecular weight, molecular weight 

distribution, branching, and cross-linking. Therefore, the right choice of polymer for the process 

can be made under a given set of processing conditions.85 
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Polymer processing is described as the engineering specialty concerned with operations carried 

out on polymeric materials or systems to increase their efficiency. The subject of polymer 

processing has been traditionally and continuously discussed in terms of the current processing 

methods to convert polymeric materials into valuable products. These processing methods are 

injection molding, compression molding, calendaring, thermoforming, blow molding, transfer 

molding, and extrusion, which are essential for us in this research. The extrusion is a Latin word 

that comes from two parts, ex meaning "out" and trudere, meaning "to push." Extrusion is a 

process for making continuous plastic objects such as tubes, rods, cables, wires, and various 

profiles such as filaments, films, and sheets. In this process, the polymer powder, pellet, or 

granola is melted in a heated barrel and moved forward, homogenized, and pressurized by a 

rotating screw under high shear into a die. The chief operating variables are the frequency of 

screw rotation, the barrel temperature, and die form. The die continuously shapes the melt into 

the desired form, and the product is formed, which is infinite in one direction. The molten profile 

is cooled by air, water quench, or running it over chill rolls.86 

2.4.1 Polymer Melt viscosity    

Thermoplastic resins are in the fluid state at temperatures above the melting point, and the degree 

of stickiness of a liquid is expressed as its melt viscosity. In this section, at first, I have explained 

what viscous liquid is. In the following, essential factors that affect polymer melt viscosity have 

been investigated.   

2.4.2 Viscous Liquid  

Viscosity is the property of a liquid that offers resistance to the liquid's movement or measures 

the resistance to motion between the fluid layers. All real liquids have a certain amount of 

viscosity, while a viscous liquid has a large amount of viscosity. Sir Isaac Newton was the first 

person to formulate this hypothesis. More than a century later, Sir George Stokes corrected 

Newton's original work. As shown in Figure 2-19, two plates are closely spaced at a distance, 

and the simple shear flow is generated between two parallel plates. We assume that A is the area 

of plats, and edge effects may be ignored. Also, the lower plate is fixed, although a force F is 

applied to the upper plate. 
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Figure 2-19 simple shear flow 

 

Equation 2-1 is expressed in terms of shear stress, and the applied force is proportional to the 

area (A) and velocity of the plate (u) and inversely proportional to the distance between the 

plates (h). We are combining these three relations results in the equation. 
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Equation 2-1 

Where ʂ is viscosity, this equation can be expressed in differential form, as shown in Equation 

2-2. 
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Equation 2-2 

 

Where ʐ  is the shear stress in the x-direction on a plane with its normal direction pointing in 

the y-direction, and ɾ  is the rate of deformation or shear rate. A dashpot is often used to 

describe the Newtonian material, as shown in Figure 2-20. 

 
Figure 2-20 a schematic behavior of a Newtonian fluid with a dashpot 
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Dashpot has shown elongation deformation along the x-axis, which can be utilized for shear 

deformation, as shown in Equation 2-3. Dashpot shows that the deformation is time-dependent, 

and the dependence between deformation and time is linear for a Newtonian fluid in terms of 

shear rate. Equation 2-4 has revealed the shear rate.85  
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Equation 2-4 

 
 

2.4.3 Factors Affecting Polymer Melt Viscosity 

The polymer melt viscosity is a vital variable in the process because it effectively controls both 

the process and the strength of the final product. Polymer melt viscosity measures the rate at 

which chains can move relative to each other at a given temperature. Melt viscosity control by 

the ease of rotation of the backbone bonds, the chain flexibility, and the degree of entanglement. 

Some polymers with low chain flexibility, such as aromatic polyimides and aromatic 

polycarbonates, are highly viscous in their melting range as compared with polyethylene and 

polystyrene. Polyvinyl chloride has a high melt viscosity due to its polarity. For a specific 

polymer, the melt viscosity considerably depends on several factors, such as molecular weight, 

temperature, and shear rate.87 

The root variable is the molecular weight, which with an increase in molecular weight of the 

polymer, both the melt viscosity and mechanical strength increase. As shown in Figure 2-21, a 

polymer such as polystyrene at room temperature with a degree of polymerization of 1000 is stiff 

and brittle. Still, this polymer is sticky and soft at a degree of polymerization of 10. While the 

stiffness properties reach an asymptotic maximum, the viscosity increases steadily with 

molecular weight. 
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Figure 2-21 Effects of molecular weight on viscosity and mechanical properties 

 

Most polymers show a molecular weight distribution, which means they are composed of 

molecules of different lengths. There is the various molecular weight for such a molecular 

weight distribution, such as the number of average molecular weights (- ), which is the 

molecular weight of all the molecules per the total number of molecules. The weight average 

molecular weight (- ) is a little more complicated. In this definition, a bigger molecule contains 

more of the total mass of the polymer sample than the smaller molecules do. In other words, the 

weight average molecular weight depends on both the number of molecules present and the 

weight of each molecule. These are represented below. 
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Equation 2-5 
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Equation 2-6 

Where ὓ  is the molecular weight, and ὲ is the number of molecules with i repeat units.  

Another form of molecular weight average is the viscosity average (ὓ ), which is represented 

below.  

 – ὑὓ  Equation 2-7 

Where [–] is the intrinsic viscosity and ‌ and k are material-dependent parameters. The viscosity 

of a typical polymer as a function of molecular weight shows in Figure 2-22. The picture shows 

how the viscosity changes from a linear to a power dependence at some critical molecular 

weight. This linear relationship results from intramolecular friction, which increases 

proportionally with the length of the molecules. As the molecular weight increases with the 
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increasing length of the molecules, the molecules tend to entangle, causing a power relation 

between molecular weight and viscosity.  

 
Figure 2-22 Zero shear rate viscosity for polymers versus weight average molecular weight 

 

A measure of the broadness of a polymer's molecular weight distribution is the polydispersity 

index defined by the equation below.88  

ὖὈὍ
ὓ

ὓὲ
 Equation 2-8 

As mentioned before, the flow resistance of polymer melt greatly depends on the temperature 

because with decreasing temperature, the mobility of polymer molecular chains decreases. 

Depending on the specific material processed and desired temperature range, two additional 

models can be used: the Arrhenius and the Williams-Landel-Ferry (WLF) models. The Arrhenius 

equation, which applies to semi-crystalline and insoluble polymers, is written below. 

–Ὕ –  Ὡ

ᶻ
  

 Equation 2-9 

where %ᶻ is the activation energy, 4  a reference temperature and R is the gas constant. Using 

the Arrhenius model, the viscosity curves measured at different temperatures can be used to 

generate a master curve at a specific temperature. For amorphous thermoplastics polymers, the 

Arrhenius model is valid for temperatures more than 4 + 100 K. Below this temperature, free 

volume effects dominate the behavior. Therefore, for temperatures between 4 to  4 + 100 K, 

the WLF model best describes the temperature dependence of amorphous thermoplastics' 

viscosity. Equation 2-10 shows the WLF model.  
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–Ὕ –Ὡ  Equation 2-10 

 

Equation 2-10 represents the viscosity of the polymer at a different temperature concerning a 

reference viscosity at a reference temperature (Ὕ). Also, this equation is correct only in the zero-

shear viscosity region. Because Ὕ is a widely used temperature, and it is often chosen as the 

reference temperature with # = 17.44 and # = 51.6 K.89   

Also, as shown in Figure 2-23, the melt viscosity decreases with increasing shear rate and 

temperature due to the disentanglement and alignment of the molecules and enhanced mobility 

of polymer molecules, respectively. Also, the melt viscosity depends on the pressure. Therefore, 

the higher the pressure would increase the viscosity of the molten polymer. 

 
Figure 2-23 The viscosity of polymer melt depends on the shear rate, pressure, and temperature 

2.4.4 Polymer Melt Elasticity  

Recovery of solid materials from a previously applied deformation is the most straightforward 

meaning of the word elastic. In polymer processing, such as fiber formation, it has become well 

recognized that polymer melt elasticity is equally important compared to polymer melt viscosity. 

Viscous properties of polymer melts have been widely investigated and are documented in many 

papers and textbooks on rheology. However, there is no summarizing publication for elastic 

behavior, and research articles are sparse, although elastic effects determine rheological 

properties and may play a significant role in processing. 
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One of the most important elastic behavior in polymer processing and fiber formation is the die 

swell, which happens a few centimeters after the exit of an extrusion die. Also, extrudate 

distortion and melt fracture are related to the polymeric material's elastic response. Besides, the 

melt's elastic behavior can strongly influence the energy required to process the polymer.90 

 

2.4.5 Elastic Solid 

Robert Hooke was an English scientist, and today his name remains well known for his deal with 

solid mechanics and linear elasticity theory. He stated that force is directly proportional to the 

deflection, as shown in Equation 2-11. 

& ËɝØ Equation 2-11 

Where k is the spring constant, F is the force, and ῳὼ is the displacement. Hooke's concept was 

modified later by Leonhard Euler to the new equation below.  

ὋῳὼȾὬ or † Ὃ‎  Equation 2-12 

Where †  is the shear stress, G is the modulus of rigidity or elastic modulus, and ‎  the 

corresponding shear strain. 

Perfectly solid deformation under shear shows in Figure 2-24.  

 
Figure 2-24 solid deformation under shear 

 

A spring often represents the elastic component of materials and polymers, as shown in Figure 

2-25.  



47 
 

 
Figure 2-25 Schematic representation of Hookean law with spring 

 

As shown in Figure 2-25, the spring extends under the load and remains constant as long as it 

remains the same. After releasing the pressure at the time ῳὸ, spring instantly returns to its initial 

shape. Today, it is evident that the elastic behavior is not observed only in springs but in all other 

springy bodies, such as metal, wood, stones, hair, bones, and glass. Moreover, all the other 

materials, such as polymeric materials, have a viscous force component, introducing time 

dependency when they are deformed and should be considered viscoelastic materials.91 

2.4.6 Evidence of Elasticity 

Rubber is an excellent example of an elastic polymeric material because it can be stretched 

greatly and jump back to its first shape when released. This phenomenon is rubber-elastic. The 

elastic properties of polymeric materials are usually more complex and become apparent by 

various features, which sometimes look slightly surprising. In the following, I will explain more 

about this phenomenon. 

Effects Due to Normal Stresses 

In polymeric materials, it can be observed that the material climbs the rod as a rod rotating in a 

beaker filled. However, during the same experiment with the Newtonian material, the free 

surface remains flat at comparable revolutions of the rod, and it is even pushed away from it at 

higher rotational speeds due to the centrifugal force. This phenomenon is due to the existence of 

elastic forces acting along the flow lines and giving rise to stresses perpendicular to the flow 

plane. These stresses are called normal stresses. 
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Die Swell 

Die swell is a common phenomenon for viscoelastic liquids flowing when a polymeric fluid 

flows out of a die. The extrudate diameter is usually higher than the channel size. This effect is 

called die-swell, extrudate swell, or the Barus effect. The die swell can attain significant values 

for polymer melts. Therefore, it may play an essential role in some processing operations. Many 

publications about die swell, each focusing on different aspects of this phenomenon. Moreover, 

there are various interpretations of the extrusion swell of viscoelastic fluids from the 

macroscopic view of polymer rheology, such as a normal stress effect, an elastic energy effect, 

entropy enlargement, an orientation effect, and a memory effect. These interpretations are all 

related to each other. Generally, the swell of a strand at the die exit is a vital characteristic of the 

fluid elasticity during flow and can be attributed to the recovery of elastic deformations the fluid 

has experienced while passing through a channel. 

Several critical parameters attributed to die swell explained below. Swelling will increase with 

an increase in shear rate (up to a critical shear rate). With increased temperature and length of the 

die, swelling can be decreased. Also, the shape of the capillary can be affected by the die swell. 

For instance, die swell through a capillary die is somewhat less than through a slit die. Finally, 

die swell will increase with the increased ratio of reservoir diameter to capillary diameter.92 

Schematic of die swell after die exit have shown in Figure 2-26.  

 
Figure 2-26 Schematization of the die swell at the die exit 
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Entry Flow Vortices 

Polymeric materials have shown that melts of polymers may exhibit vortices in the corners of a 

sudden contraction flow from a reservoir with a large diameter into the die with a smaller 

diameter. These vortices are not related to the Reynolds numbers because it is far below the 

critical value for turbulent flow. They are sometimes called "elastic turbulence," although the 

flow is distinctly laminar. Many studies on various polymer solutions and melts found that this 

phenomenon is related to the elastic behavior of the polymeric materials.93 

Time-Dependent 

The time dependence is one of the unique features of polymer melts' elastic behavior that is 

related to the underlying molecular mechanisms. This phenomenon has been explained in a 

simple experiment with silly Putty. Silly Putty is the best-known example of viscoelastic material 

since it is more highly elastic and has a lower viscosity than most other viscoelastic solids. Ball 

form silly Putty can bounce up and down like an elastic rubber when thrown on the floor, but it 

flows like a viscous liquid if left on the ground for a longer time. 

The dimensionless Deborah number is used, one of the most fundamental numbers of rheology, 

to describe this phenomenon. It is the ratio of the longest relaxation time of a polymeric material 

to the processing time, as shown in Equation 2-13.   

 $Å  
Equation 2-13 

where ὸ is a processing time of the deformation process, and ɚ is the longest relaxation time. A 

Deborah number of zero represents a viscous fluid, and a Deborah number of Њ an elastic 

solid.94 

2.4.7 Factors Effect on Polymer Melt Elasticity 

Correlations between elastic properties and the molecular structure of polymers are investigated 

from several points of view. One of them is that the elastic quantities may be used as a tool to 

support the molecular analysis of samples. Also, linear and branched molecules must be 

distinguished according to molecular structure. The two samples' molecular weight and 

molecular weight distribution are characteristic quantities. In the case of branched molecules, the 

type of molecular structure, the branches' lengths, and the branch's distribution along the main 
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polymer chain additionally determine properties, particularly in the molten state. Polymeric 

materials consist of macromolecules with various lengths and, consequently, have a distribution 

of different molecular weights, and the best method to obtain molecular weight distribution is 

Gel Permeation Chromatography (GPC). On the other hand, the molecular structure investigation 

becomes more complex for branched molecules, which are the base of critical commercial 

polymers today. The number of branches and their length and distribution along a chain give rise 

to various molecular architectures that affect polymeric materials' properties in the molten and 

solid states. 
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Chapter 3: Influence of Polymer Melt Rheology (Polymer Melt Viscosity and Melt 

Elasticity) on Fiber Diameter, Diameter Distribution, and Skewness for Meltblown 

Nonwovens Produced by High MFR Metallocene Polypropylene  

3.1 Abstract 

Meltblowing technology is one of the most economical ways to produce fine fiber webs. 

Properties and quality of web, fiber size, and fiber diameter distributions in the meltblown 

process are the results of complex interactions between capillary orifice configuration, 

viscoelastic polymer strands (polymer melt rheology), and surrounding high-speed air stream. 

Even though the mechanism of meltblowing is extensively studied, a comprehensive 

understanding of the role of polymer melt rheology on fiber diameter and diameter distribution is 

still lacking. In this study, two linear isotactic polypropylenes (PP), both having very narrow 

molecular weight distribution, with different MFR (PPW: 500, and PPX: 1200 g/10 min) were 

used to produce meltblown web in order to understand the role of polymer melt rheology on fiber 

diameter and diameter distribution. The morphological characteristics of produced nonwoven 

samples have been determined by scanning electron microscope images and rheological 

characterization determined by capillary and parallel plate rheometer to find the melt viscosity 

(Zero shear viscosity (–)) and melt elasticity (longest relaxation time (‗)). The result has shown 

that, at the same polymer throughput, airflow rate, and die to collector distance (DCD), the 

median fiber diameters increase with the increase of melt viscosity and melt elasticity. However, 

each polymer sample has a different median fiber diameter at the same melt viscosity, although 

the median fiber diameter is almost similar at the same melt elasticity for each PP resin. On the 

other hand, fiber diameter distribution (dispersity) and skewness decrease with the increase of 

melt viscosity and elasticity. Those parameters are almost similar at the same melt elasticity. 

This study can explain the role of polymer rheology on fiber diameter and diameter distributions, 

and it will be useful to guide engineering polymer properties and processing conditions to control 

fiber diameter and dimeter distribution in the meltblown process. 

 



61 
 

3.2 Introduction  

Nonwoven fabrics are generally described as porous sheets or mat structures made of staple or 

filament fibers (natural or man-made) held together by mechanical, thermal, or chemical means 

without requiring traditional textile methods such as weaving, knitting, and converting filament 

to yarn.1 One of the newest and latest developments in the nonwoven industry is the meltblown 

process. Meltblown is unique compared to other textiles and nonwoven methods because it is 

widely used to fabricate microfibers in the range of 2-10 ‘ά. Recently, new studies have shown 

that nanofiber as small as 1 ‘ά has been made by meltblown technology. The small fiber 

diameters in meltblown webs can influence the degree of softness, opacity, and porosity 

compared to other nonwoven and textile fabrics.2ï4 On the other hand, the meltblown process is 

very complicated compared to other nonwoven methods. Many variables impact meltblown 

fabrics, such as processing parameters (air and polymer temperature, air and polymer flow rate, 

and die to collector distance)5ï7, polymer properties (melt viscosity, melt elasticity, and melt 

strength)8, and geometry of the die tip. 

The Naval Research Laboratory first developed the initial model of meltblown technology to 

produce microfibers to collect radioactive particles in the upper atmosphere. This work was 

published in 1954. In the mid-1960s, Exxon developed a program to prototype the meltblown 

process and take out the first patent for this invention.9,10   

The meltblown process is a single, integrated process that directly converts resins to the 

nonwoven web. In this process, polymers in the form of beads, pellets, or chips are conveyed to 

an extruder's feed section. Next, raw materials are melted in the extruder barrels through heated 

conditions and pumped to the meltblown die by the metering pumps after passing the resin filter 

system to ensure a consistent flow of clean polymer mix. The die tip is designed so that the air 

streams with different temperatures, typically reaching 50%ï80% of sound speed, hitting from 

each side. A large amount of ambient air is drawn to the hot air stream to cool and solidifies the 

polymer jet below the die. Finally, the filaments are deposited on a circular drum or moving 

belt.11ï13 

The schematic picture of the meltblown process is shown in Figure 3-1. Also, the Schematic 

picture of fiber attenuation after die by the air drag force of the hot air in the meltblown process 

have shown in Figure 3-2.  
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Figure 3-1 Schematic picture of the Meltblown process 

 

 
Figure 3-2 Schematic picture of fiber attenuation after die in the meltblown process. (a) Die 

diameter, (b) Fiber diameter at die swell, and (c) Fiber diameter after swell 

 

Meltblown fabrics have various applications frequently used in liquid and gaseous filtration 

media, medical/surgical markets such as disposable gown and sterilization rap segments, sanitary 

products, oil adsorbents, and electronic specialties such as battery separation. In the form of 

nanofibers, meltblown mats are also used for biosensors and scaffolds for tissue engineering.14ï17 

A significant body of work about the various aspects of the meltblown process has been 

published in recent years. Even though the meltblowing mechanism is extensively studied, a 

comprehensive understanding of the role of polymer melt rheology and mostly melt elasticity on 

meltblowing and their contributions to fiber diameter and diameter distribution is still lacking. It 

may be related to the polymer properties under high pressure because it is complicated or 

practically impossible when very low viscosity polymers are under extremely high deformation 
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rates in the meltblown process.18  Some studies have explained that melt inertia is the major 

dominant factor controlling fiber shapes and diameter rather than melt rheology.19 There is a 

need for meltblowing processes to control fiber diameter and fiber diameter distribution. For 

instance, some applications, such as air filtration, can be advantageous for a wider fiber diameter 

distribution. However, narrow distribution is more beneficial for other applications, such as 

liquid filtration and battery separator.12 Previous studies in the meltblown process have shown 

that the highest-fiber attenuation occurs at a minimal distance after die (between 10 mm and 20 

mm) and at short times less than 0.05 ms.20 Moreover, fiber diameter distribution for smaller 

fiber diameters has been shown to follow a lognormal distribution regarding average fiber 

diameter, which affects the pore size distribution and nonwoven performance.3 Tan and 

coworkers investigated the influence of polymer melt viscosity (–) and polymer melt elasticity 

(described by the longest relaxation time(‗)) on the fiber diameter distribution in the meltblown 

process by using a variety of polystyrene blends. The blends are composed of low molecular 

weight polystyrene and various high molecular weight polystyrene levels. They employed a lab-

scale meltblown machine with a die similar to the Exxon die. Experiments have explained that 

higher polymer elasticity (‗), if it exceeds a certain threshold, it reduces the distribution of fiber 

diameter (CV%), while the average fiber diameter increases simultaneously. Moreover, a 

decrease in polymer melt viscosity (molecular weight) leads to a decrease in average fiber 

diameter with little impact on the coefficient of variation, CV%.8 Zhou and coworkers 

theoretically confirmed Tan's experimental analysis by investigating the effect of polymer 

rheology on fiber diameter by considering some constitutive models in steady-state isothermal 

and non-isothermal by using a 1D slender-jet model in the meltblown process. They have proved 

that viscoelasticity manages to increase the fiber diameter by linear stability analysis because 

disturbances decay faster at large elasticity, and the oscillation frequencies are smaller compared 

to the Newtonian material. Moreover, the frequency response analysis reveals that increasing 

melt elasticity reduces the magnitude of disturbance amplification, which is proving to have a 

narrower fiber diameter distribution at large melt elasticity.21 Although those were perfect studies 

regarding the effect of polymer rheology on fiber diameter and diameter distribution, there is still 

some deficit in them. As mentioned before, polystyrene was considered a raw material in these 

studies, which is not commonly used in the meltblown process, particularly with the molecular 

weights used in those studies due to poor solvent and thermal resistance. Moreover, it can be 
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debatable how the obtained results from binary polystyrene blends are acceptable for industry, 

which primarily uses polymers such as polypropylene with multi-hole meltblowing dies at 

different processing conditions. Polypropylene is mainly used in meltblown because of its 

economical price, excellent mechanical properties, inherent hydrophobicity, and simple 

processing compared to other polymers due to low glass and melting temperature.8,22 A multihole 

die is more complicated than a single-hole die since the multihole die produces a complex fiber 

stream with extensive fiber entanglement. Studies have shown that in multihole die, fiber 

entanglement starts at a few centimeters (1 cm) after die, affecting fiber diameter attenuation, 

diameter distribution, and fiber orientation.23,24  Drabek and Zatlouka investigated the effect of 

branching on fiber diameter distribution via the meltblown process. This study compared two 

linear isotactic and long-chain branched polypropylene with comparable molecular weight, zero-

shear viscosity, and polydispersity index. The experiment has also done at the same airflow rate, 

polymer flow rate, and temperature, and the result has shown that the average fiber diameter is 

the same for both samples. Simultaneously, the coefficient of variation, or CV%, is more 

significant for linear polypropylene than long-chain branched polypropylene because the melt 

elasticity or longest relaxation time is less for linear polypropylene. Also, the cross model and 

Maxwell model give a meaningful relaxation time, while the Carreau-Yasuda model does not 

provide a realistic numerical fit.25 

This study describes how polymeric materials' viscoelasticity (polypropylene with different 

MFR) influences the median fiber diameter, fiber diameter distribution, and skewness of 

meltblown fibers. Melt viscosity and melt elasticity (related to the longest melt relaxation) are 

varied by changing the air and die temperature. High temperatures lead to short molecular 

weight, low melt viscosity, and shorter relaxation times. The reason can be related to free volume 

between the molecules because, at low temperatures, the free volume between them is small and 

restricts or slows down their movement. Ultimately, this study's final goal is to present a 

comprehensive understanding of the role of polymer rheology in the meltblown process, fiber 

diameter, fiber diameter distributions, and skewness that may be used to engineer polymer 

properties. 
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3.3 Experimental 

3.3.1 Materia l 

Meltblown fibers are made from two types of commercial meltblowing grade polypropylene. 

The first one is an isotactic PP homopolymer (Metocene MF650W, from Basell USA Inc) with a 

high melt flow rate and very narrow molecular weight distribution because they have used 

metallocene catalyzed for the polymerization. The density is about 0.91 () at 23ᴈ, and MFR 

is equal to 500 (
 

) measured at 230 ᴈ /2.16 kg. The other PP is isotactic polypropylene 

homopolymer (Metocene MF650X, from Basell USA Inc) with an ultra-high melt flow rate resin 

and very narrow molecular weight distribution. The density is about 0.91 ( ) at 23 ᴈ, and 

MFR is equal to 1200 (
 

) measured at 230 ᴈ /2.16 kg. The melting point of the polymers is 

more than 160 ᴈ. ASTM D 792 and ASTM D1238 are used for calculating density and MFR, 

respectively.  

3.3.2 Meltblowing  

The meltblown webs needed for this research were produced by the Reifenhäuser Reicofil Pilot-

scale meltblown line with a traditional Exxon slot die system (35 holes per inch) in the 

Nonwoven Institute (NWI) at North Carolina State University. Other technical specifications of 

the process are total die width equal to 1.3 m; orifice diameter equal to 0.4 mm (400 ‘ά); 

seatback equal to 1.2 mm; L/D ratio equal to 10. Moreover, in this experiment, three process 

variables were investigated: die temperatures: 205-295°C, air temperatures which were set 5 ᴈ 

more than die temperature at each die temperature (air is hotter than polymer to hold the polymer 

in a liquid state), and minimum level of airflow rate per meter of the die: 800 ( ). Other 

important process parameters were held nearly constant such as collector belt speed, die to 

collector distance: 225 mm, and polymer mass flow rate: 0.26 (g/hole/min). All performed 

experiments are summarized in Table 3-1. 
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Table 3-1 Summarization of meltblown process condition 

Process variables Conditions 

Die temperature 205-295 ᴈ 

Air temperature 210-300 ᴈ 

Air flow rate 800 ( ) 

Polymer throughput per capillary 0.26 (g/min) 

Die to collector distance (DCD) 225 mm 

 

3.3.3  Rheological Characterization 

For high-shear rheology, steady shear viscosity was measured at shear rates from about 100 to 

about 7500 ί  using an Instron CAEST SR20 Capillary Rheometer. Capillary dies of 30- and 

20-mm length and 1 mm diameter and an orifice die of the same diameter were used. Capillary 

measurements were adjusted for end effects and wall slip using the Bagley and Rabinowitz 

corrections, respectively.26,27 The molten polymer's dynamic oscillatory flow behavior was 

measured with 25 mm parallel plates TA Instruments Discovery Hybrid Rheometer HR-3. The 

aluminum bottom plate with the over-flow channel was used to prevent polymer melt leakage 

from flowing out of the geometry. All samples performed oscillatory shear rheology with linear 

viscoelastic regime strain amplitude (5%) from 0.01 to 250 rad/s angular frequency range at 200, 

210, 220, 230, and 240 ᴈ. The Cox-Merz rule was used to convert from angular frequency to the 

shear rate. 

3.3.4 Fiber Diameter and Morphological Characterization 

Before taking the SEM picture, five samples with dimensions of 0.50.5 cm were cut out from 

different nonwoven mat locations and coated in the Denton Desk V sputtering system under the 

following conditions, argon as a protective atmosphere and gold as a coating material. Then, a 

PHENOM scanning electron microscope (SEM) was used to visualize the nonwoven structure 

for each sample at the same magnifications. For each nonwoven mat, 10-15 SEM micrograph 

images were taken, and 200ï230 fiber diameter measurements were made using the image 

analysis software ImageJ. A diagonal line was drawn on each SEM micrograph to keep track of 

which fibers had been measured. A data analysis software package JMP was employed to obtain 
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the statistical parameters for each sample. Also, fiber diameter distribution was fitted by a 

lognormal distribution. The fit Lognormal option estimates the parameters ‘(scale) and „ (shape) 

for the two-parameter lognormal distribution. A variable Y is lognormal if X = ln(Y) is normal. 

The data must be greater than zero (Equation 3-1). 
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 Equation 3-1 

π Ὠȟ Њ ‘ Њ, π „  

In the following, we quantified the relative dispersity of the distribution as the standard deviation 

of the distribution's log divided by the distribution's median fiber diameter (Equation 3-2). 

Median fiber diameter has been studied instead of mean fiber diameter because meltblown 

fabrics are a combination of various fiber diameters (nanofibers and microfiber with different 

sizes), and fiber diameter distribution in the meltblown process follows a lognormal distribution, 

and they are most heavily skewed.   

Dispersity = ( ) ρππ Equation 3-2 

Finally, the effect of polymer melt rheology on skewness has been investigated. Skewness is 

usually described as a measure of a dataset's symmetry or lack of symmetry, and the normal 

distribution has a zero skewness. Positive skewness typically means that the right-hand tail will 

be longer than the left-hand tail and negative skewness indicates that the left-hand tail will be 

longer than the right-hand tail (there is no left-hand tail in meltblown fabrics). Also, skewness is 

based on the third moment of the mean and is computed by Equation 3-3. 

В‫ᾀ            
Equation 3-3 

Where ᾀ obtained from Equation 3-4, and is a weight term is equal to 1 for equally weighted ‫ 

items. 

ᾀ                                Equation 3-4 

To summarize, Table 3-2 shows the skewness organized into three categories according to the 

skewness equation's results performed on the diameters and the logarithm of the diameters.  
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Table 3-2 Types of skewness related to the number of skewness 

Number of skewness Skewness type 

between -0.5 and 0.5, fairly symmetrical 

between -1 and ï 0.5 or between 0.5 and 1 moderately skewed 

less than -1 or greater than 1 Highly or heavily skewed 

 

3.4 Result and Discussion 

3.4.1 Rheology 

In this experiment, for high shear rate rheology, a capillary rheometer with a capillary die of 30 

and 20 mm length and 1 mm diameter and an orifice die of the same diameter were used to 

enable Bagley and Rabinowitsch corrections. Moreover, these polypropylene samples were 

carefully characterized via a 25 mm diameter parallel plate. Oscillatory shear rheology was 

performed with linear viscoelastic regime strain amplitude (5%) at a low shear rate (0.01 to 250 

rad/s) angular frequency range at 210 - 240 ᴈ for all samples, and the Cox-Merz rule was used 

to convert from complex viscosity and angular frequency to the shear viscosity and shear rate. 

Zero shear viscosity –(Newtonian plateau viscosities) at 210-240 ᴈ by capillary rheometer and 

parallel plate and activation energies Ὁ for both utilized meltblown polypropylene samples are 

summarized in Table 3-3 and Figure 3-3.  

 

Table 3-3 Zero shear viscosity and activation energy of utilized PP samples at a temperature 

between 210-240ᴈ 

Sample PPW (500 MFR) PPX (1200MFR) 

T (ᴈ) – (ÐÁȢÓ) Ὁ(kj/mol) – (ÐÁȢÓ) Ὁ(kj/mol) 

210 28.15  9.10  

220 23.03 47.49 7.50 48.05 

230 18.43  5.92  

240 14.47  4.47  

 



69 
 

 

 

 
Figure 3-3 Shear viscosity versus shear rate and zero shear viscosity data collected by capillary 

rheometer at the high shear rate and parallel plate rheometer at the low shear rate for utilized PP 

samples at different temperatures. (Corrections were made for samples by Bagley and 

Rabinowitsch corrections)  

 Measured values of – at five different temperatures (200-240 °C) by capillary and parallel plate 

rheometer allows us to determine the flow activation energy (Ὁ) by the Arrhenius plot depicted 

for both polymer samples as shown in Figure 3-4 and activation energies shown in Table 3-3. 

These values of Ὁ are in best agreement with values reported by other researchers for low 

molecular weight meltblown isotactic polypropylenes such as PP3505G (Ὁ=46.8 kj/mol, 

MFR=400 g/10 min at 230 ᴈ /2.16 kg), PPHL504FB (Ὁ=56.59 kj/mol, 450 g/10 min at 230 ᴈ 

/2.16 kg MFR), and PPHL512FB (Ὁ=56.69 kj/mol, 1200 g/10 min at 230 ᴈ /2.16 kg MFR).28,29 
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Figure 3-4 Arrhenius plot for PPW and PPX utilizing – obtained via rheometer 

 

In the following, two methods were used to define relaxation time (‗) for material elasticity 

evaluation. In the first method, flow curves for given samples were fitted by the Cross and 

Carreau-Yasuda model by Equation 3-5 and Equation 3-6.30 

–‎  –                                
Equation 3-5 

–‎  –
– ὲ

ρ ‗‎

 
Equation 3-6 

Where – is zero shear viscosity, –  is infinite shear viscosity, ‗ is the time constant, a is the 

cross rate constant in the cross model and ὥ is the transition control factor, and n is the power 

index in the Carreau-Yasuda model. 

The second method to obtain the longest relaxation time (‗), the time-temperature superposition 

(TTS) principle was applied for the frequency-dependent storage (Ὃ) and loss (Ὃᴂ) moduli 

measured at  210, 220, 230, and 240 ᴈ in the linear viscoelastic region to generate a master 

curve at these temperatures, which were consequently fitted with the generalized Maxwell model 

(Equation 3-7 and Equation 3-8).  

Ὃ ‫ Ὃ
‗‫

ρ ‗‫
 Equation 3-7 
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Ὃ ‫ Ὃ
‗‫

ρ ‗‫
 Equation 3-8 

Where is the frequency, ‗ is the nth relaxation time, Ὃ is the nth modulus that corresponds to ‫ 

‗, and n is an integer that signifies the different relaxation times. The experimentally measured 

relaxation times of all the materials with a generalized Maxwell model at different temperatures 

are listed in Table 3-4, and the master curve was fit with a generalized Maxwell model 

represented in Figure 3-5. 

 

 

Figure 3-5 Experimentally measured frequency-dependent storage (Ὃ) and loss (Ὃ ) modulus at 

210 ᴈ for PPW and PPX samples fitted by a two-mode Maxwell model (lines) 
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Table 3-4 longest relaxation time fitted by a two-mode Maxwell model 

Sample PPW (500 MFR) PPX (1200MFR) 

T (ᴈ) ‗(ms) ‗(ms) 

210 1.88 1.1 

220 1.64 1.1 

230 1.49 0.83 

240 1.07 0.68 

 

As expected, the relaxation time obtained from different models decreased with the temperature 

increase. Also, relaxation time should be less with the growth of the melt flow rate.18 However, 

this study shows that the Carreau-Yasuda model predicts that the relaxation time ɚ is higher for 

high melt flow rate polymer PPX (1200MFR) than for Low melt flow rate polymer PPW (500 

MFR), which is not acceptable. The Cross-model's conclusion gives a meaningful relaxation 

time, while the Carreau-Yasuda model does not show accurate data. Also, data from the Cross 

model is further supported by an independent measure of the longest relaxation time obtained by 

fitting small amplitude oscillatory shear data fitted by the generalized Maxwell model, which 

was found to be higher for PPW (500MFR) in comparison with PPX (1200MFR) at the same 

temperature. The Longest relaxation time (‗) and zero shear viscosity (–) shifted to the 

processing temperatures used in this experiment from 250 to 300 ᴈ obtained via the Arrhenius 

equation (Equation 3-9) and seen inTable 3-5. 

 

ὯὝ ὑὝ Ὡ  
Equation 3-9 
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Table 3-5 Basic rheological characteristics shifted to the melt blown processing temperature via 

the Arrhenius shift factor 

Sample PPW (500 MFR) PPX (1200MFR) 

T (ᴈ) – (ÐÁȢÓ) ‗ (ms) – (ÐÁȢÓ) ‗ (ms) 

250 11.94 0.97 3.82 0.54 

260 9.73 0.79 3.10 0.44 

270 7.99 0.65 2.54 0.36 

280 6.61 0.53 2.10 0.29 

290 5.50 0.44 - - 

300 4.61 0.37 - - 

 

3.4.2 Meltblown Fiber Diameter and Diameter Distribution 

Samples were produced at the conditions explained in section 2-2 and without common defects 

in meltblown processes, such as shots31, flies32, and roping33. Previous studies have revealed that 

meltblown fiber diameters did not fit by a normal distribution and followed lognormally 

distribution by showing asymmetric distributions with heavy skewness, especially at high 

temperatures, air flow rate, and low throughput.3 SEM images, fiber diameter distributions, and 

log-normal function fits for some produced PPW and PPX meltblown samples at processing 

conditions explained in Table 3-1  are provided in Figure 3-6 - Figure 3-9. These figures have 

shown the size of fibers from thin to thick for each sample and the overall fiber diameter 

distribution. The result shows how processing temperature which is used in this chapter to 

modify melt rheology affects the fiber size and diameter distribution. For example, Figure 3-6 

shows that fiber diameter is normally distributed for PPW and the range of fiber diameter is 

between 2 to 13 ʈÍ, while Figure 3-7 shows that fiber diameter distribution is lognormal 

distributed and the fiber dimeter is ranged between less than 1 to 9  ʈÍ.  
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Figure 3-6 SEM images of PPW 210/0.26/800 (air temperature, polymer throughput, air flow 

rate) with the 80 ‘ά white scale bar and statistical analysis of fiber diameter distribution (normal 

diameter distribution) 

 

 
Figure 3-7 SEM images of PPW 300/0.26/800 with the 80 ‘ά white scale bar and statistical 

analysis of fiber diameter distribution (lognormal distribution) 

 

 

Figure 3-8 SEM images of PPX 210/0.26/800 with the 80 ‘ά white scale bar and statistical 

analysis of fiber diameter distribution (lognormal distribution) 
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Figure 3-9 SEM images of PPX 280/0.26/800 with the 100 ‘ά white scale bar and statistical 

analysis of fiber diameter distribution (lognormal distribution) 

 

The Anderson-Darling test is used to determine each data set is from which specific distribution. 

This test uses the particular distribution in calculating critical values and is an alternative to 

the chi-square and Kolmogorov-Smirnov goodness of fit tests. This test statistic is defined by 

Equation 3-10. 

!ς . 3 Equation 3-10 

Where S is equal to  Equation 3-11.  

3
ςÉρ

.
ÌÎ&9 ÌÎρ &Ù  Equation 3-11 

 

Where N is the sample size, F is the cumulative distribution function of the specified 

distribution, and Y i is the ordered data. The critical value for this test is 0.05, which is related to 

the specific distribution being tested. Also, high p-values (more than the alpha level, which is 

equal to 0.05) mean that the data comes from the named distribution. The distribution type and 

goodness of fit for each sample are shown in Table 3-6.34 As shown in Table 3-6, all samples 

except one distribution fitted by a lognormal distribution. As shown in Equation 3-1,  variable 

d is lognormally distributed if Y=ln(d) is normally distributed. Here „ is the shape parameter 

which is the standard deviation of the log of the distribution,  and ‘ is the scale, and it is the 

median of the distribution. This table shows that shape, „ which related to standard deviation of 

the log of the distribution, tends to be more significant when ‘ or scale, which is the median of 

the distribution, is smaller, and it happened with the increase in temperature for both polymer 

resins at the same polymer throughput and air flow rate. Moreover, Shape and scale have been 
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used to obtain the dispersity as a standard deviation of the log of the distribution and the median 

of the log distribution, respectively.   

 

Table 3-6 Fiber diameter distribution analysis of PPW and PPX meltblown samples and 

distribution types 

Sample ID Distribution Type 

Distribution 

Parameters 
Goodness of Fit 

‘ scale „ Shape A2 
Simulated 

P-Value 

  PPW 210/800**  Normal  6.54 2.24 0.71 0.06 

PPW 220/800 Lognormal 1.52 0.44 0.9 0.024* 

PPW 230/800 Lognormal 1.32 0.5 0.64 0.087 

PPW 240/800 Lognormal 1.12 0.41 0.67 0.078 

PPW 250/800 Lognormal 0.99 0.42 0.76 0.05 

PPW 260/800 Lognormal 0.89 0.47 0.74 0.057 

PPW 270/800 Lognormal 0.71 0.5 1.127 0.008* 

PPW 280/800 Lognormal 0.64 0.57 0.62 0.108 

PPW 290/800 Lognormal 0.59 0.56 0.72 0.062 

PPW 300/800 Lognormal 0.45 0.63 0.69 0.078 

PPX 210/800 Lognormal 1.31 0.41 0.42 0.3 

PPX 220/800 Lognormal 1.18 0.57 0.34 0.48 

PPX 230/800 Lognormal 0.97 0.64 0.77 0.05 

PPX 240/800 Lognormal 0.72 0.63 0.55 0.17 

PPX 250/800 Lognormal 0.72 0.58 0.54 0.15 

PPX 260/800 Lognormal 0.71 0.60 0.71 0.063 

PPX 270/800 Lognormal 0.53 0.59 0.82 0.03* 

PPX 280/800 Lognormal 0.55 0.60 0.77 0.05 

*P-Value lover than 0.05 means distribution is not exactly fit by lognormal distribution, but the numbers and distribution shapes show these are very close to 

lognormal.  

** The polymers nomenclature used as follows: PP(W/X) a/b signified (MFR) air temperature/airflow rate   
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The experimentally measured melt rheology parameters for both polymer resins that were 

meltblown and the median fiber diameter, dispersity, and skewness are listed in Table 3-7 and 

Table 3-8.  

Table 3-7 Summarization of melt rheology and meltblown experimental parameters for PPW 

sample 

Sample ID – (ÐÁȢÓ) ‗ (ms) Median fiber 

diameter (ʈÍ) 

dispersity 

(%) 

Skewness 

PPW 210/800 28.15 1.88 6.5 34.3 (Normal) 

PPW 220/800 23.03 1.64 4.7 28.8 0.65 

PPW 230/800 18.43 1.49 3.7 37.9 0.93 

PPW 240/800 14.47 1.07 2.9 36.7 1.23 

PPW 250/800 11.94 0.97 2.6 42.6 1.13 

PPW 260/800 9.73 0.79 2.3 52.6 1.96 

PPW 270/800 7.99 0.65 1.9 70.5 1.83 

PPW 280/800 6.61 0.53 1.8 88 2.56 

PPW 290/800 5.50 0.44 1.7 95 1.8 

PPW 300/800 4.61 0.37 1.5 140 2.22 

Table 3-8 Summarization of melt rheology and meltblown experimental parameters for PPX 

sample 

Sample ID – (ÐÁȢÓ) ‗ (ms) Median fiber 

diameter (ʈÍ) 

dispersity 

(%) 

Skewness 

PPX 210/800 9.10 1.04 3.6 31.3 0.89 

PPX 220/800 7.50 1.14 3.3 48.4 1.33 

PPX 230/800 5.92 0.83 2.6 66.4 1.52 

PPX 240/800 4.47 0.68 2 86 1.85 

PPX 250/800 3.82 0.54 1.9 80.6 2.07 

PPX 260/800 3.10 0.44 1.9 84.2 1.73 

PPX 270/800 2.54 0.36 1.6 110.6 2.27 

PPX 280/800 2.10 0.29 1.7 111.5 3.15 
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Meltblowing PP samples with different MFR and polymer melt rheology provided insight into 

the role of viscosity and elasticity on the statistical properties of median fiber diameter and 

dispersity of meltblown fibers (Table 3-7 and Table 3-8). Figure 3-10 shows an increase in 

viscosity, and elasticity appears to make a statistically significant increase in median fiber 

diameters. The result shows that each polymer resin has different median fiber diameters at the 

same melt viscosity, although median fiber diameters are the same at the same melt elasticity for 

each PP. Moreover, the result shows that at the same melt viscosity for both polymer resins, the 

median fiber diameter is more for PPX than PPW, which can be related to polymer melt 

elasticity because melt elasticity is higher for PPX compere to PPW at the same melt viscosity 

when polymer rheology modified by temperature. It may explain how the melt elasticity 

significantly affects median fiber diameter. Furthermore, Figure 3-10 bottoms can prove the 

results from the top graph because the results have shown that median fiber diameter increase 

with the increase of the longest relaxation time or melt elasticity. Therefore, it can show why 

PPX at the same melt viscosity compared to PPW shows a higher median fiber diameter. Also, 

higher fiber diameter at higher melt elasticity can be related to the fiber's elastic stress that resists 

the pulling force induced by the surface shear stress.   
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Figure 3-10 Effect of polymer melt viscosity and longest relaxation time (melt elasticity) on the 

median fiber diameters with 95% of the confidence band 

 
The effect of melt rheology on fiber diameter distribution or dispersity was investigated in the 

following.Figure 3-11 shows the effect of melt viscosity and elasticity on dispersity obtained by 

Equation 3-2 and has been shown in Table 3-7 and Table 3-8 for each polymer resin. The top 

graph exhibits dispersity versus melt viscosity. From this graph, it is obvious that dispersity 

decreases with an increase in melt viscosity. Still, when we compared the results for each 

polymer resin, the slope of the lines was different, and there was not the same dispersity at the 

same viscosity, especially at high melt viscosity. It can explain that the melt viscosity does not 

affect dispersity in the meltblown process too much. Furthermore, the bottom graph in Figure 

3-11 shows the effect of melt elasticity on dispersity. This graph shows that dispersity decreases 

with an increase in melt elasticity. The difference between the melt viscosity and melt elasticity 

is that both polymer samples have almost the same dispersity at the same melt elasticity, 
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although dispersity is different compere to melt viscosity beyond the threshold value. These 

median fiber diameter and dispersity results are comparable with other studies in this field that 

have been done before but with different polymer materials. Zhou and coworkers explained that 

Frequency response analysis shows that viscoelasticity reduces the magnitude of disturbance 

amplification, suggesting a mechanism for the narrower fiber diameter distribution at high melt 

viscosity and elasticity.21  

 

 
Figure 3-11 Effect of viscosity and elasticity on the dispersity with 95% of the confidence band 

 

3.4.3 Fiber Skewness 

Skewness is the degree of distortion from the symmetrical bell curve or the normal distribution. 

It measures the lack of symmetry in data distribution. It differentiates extreme values in one 
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types of Skewness: Positive and Negative skewness. Fiber diameters in the meltblown process 

have shown positive skew (Figure 3-6 - Figure 3-9). Therefore, the distribution's peak is left of 

the average fiber diameter and would mean that many fiber diameters are less than the average 

fiber diameter. Here, the effect of melt rheology on skewness in the meltblown process is 

investigated. Table 3-7 and Table 3-8 show the skewness of both polymer samples. As shown in 

Figure 3-12, there is no logical relationship between viscosity and skewness. Similar to 

dispersity, skewness decreases with the increase of melt viscosity, but when two PP resins are 

compared, there is not the same skewness at the same viscosity. On the other hand, skewness 

versus melt elasticity has shown that both polymer resins have almost similar skewness at the 

same melt elasticity. The results explain that the number of thick fibers compares to other fibers 

in the meltblown webs decreases with the increase of melt viscosity and elasticity, although it is 

more controllable by changing the melt elasticity.  According to the skewness category shown in 

Table 3-2, most meltblown samples, specifically at lower melt elasticity (‗ ράί), have 

skewness of more than 1, and are categorized as a heavily skewed sample.  
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Figure 3-12 Effect of viscosity and elasticity on the skewness with 95% of the confidence band 

3.5 Conclusion  

Two isotactic polypropylene homopolymers (Metocene MF650W, and MF650 X, from Basell 

USA Inc) with different MFR, 500 and 1200 (
 

), respectively, were used to produce 

nonwoven via Reicofil meltblown production line equipped with a traditional Exxon style die 

system at a variety of die and air temperatures (210-300 ᴈ), and one level of airflow rate: 800 

( ) for each sample in order to understand the effect of melt rheology (melt viscosity and 

elasticity) on median fiber diameter, the width of fiber diameter distribution (dispersity), and 

skewness. Other important process parameters, such as die to collector distance: 225 mm, and 

polymer mass flow rate: 0.26 (g/hole/min), were constant. Melt viscosity (zero shear viscosity) 

and melt elasticity correlated with the longest relaxation time were evaluated via relaxation time 

determined by shear viscosity versus shear rate data fitting by Cross and Carreau-Yasuda 
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models, and the longest relaxation time was achieved by fitting small amplitude oscillatory shear 

data with a generalized Maxwell model. The morphological characteristics of produced 

meltblown samples were determined using digital image analysis of SEM images to visualize the 

nonwoven structure for each sample at the same magnifications. In the following, we conclude 

that an increase in viscosity and elasticity appears to make a statistically significant increase in 

median fiber diameters. Moreover, the result shows that each polymer sample has different 

median fiber diameters at the same melt viscosity, although median fiber diameters are the same 

at the same melt elasticity for different PP samples. On the other hand, dispersity and skewness 

show the same trend. The dispersity and skewness decrease with increased melt elasticity, 

although melt viscosity has almost no effect on this parameter.    
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3.6 Supplementary Information (Empirical Models)  

3.6.1 Experimental Results and Discussion 

This section presents the experimental results for the median fiber diameter dependence on the 

processing variables. The results were obtained from two types of commercial meltblowing 

grade polypropylene explained in chapter one. The processing variables considered during the 

research included: polymer throughput, air flow rate, die temperature, and air temperature. Die to 

collector distance is also constant for all the experiments. All performed experiments are 

summarized in Table 3-9 and Table 3-10. The meltblown webs needed for this research were 

produced by the Reifenhäuser Reicofil Pilot-scale meltblown line with a traditional Exxon slot 

die.  

Table 3-9 Summarization of meltblown process condition 

Process variables Conditions 

Die temperature 205-295 ᴈ 

Air temperature 210-300 ᴈ 

Air flow rate 800 & Maximum air flow rate ( ) 

Polymer throughput per capillary 0.26 (g/min) 

Die to collector distance (DCD) 225 (mm) 

 

Table 3-10 Summarization of meltblown process condition 

Process variables Conditions 

Die temperature 255 ᴈ 

Air temperature 260 ᴈ 

Air flow rate 500, 800, 1100, 1500, 1900 () 

Polymer throughput per capillary 0.3, 0.6, 0.9 (g/min) 

Die to collector distance (DCD) 225(mm) 
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Median Fiber Diameter Dependence on the Processing Variables (PPW 500 MFR) 

All experimental results for PPW 500 MFR sample have shown in this section. In the first step, 

Figure 3-13 shows the variation of median fiber diameter versus Air flow rate at different 

polymer throughputs. The results show that the effect of polymer throughput decreases with 

increasing air flow rate. Other studies have shown that increasing the air flow rate decreases the 

average and the following median fiber diameter.1 Furthermore, it appears that there is negligible 

change in median fiber diameter above a particular air flow rate for each polymer throughput, 

and This critical air flow rate increases with increasing polymer throughput. 

 
Figure 3-13 The Effect of air flow rate on median fiber diameter at different polymer 

throughputs (Die temperature: 255 ᴈ, air temperature: 260 ᴈ, and DCD: 225 mm) 

 

Figure 3-14  shows the variation of median fiber diameter as a function of polymer throughput at 

different airflow rates. The result shows that increasing the polymer throughput resulted in larger 

median fiber diameters independent of the airflow rate, and the effect of polymer throughput is 

more sensitive at a lower air flow rate. Moreover, this is evident in Figure 3-13 that there is a 

more extensive spread between the polymer throughput extremes at a lower air flow rate. Other 

studies in this field have shown similar results.2  
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Figure 3-14 The effect of polymer throughput on median fiber diameter at different air flow 

rates (Die temperature: 255 ᴈ, air temperature: 260 ᴈ, and DCD: 225 mm) 

 

In the following, median fiber diameter was investigated versus processing temperature, and the 

result has shown in Figure 3-15.  An increase in processing temperature decreases the median 

fiber diameter for a fixed air flow rate and polymer throughput. Other studies have shown similar 

results.3,4 The viscosity of the polymer is a vital function of the polymer temperature, and the less 

viscous polymer can be more easily drawn into a smaller fiber diameter. Therefore, the critical 

difference between the processing temperatures is in the viscosity of the polymer. 

 
Figure 3-15 The effect of processing temperature on median fiber diameter (Polymer 

throughput: 0.26, and DCD: 225mm) 

 

Figure 3-16 shows the airflow rate's influence on the median fiber diameter at different air 

temperatures for the PPW (500 MFR) sample. For a fixed air flow rate at 800 (m3/hr), an 

increase in processing temperature decreases the median fiber diameter. With increasing the air 
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flow rate to a maximum point before the failure point for each sample, the median fiber diameter 

starts to decrease, although with increasing the temperature, the median fiber diameter decreases 

smoothly. However, there is no specific change in fiber diameter at very high temperatures 

between the low and high airflow rates. 

 
Figure 3-16 Median fiber diameter versus airflow rate at different temperature 

 

Median Fiber Diameter Dependence on the Processing Variables (PPX 1200 MFR) 

The effect of airflow rate on the median fiber diameter for PPX (1200 MFR) shows in Figure 

3-17. The results have shown that the median fiber diameter increase with the increase of 

polymer throughput at a fixed air flow rate. On the other hand, the median fiber diameter 

decreases with the increase in air flow rate. These results are similar to PPW, although the 

median fiber diameter is smaller than the other sample at the same processing parameter.  
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Figure 3-17 The Effect of air flow rate on median fiber diameter at different polymer 

throughputs (Die temperature: 255 ᴈ, air temperature: 260 ᴈ, and DCD: 225 mm) 

 

Figure 3-18 presents the median fiber diameter versus polymer throughput at different airflow 

rates. Data shows that increasing the polymer throughput resulted in larger median fiber 

diameters independent of the airflow rate, and the effect of polymer throughput is more sensitive 

at a lower air flow rate. Similar results were found for PPW 500 MFR.  

 
Figure 3-18 The effect of polymer throughput on median fiber diameter at different airflow rates 

(Die temperature: 255 ᴈ, air temperature: 260 ᴈ, and DCD: 225 mm) 

 

The effect of processing temperature for PPX is shown in Figure 3-19. An increase in processing 

temperature decreases the median fiber diameter for a fixed air flow rate and polymer 

throughput. 
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Figure 3-19 The effect of processing temperature on median fiber diameter (Polymer 

throughput: 0.26, and DCD: 225mm) 

 

Figure 3-20 shows that fiber diameter decreases with the increase of airflow rate, although with 

increasing the temperature, the median fiber diameter decreases smoothly. However, at very high 

temperatures, there is no change in fiber diameter between the low and high airflow rates. 

Furthermore, Fiber diameter decreases with the increase of temperature, although it is not very 

varied at the higher temperature. Another polymer sample used in this experiment has shown a 

similar result.   

 
Figure 3-20 Median fiber diameter versus airflow rate at different temperatures 
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3.7 Modeling of Experimental Results: Empirical  Correlation  

The next logical step after the experimental data has been collected is the examination of the 

results for any type of correlation. There are not many studies on the empirical correlations for 

meltblown experimental results. In this section, we present correlations for the experimental data 

using several empirical equations. The empirical equations consider several dimensionless 

parameters such as air to polymer mass flow rate, air to polymer viscosity, and Deborah number 

to show the effect of important processing parameters and polymer properties on fiber size in the 

meltblown process. Finally, we discuss the statistical analysis used to determine the relative 

significance of the processing variables. Also, the statistical computer software JMP was used 

for the regression analysis and empirical and statistical analysis of the experimental data. Fiber 

diameter distributions are presented as box plots as a function of processing condition, and 

median fiber diameters obtained from empirical models have shown in Figure 3-21 for the PPW 

(500 MFR) and Figure 3-22 for the PPX (1200 MFR) sample, respectively. Each fiber diameter 

distribution results in 200-250 individual fibers measured by Image J. 
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Figure 3-21 Fiber diameter distributions for different processing parameters and (*) empirical 

results for PPW (500MFR) 
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Figure 3-22 Fiber diameter distributions for different processing parameters and (*) empirical 

results for PPX (1200 MFR) 

 

Figure 3-21and Figure 3-22 show that the most significant parameters that affect fiber diameter 

in the meltblown process are temperature, polymer throughput, and airflow rate. The results have 

shown that the airflow rate is most effective at higher polymer throughput. Furthermore, fiber 

diameter is more variable at lower temperatures than at higher ones. In the next step, following 
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the dimensional analysis of Shambaugh5, the fiber diameter for both polymer resins used in this 

study fit an empirical model using a dimensionless parameter. In that study, Shambaugh 

presented fiber diameters as a function of a mass flow ratio and polymer to gas viscosity. The 

mass flow ratio is the primary air mass flow rate to the polymer mass flow rate or polymer 

throughput. The mass flow ratio reported by Shambaugh correlated his data with some success. 

In this study, the median fiber diameter was fit to three empirical models using three 

dimensionless parameters: the air to polymer mass flow ratio, air to polymer viscosity ratio, and 

Deborah number. The dimensionless Deborah number is very useful to describe the 

viscoelasticity of any material and specifically polymeric materials. Deborah number is a ratio of 

the longest relaxation time of a polymeric material to the processing time, as shown in Equation 

3-12.   

$Å
ʇ

Ô
 
ʇ 6

,
 

Equation 3-12 

where ὸ is the processing time of the deformation process, ɚ is the longest relaxation time, V is 

the polymer velocity after die exit, and L is the die length. The highest Deborah number shows 

the material is more solid or elastic, and the less Deborah number shows the material is more 

fluid or viscose.6 In the first step, we made an empirical model separately for the air to polymer 

mass flow ratio. Then the median fiber diameter was fitted to an empirical model using two 

dimensionless quantities. Finally, the empirical model based on Equation 3-15 was fitted with all 

dimensionless parameters. All the data related to PPW (500 MFR) and PPX (1200 MFR) are 

shown in Table 3-11 and Table 3-12, respectively.  

Three empirical equations were formulated to obtain the best correlation for the experimental 

data, and the form of the empirical equations is shown below. 

Ä  Ã ÃÍ  Equation 3-13 

Ä  Ã ÃÍʂ Equation 3-14 

Ä  Ã ÃÍʂ$Å Equation 3-15 

In these equations, d is the modeled median fiber diameter in micrometer, ά represents the air to 

polymer mass flow ratio, – is the air to polymer dynamic viscosity ratio, ὈὩ is Deborah number, 

and ὅ, ὅ, a, b, and c are constant to be chosen. Air viscosity as a function of temperature was 

found via reference, and polymer viscosities were found by the method explained in this chapter. 
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The longest relaxation time, polymer velocity inside the die and die length have used to obtain 

the Deborah number.   

Table 3-11 PPW (500 MFR) data in non-dimensional form 

Sample Name Ὕ (ᴈ) Ὕ (ᴈ) ά  

(g/hole/min) 

ὗ  ( ) Ὠ  

(‘ά) 

ά

άὴ
 

–

–
 De Ὠ  (‘ά) 

(Empirical Model) 

PPW.260/0.3/500 255 260 0.3 500 3.89 13.34 2.87 ρπ 0.0087 4.01 

PPW.260/0.3/800 255 260 0.3 800 2.23 21.35 2.87 ρπ 0.0087 2.46 

PPW.260/0.3/1100 255 260 0.3 1100 1.53 29.36 2.87 ρπ 0.0087 2.01 

PPW.260/0.3/1500 255 260 0.3 1500 1.41 40.03 2.87 ρπ 0.0087 1.78 

PPW.260/0.6/500 255 260 0.6 500 7.01 6.67 2.87 ρπ 0.0174 6.34 

PPW.260/0.6/800 255 260 0.6 800 3.72 10.68 2.87 ρπ 0.0174 3.34 

PPW.260/0.6/1100 255 260 0.6 1100 2.5 14.68 2.87 ρπ 0.0174 2.47 

PPW.260/0.6/1500 255 260 0.6 1500 1.8 20.02 2.87 ρπ 0.0174 2.02 

PPW.260/0.6/1900 255 260 0.6 1900 1.49 25.35 2.87 ρπ 0.0174 1.83 

PPW.260/0.9/500 255 260 0.9 500 8.32 4.45 2.87 ρπ 0.0261 8.59 

PPW.260/0.9/800 255 260 0.9 800 4.11 7.12 2.87 ρπ 0.0261 4.20 

PPW.260/0.9/1100 255 260 0.9 1100 2.87 9.79 2.87 ρπ 0.0261 2.91 

PPW.260/0.9/1500 255 260 0.9 1500 2.12 13.34 2.87 ρπ 0.0261 2.26 

PPW.260/0.9/1900 255 260 0.9 1900 1.76 16.9 2.87 ρπ 0.0261 1.97 

PPW.210/0.26/800 205 210 0.26 800 6.51 27.17 9.27 ρπ 0.018 6.52 

PPW.210/0.26/1900 205 210 0.26 1900 3.05 64.52 9.27 ρπ 0.018 2.36 

PPW.220/0.26/800 215 220 0.26 800 4.72 26.61 1.15 ρπ 0.0157 4.97 

PPW.220/0.26/1900 215 220 0.26 1900 2.23 63.2 1.15 ρπ 0.0157 2.10 

PPW.230/0.26/800 225 230 0.26 800 3.69 26.05 1.46 ρπ 0.0143 3.67 

PPW.230/0.26/1900 225 230 0.26 1900 2.2 61.87 1.46 ρπ 0.0143 1.88 

PPW.240/0.26/800 235 240 0.26 800 2.95 25.57 1.88 ρπ 0.0102 3.18 

PPW.240/0.26/1800 235 240 0.26 1800 2.26 57.52 1.88 ρπ 0.0102 1.83 

PPW.250/0.26/800 245 250 0.26 800 2.66 25.12 2.31 ρπ 0.0092 2.65 

PPW.250/0.26/1750 245 250 0.26 1750 1.96 54.95 2.31 ρπ 0.0092 1.74 

PPW.260/0.26/800 255 260 0.26 800 2.3 24.64 2.87 ρπ 0.0075 2.35 

PPW.260/0.26/1600 255 260 0.26 1600 1.86 49.27 2.87 ρπ 0.0075 1.72 

PPW.270/0.26/800 265 270 0.26 800 1.98 24.19 3.54 ρπ 0.0062 2.13 

PPW.270/0.26/1400 265 270 0.26 1400 2.11 42.33 3.54 ρπ 0.0062 1.71 

PPW.280/0.26/800 275 280 0.26 800 1.82 23.78 4.33 ρπ 0.0051 1.98 

PPW.280/0.26/1300 275 280 0.26 1300 1.96 38.64 4.33 ρπ 0.0051 1.69 

PPW.290/0.26/800 285 290 0.26 800 1.67 23.37 5.26 ρπ 0.0043 1.87 

PPW.290/0.26/1200 285 290 0.26 1200 1.6 35.06 5.26 ρπ 0.0043 1.67 

PPW.300/0.26/800 295 300 0.26 800 1.52 22.96 6.35 ρπ 0.0036 1.79 

PPW.300/0.26/1100 295 300 0.26 1100 1.86 31.57 6.35 ρπ 0.0036 1.66 
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Table 3-12 PPX (1200 MFR) data in non-dimensional form 

Sample Name Ὕ (ᴈ) Ὕ (ᴈ) ά  

(g/hole/min) 

ὗ  ( ) Ὠ  

(‘ά) 

ά

άὴ
 

–

–
 De Ὠ  (‘ά) 

(Empirical Model) 

PPX.260/0.3/500 255 260 0.3 500 2.42 13.34 9 ρπ 0.0048 2.44 

PPX.260/0.3/800 255 260 0.3 800 1.43 21.36 9 ρπ 0.0048 1.90 

PPX.260/0.3/1100 255 260 0.3 1100 1.05 29.36 9 ρπ 0.0048 1.66 

PPX.260/0.6/500 255 260 0.6 500 3.24 6.67 9 ρπ 0.0096 2.98 

PPX.260/0.6/800 255 260 0.6 800 2.23 10.68 9 ρπ 0.0096 2.23 

PPX.260/0.6/1100 255 260 0.6 1100 1.6 14.68 9 ρπ 0.0096 1.90 

PPX.260/0.9/500 255 260 0.9 500 3.55 4.44 9 ρπ 0.0145 3.39 

PPX.260/0.9/800 255 260 0.9 800 2.32 7.12 9 ρπ 0.0145 2.49 

PPX.260/0.9/1100 255 260 0.9 1100 1.79 9.8 9 ρπ 0.0145 2.08 

PPX.210/0.26/800 205 210 0.26 800 3.65 27.17 2.87 ρπ 0.0099 3.92 

PPX.210/0.26/1800 205 210 0.26 1800 2.57 61.13 2.87 ρπ 0.0099 2.29 

PPX.220/0.26/800 215 220 0.26 800 3.27 26.61 3.53 ρπ 0.0108 3.05 

PPX.220/0.26/1450 215 220 0.26 1450 2.22 48.23 3.53 ρπ 0.0108 2.13 

PPX.230/0.26/800 225 230 0.26 800 2.62 26.05 4.53 ρπ 0.0079 2.66 

PPX.230/0.26/1250 225 230 0.26 1250 2.28 40.7 4.53 ρπ 0.0079 2.06 

PPX.240/0.26/800 235 240 0.26 800 2.01 25.57 6.1 ρπ 0.0064 2.19 

PPX.240/0.26/1150 235 240 0.26 1150 2.03 36.75 6.1 ρπ 0.0064 1.83 

PPX.250/0.26/800 245 250 0.26 800 1.94 25.12 7.21 ρπ 0.0051 2.05 

PPX.250/0.26/1100 245 250 0.26 1100 1.87 34.54 7.21 ρπ 0.0051 1.77 

PPX.260/0.26/800 255 260 0.26 800 1.96 24.64 9 ρπ 0.0041 1.85 

PPX.260/0.26/1100 255 260 0.26 1100 1.87 33.87 9 ρπ 0.0041 1.62 

PPX.270/0.26/800 265 270 0.26 800 1.63 24.19 1.11 ρπ 0.0034 1.69 

PPX.270/0.26/850 265 270 0.26 850 1.81 25.7 1.11 ρπ 0.0034 1.65 

PPX.280/0.26/800 275 280 0.26 800 1.72 23.78 1.36 ρπ 0.0028 1.57 

PPX.280/0.26/825 275 280 0.26 825 1.84 24.52 1.36 ρπ 0.0028 1.55 

 

Equation 3-13 was applied to part of the data sets, and Equation 3-14 and Equation 3-15 were 

applied to all data sets that consist of various air temperatures, air flow rates, and polymer 

throughputs. In the next step, the solutions to the above empirical equations will be presented 

with the corresponding coefficient of multiple determination (Ὑ ) and Root Mean Square Error 

(RMSE) which is the square root of the variance of the residuals and demonstrates the absolute 

fit of the model to the data and how close the observed data points are to the model's predicted 

values. Whereas Ὑ is a relative measure of fit, RMSE is an absolute measure of fit. Lower values 

of RMSE indicate a better fit. Moreover, RMSE is a good measure of how accurately the model 

predicts the response, and it is the most significant criterion for fit if the model's main purpose is 

prediction. Also, Ὑ  indicates whether or not the variation in the fit of the empirical equation is 
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due to regression or chance and the possibility that important predictor variables have not been 

considered.7  

The solution for Equation 3-13 is given by Equation 3-16 for PPW (500 MFR) and Equation 

3-17 for PPX (1200 MFR).  

Ä  πȢχ τψȢςά Ȣ Equation 3-16 

Ä  πȢσ ψȢσά Ȣ Equation 3-17 

The RMSE and 2 for Equation 3-16 and Equation 3-17 are 0.76, 0.89 and 0.38 and 0.83, 

respectively. Figure 3-23 and Figure 3-24  show all the data presented in Figure 3-13 and Figure 

3-14, and Figure 3-17 and Figure 3-18 use the air to polymer mass flow ratio as the correlation 

parameters. For these fixed geometry data, the air to polymer mass flow ratio appears to correlate 

with the data.  

 

 
Figure 3-23 Median fiber diameter versus dimensionless air to polymer mass flow ratio and 

modeled line for PPW 500 MFR 

 

PPW (500 MFR)

Real Data

Model   
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Figure 3-24 Median fiber diameter versus dimensionless air to polymer mass flow ratio and 

modeled line for PPX 1200 MFR 

 

In the following, the solution to Equation 3-14 and Equation 3-15  for all data sets are shown 

below. Equation 3-18 Equation 3-19 are related to PPW (500 MFR), and Equation 3-20 and 

Equation 3-21 are related to PPX (1200 MFR).  

Ä  ρȢυ πȢφρρπ Í Ȣʂ Ȣ Equation 3-18 

Ä  ρȢυ πȢφψρπ Í Ȣʂ Ȣ$ Ȣ Equation 3-19 

Ä ρȢτψπȢς ρπ Í Ȣʂ Ȣ Equation 3-20 

Ä ρȢπσ πȢψ ρπÍ Ȣʂ Ȣ$ Ȣ Equation 3-21 

Table 3-13 shows the RMSE and 2 for Equation 3-18- Equation 3-21.  

Table 3-13 RMSE and 2for Equation 3-18 Equation 3-21 

Number of Equations RMSE 2 

Equation 3-18 052 0.9 

Equation 3-19 0.30 0.96 

Equation 3-20 0.29 0.81 

Equation 3-21 0.26 0.86 

 

Results show that Equation 3-18 and Equation 3-21 correlated with the actual data better than 

Equation 3-16 and Equation 3-17, as reflected by the RMSE and Ὑ . Also, all data obtained from 

PPX (1200 MFR)

Real Data

Model   
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Equation 3-19 and Equation 3-21 are shown in Table 3-11 and Table 3-12 and plotted in Figure 

3-21 andFigure 3-22.  

In the following, two sample analysis T-Test has been used to show if there is any meaningful 

difference between the median fiber diameter and modeled median fiber diameter. All data and 

plots (Figure 3-25) show no significant difference between the standard deviation and mean of 

median fiber diameter and modeled fiber diameter obtained from Equation 3-18 and Equation 

3-20, as shown in Table 3-11 and Table 3-12. Therefore, results have shown that models are 

compared with actual data.  

 

 
Figure 3-25 T-Test analysis to show the meaningful difference between  median fiber diameter 

and modeled fiber diameter obtained from Empirical Equation 3-19 - Equation 3-21 

 

These models show the relative importance of air/polymer temperature, air flow rate, polymer 

throughput, polymer melt viscosity, and elasticity in causing median fiber diameter reduction for 

the Reicofil machine with 35 (HPI) slot die. For the 500 MFR polypropylene sample, the 

exponent b is more than the magnitude of a and d, showing that polymer viscosity has a more 

significant effect on median fiber diameter than throughput, air flow rate, and polymer melt 
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elasticity. Therefore, achieving fine fibers through polymer viscosity modification by appropriate 

resin selection can be more economical than increasing air temperature and flow rate or reducing 

polymer throughput. In a similar study, Barilovits made an empirical equation by using Biax 

meltblown machine and PPW 500 MFR polymer resin. He explained that exponent a, which is 

air to polymer mass flow ratio, is near twice the magnitude of exponent b, which is air to 

polymer viscosity. The data shows us that in Biax meltblown machine, polymer throughput and 

air velocity have a more significant effect on fiber diameter compared to polymer viscosity.8 

Moreover, Equation 3-19 and Equation 3-21 show that all the exponents a, b, and d decrease 

with MFR increase to 1200 for PPX polymer resin. It can explain that all these parameters are 

more effective on fiber size when the polymer MFR is at a lower rate.  

Finally, Commercial meltblowing operations typically seek to produce fine fiber without defect 

very fast, as measured in kilograms per meter of die per hour, and a reduction in total polymer 

throughput is moving in the wrong direction economically. The primary cost associated with the 

meltblowing process is the energy required to heat large volumes of air. Therefore, it is costly to 

reduce fiber diameters by increasing air flow rate and temperature. This empirical model can be 

used as the basis for resin and condition selection as well as to analyze the tradeoffs involved in 

producing fibers of the desired diameter by Reicofil Machine with slot die. 

 

 

 

 

 

 

 

 

 

 

 

 



104 
 

References 

(1)  Tyagi, M. K.; Shambaugh, R. L. Use of Oscillating Gas Jets in Fiber Processing; 1995;   Vol.   

34. 

(2)  Chen, T.; Wang, X.; Huang, X. Effects of Processing Parameters on the Fiber Diameter of   

Melt Blown Nonwoven Fabrics. Textile Research Journal 2005, 75 (1), 76ï80. 

https://doi.org/10.1177/004051750507500114. 

(3)  Guo, M.; Liang, H.; Luo, Z.; Chen, Q.; Wei, W. Study on Melt-Blown Processing, Web 

Structure of Polypropylene Nonwovens and Its BTX Adsorption. Fibers and Polymers 2016, 

17 (2), 257ï265. https://doi.org/10.1007/s12221-016-5592-y. 

(4)  Zhao, B. Numerical Modeling and Experimental Investigation of Fiber Diameter of Melt 

Blowing Nonwoven Web. International Journal of Clothing Science and Technology 2015, 

27 (1), 91ï98. https://doi.org/10.1108/IJCST-10-2013-0110. 

(5)  Robert; Shambaugh, L. A Macroscopic View of the Melt-Blowing Process for Producing 

Microfibers; 1988; Vol. 27. 

(6)  Moura-Ramos, J. J.; Lia, N.; Correia, T. The Deborah Number, Relaxation Phenomena and 

Thermally Stimulated Currents. https://doi.org/10.1039/b107984k. 

(7)  Chicco, D.; Warrens, M. J.; Jurman, G. The Coefficient of Determination R-Squared Is More 

Informative than SMAPE, MAE, MAPE, MSE and RMSE in Regression Analysis 

Evaluation. PeerJ Computer Science 2021, 7, 1ï24. https://doi.org/10.7717/PEERJ-CS.623. 

(8)  Barilovits, S. Experimental Study of a Unique Multi-Row Meltblowing Fiber Formation 

Process and the Web Structures Produced Thereby, 2018. 

 



105 
 

Chapter 4: Influence of Polymer Melt Rheology on Fiber Diameter, Diameter Distribution, 

and Skewness for Meltblown Nonwovens Produced by Polypropylene Blend to Modify 

Molecular Weight and Comparison with Metallocene Polypropylene 

4.1 Abstract 

This work investigates the effect of polymer melt rheology on fiber diameter and fiber diameter 

distribution by the meltblown process. In this study, high melt flow rate linear isotactic 

polypropylenes PPW (500 MFR) compared with a blend of high melt flow rate linear isotactic 

polypropylenes PPX (1200 MFR) and low melt flow rate polypropylene PP3854 (24 MFR) 

miscible blend. Both the PPW and PP Blend having comparable zero-shear viscosity but 

different melt elasticity (longest relaxation time), were used to produce meltblown webs to 

understand the role of polymer melt rheology in the fiber diameter distribution and skewness. 

The results have shown that, at the same polymer melt viscosity, air pressure, and die to collector 

distance (DCD), the median fiber diameters increase with the increase of melt elasticity. On the 

other hand, the width of fiber diameter distribution (dispersity) and skewness for each sample are 

significantly related to the melt elasticity of polymer resins, and both decrease with the increase 

in the longest relaxation time.  

4.2 Introduction  

The meltblown process is one of the most recent, highly engineered, low-cost developments in 

the nonwoven industry. The meltblown process exclusively produces microfiber rather than fiber 

the size of standard textile fiber with diameters ranging from 2 to 10 ʈÍ. However, they may be 

as small as 500 nm and as large as 30 ʈÍ.1,2 The meltblown process is very complicated because 

many variables, such as air and polymer temperature, air and polymer flow rate, die to collector 

distance, polymer properties, L/D ratio, die capillary diameter, and nose tip angle affects the final 

products.3,4  

In the meltblown presses, polymers in the form of beads, pellets, or chips are carried to the feed 

section of an extruder. Then, molten polymer is pumped to the meltblown die. At the die tip, The 

air holes are responsible for delivering the high-speed hot gas, which assists in drawing and 

attenuating the polymer melt strand to form a fine fiber. After fiber formation immediately below 

the die, air with ambient temperature is drawn into the hot air stream containing the microfibers. 
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Ambient air solidifies the melt strand. Ultimately, the filaments are placed on the collector 

screen.5ï7 Meltblown fabrics have various applications frequently used in filtration media, 

liquid8 and gaseous filtration such as medical/surgical masks and disposable gowns 9, oil 

adsorbents10, and electronic specialties such as battery separation 11, biosensors 12, and scaffolds 

for tissue engineering.13  

Even though a significant body of various aspects of the meltblown process has been studied in 

recent years, a comprehensive understanding of the role of polymer melt rheology on 

meltblowing and their contributions to fiber size and width of fiber diameter distribution is still 

lacking.14 Meltblown studies have shown that fiber attenuation mainly occurs a few centimeters 

after die exit (between 10 mm and 20 mm).15 Moreover, fiber diameter distribution follows the 

lognormal distribution when we achieve to very fine fiber diameter regarding average fiber 

diameter, which affects some web properties such as pore size distribution and nonwoven 

performance.2  Tan and coworkers were pioneers in investigating the effect of polymer melt 

rheology, such as polymer melt viscosity and elasticity, on the fiber diameter and diameter 

distribution in the meltblown process by using a variety of low molecular weight and various 

high molecular weight polystyrene levels. In that study, they employed a lab-scale meltblown 

machine with a die similar to the Exxon die. Results have illustrated that higher polymer 

elasticity can reduce fiber diameter distribution (CV%) while the average fiber diameter 

increases simultaneously. On the other hand, a decrease in polymer melt viscosity reduces 

average fiber diameter with little impact on the coefficient of variation (CV%).16 Zhou, in his 

study, confirmed Tan's experimental result by considering some constitutive models in steady-

state isothermal and non-isothermal by using a 1D slender-jet model in the meltblown process. 

This study also has shown that increasing melt elasticity reduces the magnitude of disturbance 

amplification, proving that a narrower fiber diameter distribution happens at a large melt 

elasticity.17 However, these studies have some concerns because polystyrene was considered a 

raw material that is not commonly used in meltblown processes (polypropylene is the primary 

polymer used in meltblown processes).16,18 In the following, Drabek and Zatlouka investigated 

the effect of polymer melt rheology on fiber diameter and diameter distribution by using the long 

chain branch PP via a meltblown process. This study compared two linear isotactic and long-

chain branched polypropylene with comparable molecular weight, zero-shear viscosity, and 

polydispersity index. The experiment has also done at the same airflow rate, polymer flow rate, 
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and temperature, and the result has shown that the average fiber diameter is the same for both 

samples. Simultaneously, the coefficient of variation (CV%) is more significant for linear 

polypropylene than long-chain branched polypropylene because the melt elasticity or longest 

relaxation time is less for linear polypropylene.19 

In the previous chapter, we studied how polymeric melt viscosity and elasticity influence the 

median fiber diameter, diameter distribution, and skewness of meltblown fibers. In that study, 

polymer melt rheology was varied by changing the air and die temperature for different 

polypropylene with different MFR. High temperatures lead to short molecular weight, low melt 

viscosity, and shorter relaxation times. However, previous fiber studies have shown that 

changing the polymer melt rheology by changing the temperature can affect melt strand 

solidification and polymer chains crystallinity, finally would affect the fiber diameter and 

diameter distribution. Therefore, in this chapter, to understand the exact role of polymer rheology 

and, specifically, polymer melt elasticity on fiber size in the meltblown process, we make a 

polymer blend and compare it to another PP to have the same melt viscosity and different melt 

elasticity. Ultimately, this study's final goal is to present a comprehensive understanding of the 

role of polymer rheology in the meltblown process, fiber diameter, fiber diameter distributions, 

and skewness that may be used to engineer polymer properties. 

4.3 Experimental 

4.3.1 Material  

All meltblown samples are made from: 

1) isotactic polypropylene (Metocene MF650W, from Basell USA Inc) with a high melt flow 

rate and very narrow molecular weight distribution because they have used metallocene 

catalyzed for the polymerization. The density is about 0.91 () at 23ᴈ, and MFR is equal to 

500 (
 

) measured at 230 ᴈ /2.16 kg.  

2) Another polymer sample is a blend of polypropylene made from two miscible polypropylene 

resins containing 22 wt. % of high molecular weight PP (ExxonMobil Advanced PP3854 (24 

MFR)) and 88 wt.% low molecular weight linear PP (Basell USA PP650X (1200 MFR). PPX is 

the isotactic homopolymer (Metocene MF650X, from Basell USA Inc) with an ultra-high melt 
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flow rate resin and very narrow molecular weight distribution. The density is about 0.91 () at 

23ᴈ, and MFR is equal to 1200 (
 

) measured at 230 ᴈ /2.16 kg, and the second polymer 

resin is a premium homopolymer (AchieveÊ Advanced PP3854, from ExxonMobil USA Inc) 

with a low melt flow rate and narrow molecular weight distribution. The density is about 0.9 

( ) at 23 ᴈ, and MFR is equal to 24 (
 

) measured at 230 ᴈ /2.16 kg. The melting point of 

all polymers is more than 160 ᴈ. ASTM D 792 and ASTM D1238 are used for calculating 

density and MFR, respectively.  

4.3.2 Meltblowing 

The meltblown webs needed for this research were produced by the Hills small-scale meltblown 

Machine with a traditional Exxon slot die system (25 holes per inch) in the Nonwoven Institute 

(NWI) at North Carolina State University. Other technical specifications of the process are the 

orifice diameter equal to 0.43 mm (430 ‘m) and the L/D ratio equal to 10. Three process 

variables were investigated: die temperatures: 255-275°C and air temperatures which were set 5 

ᴈ more than die temperature at each die temperature (air is hotter than polymer to hold the 

polymer in a liquid state), polymer mass flow rate: 0.12 & 0.18 (g/hole/min), and minimum level 

of air pressure: 10 (PSI). Other important process parameters were held nearly constant such as 

collector belt speed and die to collector distance: 225 mm. All performed experiments are 

summarized in Table 4-1. 

Table 4-1 Summarization of meltblown process condition 

Process variables Conditions 

Die temperature 255-275 ᴈ 

Air temperature 260-800 ᴈ 

Air pressure 69 (kpa) 

Polymer throughput per capillary 0.12-0.18 (g/min) 

Die to collector distance (DCD) 225 mm 
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4.3.3 Rheological Characterization 

For high-shear rheology, Steady shear viscosity was measured at shear rates from about 100 to 

about 7500 ί  using an Instron CAEST SR20 Capillary Rheometer. a capillary die of 30- and 

20-mm length and 1 mm diameter and an orifice die of the same diameter were used. Capillary 

measurements were adjusted for end effects and wall slip using the Bagley and Rabinowitz 

corrections, respectively.20,21 The molten polymer's dynamic oscillatory flow behavior was 

measured with 25 mm parallel plates TA Instruments Discovery Hybrid Rheometer HR-3. The 

aluminum bottom plate with the over-flow channel was used to prevent polymer melt leakage 

flow out of the geometry. All samples performed oscillatory shear rheology with linear 

viscoelastic regime strain amplitude (5%) from 0.01 to 250 rad/s angular frequency range at 210, 

220, 230, and 240 ᴈ. The Cox-Merz rule was used to convert from angular frequency to the 

shear rate. 

4.3.4 Fiber Diameter and Morphological Characterization 

Before taking the SEM picture, at least more than five samples with dimensions of 0.50.5 cm 

were cut out from each nonwoven web and coated in the Denton Desk V sputtering system under 

the following conditions, argon as a protective atmosphere and gold as a coating material. Then, 

a PHENOM scanning electron microscope (SEM) was used to visualize the nonwoven structure 

for each sample at the same magnifications. For each nonwoven mat, 10-15 SEM micrograph 

images were taken, and 200ï230 fiber diameter measurements were made using the image 

analysis software ImageJ. Also, most of the fiber diameter distribution was fitted by a lognormal 

distribution. The Fit Lognormal option estimates the parameters ‘(scale) and „ (shape) for the 

two-parameter lognormal distribution. A variable Y is lognormal if and only if X = ln(Y) is 

normal. The data must be greater than zero (Equation 4-1). 

ὪὨ
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Equation 4-1 

π Ὠȟ Њ ‘ Њ, π „ 

 
 

In the following, we quantified the relative dispersity of the distribution as the standard deviation 

of the distribution's log divided by the distribution's median fiber diameter, as shown in Equation 
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4-2 Equation 3-2. Median fiber diameter has been studied instead of mean fiber diameter because 

meltblown fabrics are a combination of various fiber diameters, and fiber diameter distribution in 

the meltblown process follows a lognormal distribution because they are most heavily skewed, 

specifically when we achieve very fine fiber diameter.   

Dispersity = ( ) ρππ Equation 4-2 

Finally, the effect of polymer melt rheology on skewness has been investigated in this research. 

Skewness is based on the third moment of the mean and is computed by Equation 4-3. 

В‫ᾀ      

       

Equation 4-3 

Where ᾀ obtained from Equation 4-4, and is a weight term is equal to 1 for equally weighted ‫ 

items. 

ᾀ                                Equation 4-4 

 

To summarize, Table 4-2 shows the skewness organized into three categories according to the 

skewness equation's results performed on the diameters and the logarithm of the diameters.  

 

Table 4-2 Types of skewness related to the number of skewness 

Number of skewness Skewness type 

between -0.5 and 0.5, fairly symmetrical 

between -1 and ï 0.5 or between 0.5 and 1 moderately skewed 

less than -1 or greater than 1 Highly or heavily skewed 

 

4.4 Result and Discussion 

4.4.1 Rheology 

In this experiment, for high shear rate rheology, a capillary rheometer with a capillary die of 30 

and 20 mm length and 1 mm diameter and an orifice die of the same diameter were used to 
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enable Bagley and Rabinowitsch corrections. Moreover, these polypropylene samples were 

carefully characterized via a 25 mm diameter parallel plate. Oscillatory shear rheology was 

performed with linear viscoelastic regime strain amplitude (5%) at a low shear rate (0.01 to 250 

rad/s) angular frequency range at 200 - 240 ᴈ for all samples, and the Cox-Merz rule was used 

to convert from complex viscosity and angular frequency to the shear viscosity and shear rate. 

Zero shear viscosity –(Newtonian plateau viscosities) at 200-240 ᴈ by capillary rheometer and 

parallel plate and activation energies Ὁ for both utilized meltblown polypropylene samples are 

summarized in Table 4-3 and Figure 4-1. (PP Blend was characterized only by the parallel plate 

at 200- 210 ᴈ ).  

 

Table 4-3 Zero shear viscosity and activation energy of utilized PP samples at the temperature 

between 200-240ᴈ 

Sample PPW (500 MFR) Blend of PP (22 wt.% Exxon/ PPX) 

T (ᴈ) – (ÐÁȢÓ) Ὁ(kj/mol) – (ÐÁȢÓ) Ὁ(kj/mol) 

200 37.94  38.15  

210 28.15  29.07 51.64 

220 23.03 47.49 22.40  

230 18.43  17.44  

240 14.47  13.77  
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Figure 4-1 Shear viscosity versus shear rate and zero shear viscosity data collected by capillary 

rheometer at the high shear rate for PPW and parallel plate rheometer at the low shear rate for 

both PP samples at different temperatures. (Corrections were made for the PPW sample by 

Bagley and Rabinowitsch corrections) 

 

Measured values of – at different temperatures (200-240 °C) by capillary or parallel plate 

rheometer allows us to determine the flow activation energy (Ὁ) by the Arrhenius plot depicted 

for both polymer samples as shown in Figure 4-2 and activation energies shown in Table 4-3. 
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Figure 4-2 Arrhenius plot for PPW and PPX utilizing – obtained via rheometer 

 

In the following, polymer melt elasticity which correlated here with the longest relaxation time 

obtained by the time-temperature superposition (TTS) principle, was applied for the frequency-

dependent storage (Ὃ) and loss (Ὃᴂ) moduli measured at 200, 210, 220, 230, and 240 ᴈ in the 

linear viscoelastic region to generate a master curve at these temperatures, which were 

consequently fitted with the generalized Maxwell model (Equation 4-5 and Equation 4-6). Our 

study in the previous chapter has shown that cross and Carreau-Yasuda models can not show us 

the exact longest relaxation time for these polypropylene samples.  

Ὃ ‫ Ὃ
‗‫

ρ ‗‫
 Equation 4-5 

Ὃ ‫ Ὃ
‗‫

ρ ‗‫
 Equation 4-6 

 

Where is the frequency, ‗ Is the nth relaxation time, Ὃ Is the nth modulus that corresponds to ‫ 

‗ȟ and n is an integer that signifies the different relaxation times. The experimentally measured 

relaxation times of all the materials with a generalized Maxwell model at different temperatures 

are listed in Table 4-4, and the master curve was fit with a generalized Maxwell model 

represented in Figure 4-3. 
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Figure 4-3 Experimentally measured frequency-dependent storage (Ὃ) and loss (Ὃ ) modulus at 

200 ᴈ for top PPW- 500 MFR and bottom Blend of PP (22 wt.% Exxon/ PPX) samples fitted by 

a two-mode Maxwell model (lines) 

 

 

Table 4-4 longest relaxation time fitted by a two-mode Maxwell model 

Sample PPW (500 MFR) PP Blend (22 wt.% Exxon/ PPX) 

T (ᴈ) ‗(ms) ‗(ms) 

210 1.88 1.26 

220 1.64 0.97 

230 1.49 0.76 

240 1.07 0.59 

 

As we expected, the relaxation time obtained from different models decreased with the increase 

in temperature.14 The Longest relaxation time (‗) and zero shear viscosity (–) shifted to the 

processing temperatures used in this experiment from 250 to 280 ᴈ obtained via the Arrhenius 

equation (Equation 4-7) and seen in Table 4-5. 

ὯὝ ὑὝ Ὡ  Equation 4-7 
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Table 4-5 Essential rheological characteristics shifted to the meltblown processing temperature 

via the Arrhenius shift factor 

Sample PPW (500 MFR) PP Blend (22 wt.% Exxon/ PPX) 

T (ᴈ) – (ÐÁȢÓ) ‗ (ms) – (ÐÁȢÓ) ‗ (ms) 

250 11.94 0.97 10.88 0.47 

260 9.73 0.79 8.71 0.38 

270 7.99 0.65 7.03 0.30 

280 6.61 0.53 5.71 0.25 

 

4.4.2  Fiber Diameter and Diameter Distribution 

Both polypropylene samples were processed at the conditions explained in Table 4-1. All 

samples were produced without common defects in meltblown processes, such as shots, flies, 

and roping.22ï24  SEM images, fiber diameter distributions, and lognormal function fit all 

meltblown samples at the processing conditions explained before are provided in Figure 4-4 - 

Figure 4-9. These SEM images and graphs have shown that fiber diameter and diameter 

distributions change by changing the temperature and polymer throughput. The results have 

shown that fiber size decreases with increasing of temperature for each polymer resin and also 

decreases of polymer throughput. Moreover, fiber diameter distribution change from normal to 

the lognormal distribution when processing temperature increases and polymer throughput 

decreases.   
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Figure 4-4 SEM images of PPW 260/0.12/69 top and PPW 260/0.18/69 bottom (Air temperature 

(ᴈ), polymer throughput (gr/hole/min), and air pressure (kpa), respectively) with the 30 ‘ά 

white scale bar and statistical analysis of fiber diameter distribution (normal diameter 

distribution) 

 

 

 
Figure 4-5 SEM images of PPW 270/0.12/69 top and PPW 270/0.18/69 bottom with the 30 ‘ά 

white scale bar and statistical analysis of fiber diameter distribution (Log normal diameter 

distribution) 
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Figure 4-6 SEM images of PPW 280/0.12/69 top and PPW 280/0.18/69 bottom with the 30 ‘ά 

white scale bar and statistical analysis of fiber diameter distribution (Log normal diameter 

distribution) 

 

 

 
Figure 4-7 SEM images of PPB 260/0.12/69 top and PPB 260/0.18/69 bottom with the 30 ‘ά 

white scale bar and statistical analysis of fiber diameter distribution (Log normal diameter 

distribution) 
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Figure 4-8 SEM images of PPB 270/0.12/69 top and PPB 270/0.18/69 with the 30 ‘ά white 

scale bar and statistical analysis of fiber diameter distribution (Log normal diameter distribution) 

 

 

 
Figure 4-9 SEM images of PPB 280/0.12/69 top and PPB 280/0.18/69 bottom with the 30 ‘ά 

white scale bar and statistical analysis of fiber diameter distribution (Log normal diameter 

distribution) 

 

In this chapter, the Anderson-Darling test has been used, similar to chapter 3, to determine each 

data set is from which specific distribution.  
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The distribution type and goodness of fit for each sample are shown in Table 4-6.25 The table has 

shown which sample followed the normal and lognormal distribution. Generally, meltblown 

samples follow normal distribution at low temperatures and high polymer throughput at the same 

air pressure. Variable d (fiber diameter) is lognormally distributed if Y=ln(d) is normally 

distributed. Here ů is the shape parameter which is the standard deviation of the log of the 

distribution for lognormal distribution and regular standard deviation for normal distribution, and 

ɛ is the scale, and it is the median of the distribution for lognormal and median fiber diameter for 

normal distribution. This table shows that shape, ů which is related to the standard deviation of 

the log of the distribution, tends to be more significant when ɛ or scale, which is the median of 

the distribution, is smaller, and it happened with the increase in temperature for both polymer 

resins at the same air pressure. Moreover, Shape and scale have been used to obtain the 

dispersity as a standard deviation of the log of the distribution and the median of the log 

distribution, respectively.   

Table 4-6 Fiber diameter distribution analysis of PPW and PP Blend meltblown samples and 

distribution types 

Sample ID Distribution Type 
Distribution Parameters Goodness of Fit 

‘ scale „ Shape A2 Simulated P-Value 

PPW 260/0.12/10**  Normal 7.46 2.65 0.66 0.078 

PPW 260/0.18/10 Normal 8.77 3.12 0.5 0.2 

PPW 270/0.12/10 Lognormal 1.58 0.41 0.46 0.27 

PPW 270/0.18/10 Normal 6.99 2.78 0.55 0.144 

PPW 280/0.12/10 Lognormal 1.05 0.51 0.49 0.22 

PPW 280/0.18/10 Lognormal 1.28 0.47 0.39 0.38 

PP Blend 260/0.12/10 Lognormal 1.27 0.52 0.29 0.64 

PP Blend 260/0.18/10 Normal 6.1 2.41 0.4 0.39 

PP Blend 270/0.12/10 Lognormal 0.78 0.55 0.72 0.06 

PP Blend 270/0.18/10 Lognormal 1.12 0.47 0.66 0.08 

PP Blend 280/0.12/10 Lognormal 0.65 0.58 0.36 0.46 

PP Blend 280/0.18/10 Lognormal 0.77 0.54 0.71 0.06 

  
** The polymers nomenclature used as follows: PP(W/Blend)- air temperature/polymer throughput/air pressure   

 

 

The experimentally measured melt viscosity and elasticity for each polymer sample that was 

meltblown in this study and the median fiber diameter, dispersity, and skewness are listed in 

Table 4-7. Results from Table 4-7 have shown in the following pictures.  
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Table 4-7 Summarization of melt rheology and meltblown experimental parameters for PPW 

and PP Blend samples 

Sample ID – (ÐÁȢÓ) ‗ (ms) Median fiber diameter (ʈÍ) dispersity (%) Skewness 

PPW 260/0.12/10 9.73 0.79 7.73 35.5 Normal 

PPW 260/0.18/10 9.73 0.79 8.84 35.5 Normal 

PPW 270/0.12/10 7.99 0.65 4.87 26 0.7 

PPW 270/0.18/10 7.99 0.65 6.84 39.7 Normal 

PPW 280/0.12/10 6.61 0.53 2.89 47.6 0.98 

PPW 280/0.18/10 6.61 0.53 3.72 36.5 0.84 

PP B 260/0.12/10 8.71 0.38 3.57 39.7 1.4 

PP B 260/0.18/10 8.71 0.38 6 37.1 Normal 

PP B 270/0.12/10 7.03 0.30 2.1 69.2 2.13 

PP B 270/0.18/10 7.03 0.30 2.9 41.1 1.33 

PP B 280/0.12/10 5.71 0.25 1.84 89.2 1.75 

PP B 280/0.18/10 5.71 0.25 2.11 69.2 1.72 

 

Meltblowing PP samples with almost the same melt viscosities and different melt elasticity 

provided insight into the role of polymer melt rheology and, specifically, melt elasticity on the 

statistical properties of fiber diameter and diameter distribution of meltblown fibers. In the first 

step, the median fiber diameter has investigated for both PP samples at different temperatures 

and polymer throughput to show the effect of melt elasticity on fiber diameter when the melt 

viscosity is almost the same for both polymer resins. Our study in the previous chapter has 

shown that median fiber diameter increases with the increase of melt viscosity and melt 

elasticity. Although, the median fiber diameter was less for a polymer with lower melt elasticity 

when melt viscosity was the same and adjusted by temperature. Nevertheless, as explained 

before, modifying the melt viscosity for different PP with different molecular weights by 

temperature is unreliable because temperate can affect the time of solidification and polymer 

chain crystallization, impacting the size of final fiber diameters. Figure 4-10 shows an increase in 

elasticity at almost the same viscosity and appears to increase median fiber diameters 

significantly. Moreover, Figure 4-11 shows the same result when polymer throughput increases 

from 0.12 to 0.18 (gr/hole/min) when the other parameters are the same. The reason can be 

related to the elastic stress inside the fiber or melt strand after die exit that resist to the pulling 

force induced by the surface shear stress.   
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Figure 4-10 Effect of polymer melt elasticity (longest relaxation time) on the median fiber 

diameters at almost the same melt viscosity for PPW and PP Blend at polymer throughput 0.12 

(gr/hole/min) 

 

 
Figure 4-11 Effect of polymer melt elasticity (longest relaxation time) on the median fiber 

diameters at almost the same melt viscosity for PPW and PP Blend at polymer throughput 0.18 

(gr/hole/min) 

 

We are also able to observe the effect of melt elasticity on the width of fiber diameter 

distribution (dispersity) obtained by Equation 4-2 and shown in Table 4-7 for each polymer resin 

by comparing the PPW with PP Blend at the same melt viscosity and different melt elasticity to 

investigate the effect of polymer melt elasticity on fiber diameter distribution. Figure 4-12 shows 

that the width of fiber diameter distribution decreases with the increase of melt elasticity when 

the melt viscosity and polymer throughput are the same for each polymer. Moreover, the result 
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shows that the width of fiber diameter distribution is less at higher polymer throughput for each 

polymer resin with the same melt viscosity and elasticity.  

Furthermore, Table 4-7 shows that the width of fiber diameter distribution is almost the same for 

the situation that follows the normal distribution. It can be related to the fiber size and explain 

that fiber diameter distribution is more variable when we achieve to very fine fiber diameter and 

when the fiber diameter follows the lognormal distribution. Although Ellison and coworkers2 

believe there is no dependency between the fiber diameter distribution and average fiber 

diameter, these results have shown that the width of fiber diameter distribution is almost similar 

when the median fiber diameter is high, and the fiber diameter follows the normal distribution. 

On the other hand, Hao and Zeng26 have shown that fiber breakage decreases with the increase in 

fiber diameter and melt viscosity, and polymer jets take more time to break. The result from this 

study is closer to Hao and Zeng's study to explain that the fiber diameter distribution related to 

fiber breakage can be directly related to melt rheology and fiber size.  

 
Figure 4-12 Effect of polymer melt elasticity (longest relaxation time) on the width of fiber 

diameter distribution (dispersity) at almost the same melt viscosity for PPW and PP Blend at two 

different polymer throughputs:0.12 and 0.18 (gr/hole/min) 

4.4.3 Fiber Skewness 

Skewness is the degree of distortion from the symmetrical bell curve, and this phenomenon has 

not been seen in a normal distribution. Details about skewness are explained in the previous 

chapter. Here, the effect of melt elasticity on skewness in the meltblown process at the same melt 

viscosity is investigated. Figure 4-13 shows that the skewness decreases with the increase of melt 
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elasticity at almost the same melt viscosity for each sample. It can explain that the number of 

fibers with very thick fiber diameters can be decreased at higher melt elasticity. Therefore, 

increasing the melt elasticity would be an appropriate method to make a web with no more thick 

fiber.   

 
Figure 4-13 Effect of polymer melt elasticity (longest relaxation time) on the skewness at almost 

the same melt viscosity for PPW and PP Blend at two different polymer throughputs:0.12 and 

0.18 (gr/hole/min) 

 

Moreover, according to the skewness category shown in Table 4-2, webs, specifically at lower 

melt elasticity (‗is around 0.3 (ms)), have skewness of more than one, and is categorized as a 

heavily skewed sample. The reason can be related to the instability and fiber diameter oscillation 

which lead to the pinch point formation when fiber diameter achieves to fine fiber specifically at 

lower melt viscosity and elasticity. Hao and Zeng26 in their study have shown that fiber breakage 

mostly happens when melt strand achieve to minimum fiber diameter. In this situation, when 

fiber breakage happens, polymer melt accumulate after die exit and it would make the thin fiber 

in final product.    

4.5 Conclusion  

In the following previous chapter, isotactic polypropylene homopolymers (Metocene MF650W) 

with 500 MFR (
 

), and PP Blend (containing 22 wt. % of high molecular weight PP 

(ExxonMobil Advanced PP3854 (24 MFR)) in low molecular weight linear PP (Basell USA 

PP650X (1200 MFR)) were used to produce nonwoven via small scale hills machine equipped 
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with a traditional Exxon style die system at a variety of die and air temperature: 260-380 ᴈ, two 

levels of polymer throughput: 0.12 - 0.18 (gr/hole/min), and one level of airflow rate: 10 (psi) for 

each sample to understand the effect of polymer melt elasticity in median fiber diameter, the 

width of fiber diameter distribution (dispersity) and skewness. The results have shown an 

increase in elasticity when the PP blend and temperature modify the melt viscosity appears to 

make a statistically significant increase in median fiber diameters. On the other hand, dispersity 

and skewness show the same trend. The dispersity and skewness decrease with the increase of 

melt elasticity. The results indicate that utilizing low molecular weight PP resin can stabilize the 

production of polymeric micro and nanofibers through the meltblown process. 
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Chapter 5: Investigate the Effects of Polymer Melt Rheology on Melt Strand Instability 

and On-Set of Process Failure in Meltblown Nonwovens Produced by Metallocene 

Polypropylene Resins  

5.1 Abstract  

Meltblowing technology is one of the most economical ways to produce fine fiber webs. In this 

process, a polymer melt is extruded through die capillaries into the high-speed hot air stream, 

and polymer melt strands are simultaneously accelerated, cooled, stretched, and formed into 

small fibers. Properties and quality of a web, fiber size, and fiber diameter distributions result 

from complex interactions between capillary orifice configuration, viscoelastic polymer strands, 

and surrounding high-speed hot air stream. However, little research has been reported despite the 

fact that polymer properties play a critical role in fiber processing and defect formation in the 

meltblown process. On the other hand, one of the ultimate goals of the meltblowing process 

would be the production of the smallest possible fibers. Fiber diameter reduction can be achieved 

in various ways, including higher process temperature, low molecular weight polymer, high 

airflow rate, and low polymer throughput, but eventually, the process reaches the failure points 

where melt strands start to break. These process failures result from melt strand instability 

development close to the die exit. When polymer melts exit through the die capillary, it can 

develop melt stream instability or fiber diameter oscillation which leads to the pinch-point 

formation at which melt strand breakages occur under extreme extensional deformation imposed 

by air drag. There are possible sources of instability of polymer melt stream such as flow 

instability inside die capillary, Raleigh instability (capillary force driven), aerodynamic jet 

perturbations, and rubber elasticity. However, it is worth noting that, theoretically, polymer 

rheology or capillary flow conditions determined by polymer rheology play a critical role in 

almost all these instability sources. Here, instability development during the meltblown process 

is investigated at the maximum air pressure achieved before the on-set of a process failure and 

median fiber diameter and minimum fiber diameter for each throughput-polymer combination. 

Finally, the effect of polymer melt rheology on instability development, lower limit of fiber 

diameter, critical draw ratio, which represent the degree of elongation deformation at the die exit, 

and critical air drag force after die exit, which can demonstrate the melt strength of polymer melt 
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strand after die exit are investigated. In the final step, stress at break for each sample measured 

and the results investigated and related to the melt rheology.   

5.2 Introduction  

According to INDA, Nonwoven fabrics are defined as "sheet or web structures bonded together 

by entangling fiber or filaments (and by perforating films) mechanically, thermally or 

chemically. They are flat, porous sheets that are made directly from separate fibers or from 

molten plastic or plastic film. They are not made by weaving or knitting and do not require 

converting the fibers to yarn."1 In general, nonwovens are divided into three major categories: 

dry laid, wet laid, and polymer laid, which the last ones include spunbond, flash spun, and 

meltblown.2 The meltblown process is a unique, highly engineered, and low-cost nonwoven 

process. This process is unique because it is used almost exclusively to produce microfiber and 

nanofibers rather than fiber the size of standard textile fiber.3 Meltblown microfibers generally 

have diameters ranging from 2 to 10 ʈÍ, although they may be as small as 500 nm and as large 

as 30 ʈÍ.4,5 Meltblown web has been used in various applications such as filtration media, liquid 

and gaseous filtration, medical/surgical market such as disposable gown and sterilization rap 

segments, sanitary products, Oil adsorbents, and electronic specialties such as battery separation. 

Meltblown webs are used in biosensors and scaffolds for tissue engineering in the form of 

nanofibers.6ï9 The technology to produce microfiber by meltblown process was introduced under 

the U.S. government project by the Naval Research Laboratory in 1950. In this project, the goal 

was to collect the radioactive particles in the upper atmosphere with microfibers. Wente 

published this work for the first time in 1956.10 In a standard meltblown process, as shown in 

Figure 5-1, polymers are in the form of beads, pellets, or chips stored in silos, and then these are 

carried to the feed section of an extruder. The extruder is used to reduce the polymer molecular 

weight by shear and heat degradation. In the next step, the molten polymer is transferred to a 

distribution system to provide uniform flow to each hole in the die tip. The most critical area in 

the meltblown process is between the die to the collector when the melt strand is extruded 

through the high-speed, hot air stream, where it rapidly accelerates and undergoes extreme 

extensional deformation, which assists in drawing or attenuating the polymer to form microfibers 

(Figure 5-2). An air compressor generates high-velocity air, usually 50% ï 80% of the sound 

speed. Air goes through a heating unit to receive the optimum air temperature, typically 200°C to 



130 
 

370°C. The air temperature is hotter than the polymer to hold the polymer in a liquid state. After 

fiber formation immediately below the die, air with ambient temperature is drawn into the hot air 

stream containing the microfibers. Ambient air solidifies the fiber and cools this region's hot air 

or gas. The distance between the die and the belt is around 15 to 50 cm. The hot air stream, 

directed horizontal or downward, delivers the fibers onto the collection device where the web 

forms. Then vacuum is used inside the drum or under the belt to collect the air, and microfiber 

made in the previous steps is laid down randomly and entangled together. In this region, fibers 

are still soft at laydown and will tend to form fiber-to-fiber bonds that this bond will cause 

microfibers to stick together. Fiber entanglement and fiber-to-fiber bonding make fiber cohesion 

and strong fabric. 11ï13 

In recent years, a significant body of work has been published about the various aspects of the 

meltblown process and the influences of various processing parameters on fiber formation in the 

meltblown process. However, melt strand instability and onset process failure is still an unknown 

topic in the meltblowing process. 

 
Figure 5-1 Schematic picture of the Meltblown process 
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Figure 5-2 Schematic picture of fiber attenuation a few centimeters after die in the meltblown 

process. (a) Die diameter, (b) Fiber diameter at die swell, and (c) Fiber diameter after swell 

 

One of the ultimate goals of the meltblowing process would be the production of the smallest 

possible fibers. Fiber diameter reduction can be achieved in various ways, including higher 

melt/air temperature14, low molecular weight polymer15, high airflow rate 16, and low polymer 

throughput17, but eventually, the process reaches the failure points where melt strands start to 

break. We assume these process failures result from melt strand instability development close to 

the die exit. When a polymer melts through the die capillary, it can develop melt stream 

instability or fiber diameter oscillation, leading to the pinch-point formation at which melt 

strands breakages occur under extreme extensional deformation imposed by air drag force after 

die exit. Possible polymers melt stream instability sources are flow instability inside die 

capillary, pull-up instability, Ryleigh instability, aerodynamic jet perturbations, and rubber 

elasticity. However, it is worth noting that, theoretically, polymer rheology or capillary flow 

conditions determined by polymer rheology play a significant role in almost all of these 

instability sources, and how it applies to the meltblowing fiber formation process is complex. 

Shambaugh has shown three critical regions in the meltblowing process between die and 

collector. In the first region, the melt strand is extruded out from the capillary, but the gas 

velocity is very low, and the fiber motion is essentially parallel with the motion of the gas. In the 

next region, a few centimeters after die exit, the melt strand enters the high-speed gas stream, 

where the fiber breaks into an undesirable polymer called shot and fly. Fiber breakup mostly 

happens when the melt strand transfers from region one to the next. Finally, turbulent whipping 

action happened farther from die face, which reduced fiber and shot diameter.4 Ziabicki believes 

that fiber breakup in that region is caused by two important reasons: cohesive fracture and/or 
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capillary action. The cohesive fracture happens when the tensile stress in the melt strand exceeds 

a critical stress value which this critical stress value is a function of melt rheology such as melt 

viscosity and melt elasticity, temperature, and elongation rate.18 Although Ellison has explained 

that the origin of the spheres in the meltblown webs results from fiber breakup instabilities a few 

centimeters after die exit, which is driven by surface tension. Moreover, they have shown that the 

polymer melt rheology, such as melt viscosity and elasticity, and processing parameters such as 

air/polymer temperature and air/polymer mass flow rate could influence the melt strand break up 

after die exit.5  

In the following, Han and coworkers investigated the meltblowing nanofiber breakup based on 

the Rayleigh instability theory and explained the reasons for the fiber breakup. In this study, they 

have shown by the theory that the polymer surface tension could increase dramatically with 

decreasing fiber diameter and influence the fiber breakup significantly. In the experiment part of 

this study, they have shown that the higher air temperature reduced the polymer melt viscosity 

and increased the fiber breakup (higher melt viscosity could reduce the fiber breakup). 

Moreover, the air pressure and polymer throughput, which influenced the fiber diameter, were 

used to control fiber breakup during the melt-blowing process.19 Hao and Zeng have simulated 

the breakup process of melt strands after die in meltblowing by the Level-set method. In this 

work, they used the polymer jet breakup process driven by surface tension theory, and the 

breakup process was illustrated visually by simulation results. They have found that melt strand 

breakage becomes easier with a decrease in polymer viscosity, polymer jet diameter, an increase 

in polymer surface tension, and amplitude of perturbation. They have suggested that lowering the 

surface tension can help reduce the fiber breakup phenomena and increase the quality of melt 

strands. 20 Moreover, Ziabicki believes that the cohesive fracture is an important reason for 

breaking melt strand after die exit when the tensile stress in the melt strand exceeds critical 

stress. The previous study has shown that another important reason to break the melt strand in 

the fiber formation process is the maximum draw ratio, representing the degree of elongation 

deformation at the die exit.21 Therefore, Because of the similarity between melt spinning and 

meltblown, the initial fiber dynamics model in meltblown developed from melt spinning. In the 

melt spinning process, a draw roll is used to attenuate the melt strand, although, in the meltblown 

process, a gas or air stream attenuates the melt strand to make the final product. In melt spinning, 

the take-up roll exerts a drag force, and the ambient air cools the filament. In contrast, in 
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meltblown, the air delivers a significant force and delays polymer solidification after die exit 

because it is heated to the polymer temperature.22 Ziabicki and coworkers developed the 

fundamental momentum, continuity, and energy balance equation for melt strands in the melt 

spinning process.23,24 In the following, Matsuo and Matovich developed these equations for melt 

spinning.25,26 In the next steps of these studies, heat transfer, inertia, and air drag force were 

considered in formulating an improved theory.27 Several years later, Ziabicki28ï30, Uyttendaele, 

and Shambaugh31 introduced these theories for the meltblowing process. during the past years, 

the meltblown fiber formation theory was developed from one-dimensional to two and three-

dimensional models and from macroscopic properties to fiber microstructure.32 Shambaugh 

specifically focused on air drag force in the meltblown process after die exit, which is a 

significant force after die to attenuate the melt strand and break the melt strand from the pinch 

point when it extends above the critical point.33  

Moreover, producing the very fine fiber in the meltblown process without any defect is an 

ultimate goal, although when we achieve the very fine fibers, we can easily find the fly and shots 

in the meltblown web, which results from fiber break up in the meltblown process. Ruamsuk 

and34
 and Barilovits35

 have shown that when the melt strand achieves a minimum in the 

meltblown process, spinning behavior is unstable, specifically very close to die exit. A 

significant diameter fluctuation after die exit have shown in Hao, Ruamsuk, and Barilovits 

studies in meltblown process.20,34, 35 These studies explain that the fiber fluctuation and pinch 

point formation after die exit increases with the increase of polymer and air temperature, airflow 

rate, and decrease of polymer throughput. Most studies focused on processing parameters or used 

different polymer resins, mainly focusing on the processing parameters. Therefore, few studies 

show the effect of polymer properties on instability and fiber break-up in the meltblown process. 

For the first time, Hao and Zeng simulate the polymer jet breakup process during meltblowing, 

which is important for understanding the controlling mechanisms. As shown in Figure 5-3, the 

melt strand changes to a droplet when it achieves very fine fiber, and finally, breakages occur 

under extreme extensional deformation imposed by air drag force after die exit. This study 

investigated the effect of viscosity, jet diameter, surface tension, and initial jet perturbation on 

fiber breakup in the meltblown process.20  
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Figure 5-3 Polymer jet breaking into drops after die exit in meltblown process 

 

 

This section investigates the effects of polymer melt rheology, such as melt viscosity, elasticity, 

and melt strength, on instability development and onset process failure, specifically after die exit. 

The selection of polymers and melt processing temperature was based on the full thermal and 

rheological analysis. The selected polymer is extruded through a meltblowing die with varying 

polymer throughput and maximum air pressure. This study uses a typical Exxon slot die system 

with a fixed capillary size. We observed instability development during the process, measured the 

maximum air pressure achieved before process failure (shot and fly formation), and found median 

and min fiber diameters for each throughput-polymer combination. Finally, the critical draw ratio 

at the die exit, which represents the degree of elongation deformation at the die exit, critical air 

drag force, which represents the melt strength, instability and stress at break investigated and 

related to polymer melt rheology for each sample. 

5.3 Experimental 

5.3.1 Material  

In this step, meltblown fibers are made from three types of commercial meltblowing grade 

polypropylene. All polymer resins are isotactic Metocene polypropylene homopolymers from 

Basell USA Inc with a high melt flow rate and very narrow molecular weight distribution. These 

PP resins are PPW, PPX, and PPY with high MFR equal to 500, 1200, and 1800 (
 

) 

measured at 230 ᴈ /2.16 kg, respectively. The density is about 0.91 ( ) at 23 ᴈ, and the 

melting point of each polymer resin is more than 160 ᴈ. ASTM D 792 and ASTM D1238 are 

used for calculating density and MFR, respectively.  

Melt strand without 

instability after die exit 

Fiber breakup happened at 

the thinned area
Hot Air 

Very fine melt strand and 

instability after die exit 
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5.3.2 Meltblowing 

The meltblown samples were produced by the Hills small-scale meltblown machine with a 

traditional Exxon slot die system (25 holes per inch) in the Nonwoven Institute (NWI) at North 

Carolina State University. Other technical specifications of the process are the orifice diameter 

equal to 0.43 mm (430 ‘m) and the L/D ratio equal to 10. Moreover, in this experiment, three 

process variables were investigated: die temperatures: 205-275 ᴈ, air temperatures: 210-280 ᴈ, 

polymer mass flow rate: 0.06, 0.12, and 0.18 (g/hole/min), and maximum level of air pressure 

before process failure start to happen. Other important process parameters were held nearly 

constant such as collector belt speed and die to collector distance: 225 mm. All performed 

experiments are summarized in Table 5-1. 

Table 5-1 Summarization of meltblown process condition 

Process variables Conditions 

Die temperature 205-275 ᴈ 

Air temperature 260-800 ᴈ 

Air flow rate Maximum before process failure (Kpa) 

Air Velocity Maximum air velocity 1cm below die exit (m/s) 

Polymer throughput per capillary 0.06, 0.12, 0.18 (g/min) 

Die to collector distance (DCD) 225 mm 

 

5.3.3 Rheological Characterization 

For high-shear rheology, steady shear viscosity was measured at shear rates from about 100 to 

about 7500 ί  using an Instron CAEST SR20 Capillary Rheometer. Capillary dies of 30- and 

20-mm length and 1 mm diameter and an orifice die of the same diameter were used. Capillary 

measurements were adjusted for end effects and wall slip using the Bagley and Rabinowitz 

corrections, respectively.36,37 The molten polymer's dynamic oscillatory flow behavior was 

measured with 25 mm parallel plates TA Instruments Discovery Hybrid Rheometer HR-3. For all 

samples, oscillatory shear rheology was performed with linear viscoelastic regime strain 
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amplitude (5%) from 0.01 to 250 rad/s angular frequency range at 210, 220, 230, and 240 ᴈ. 

The Cox-Merz rule was used to convert from angular frequency to the shear rate. 

5.3.4 Fiber Diameter and Morphological Characterization 

More than five samples with dimensions of 0.50.5 cm were cut out from each meltblown mat 

for the SEM picture. Before taking SEM, each sample was coated with Denton Desk V 

sputtering coating system under the following conditions, argon as a protective atmosphere and 

gold as a coating material. A Phenom scanning electron microscope (SEM) was used to visualize 

the nonwoven structure for each sample at the same magnifications. For each meltblown sample, 

10-15 SEM micrograph images were taken, and 200ï230 fiber diameter measurements were 

made using the image analysis software ImageJ. In the following, ten percentile of fiber 

diameters has been used to obtain the minimum fiber diameter because the actual minimum fiber 

diameter is not trustable in the meltblown process. 

5.4 Result and Discussion 

5.4.1 Rheology 

We followed chapters two and three to obtain the zero shear viscosity and longest relaxation 

time. Also, In this chapter, we added a new polymer resin: PPY (1800 MFR). Zero shear 

viscosity –(Newtonian plateau viscosities) at 210-240 ᴈ by capillary rheometer and parallel 

plate and activation energies Ὁ for both utilized meltblown polypropylene samples are 

summarized in Table 5-2 and Figure 5-4.  

Table 5-2 Zero shear viscosity and activation energy of utilized PP samples at temperatures 

between 200-240ᴈ 

Sample PPW (500 MFR) PPX (1200MFR) PPY (1800MFR) 

T (ᴈ) – (ÐÁȢÓ) Ὁ(kj/mol) – (ÐÁȢÓ) Ὁ(kj/mol) – (ÐÁȢÓ) Ὁ(kj/mol) 

210 28.15  9.10  6.79  

220 23.03 47.49 7.50 48.05 5.25 45.42 

230 18.43  5.92  4.48  

240 14.47  4.47  3.50  
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Figure 5-4 Shear viscosity versus shear rate and zero shear viscosity data collected by capillary 

rheometer at the high shear rate and parallel plate rheometer at the low shear rate for utilized PP 

samples at different temperatures. (Corrections were made for samples by Bagley and 

Rabinowitsch corrections)   
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Measured values of – at five different temperatures (200-240 °C) by capillary and parallel plate 

rheometer allows us to determine the flow activation energy (Ὁ) by the Arrhenius plot depicted 

for both polymer samples as shown in Figure 5-5 and activation energies shown in Table 5-2. 

These values of Ὁ are in best agreement with values reported by other researchers for low 

molecular weight meltblown isotactic polypropylenes such as PP3505G (Ὁ=46.8 kj/mol, 

MFR=400 g/10 min at 230 ᴈ /2.16 kg), PPHL504FB (Ὁ=56.59 kj/mol, 450 g/10 min at 230 ᴈ 

/2.16 kg MFR), and PPHL512FB (Ὁ=56.69 kj/mol, 1200 g/10 min at 230 ᴈ /2.16 kg MFR).38,39 

 

Figure 5-5 Arrhenius plot for PPW and PPX utilizing – obtained via rheometer 

 

Based on information in chapters two and three, to obtain the longest relaxation time (‗), the 

time-temperature superposition (TTS) principle was applied for the frequency-dependent storage 

(Ὃ) and loss (Ὃᴂ) moduli measured at 210, 220, 230, and 240 ᴈ in the linear viscoelastic region 

to generate a master curve at these temperatures, which were fitted with the generalized Maxwell 

model (Equation 5-1 and Equation 5-2).  

Ὃ ‫ Ὃ
‗‫

ρ ‗‫
 Equation 5-1 

Ὃ ‫ Ὃ
‗‫

ρ ‗‫
 Equation 5-2 
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Where is the frequency, ‗ is the nth relaxation time, Ὃ is the nth modulus that corresponds to ‫ 

‗, and n is an integer that signifies the different relaxation times. Also, the experimentally 

measured relaxation times of all the materials with a generalized Maxwell model at different 

temperatures are listed in Table 5-3, and the master curve was fit with a generalized Maxwell 

model represented in Figure 5-6. 

 

 

 
Figure 5-6 Experimentally measured frequency-dependent storage (Ὃ) and loss (Ὃ ) modulus at 

210 ᴈ for PPW, PPX, and PPY samples fitted by a two-mode Maxwell model (lines) 
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Table 5-3 longest relaxation time fitted by a two-mode Maxwell model 

Sample PPW (500 MFR) PPX (1200MFR) PPY (1800MFR) 

T (ᴈ) ‗(ms) ‗(ms) ‗(ms) 

210 1.88 1.1 1.00 

220 1.64 1.1 1.00 

230 1.49 0.83 0.90 

240 1.07 0.68 0.70 

 

The Longest relaxation time (‗) and zero shear viscosity (–) shifted to the processing 

temperatures used in this experiment from 250 to 280 ᴈ obtained via the Arrhenius equation 

(Equation 5-3) and seen in Table 5-4. 

ὯὝ ὑὝ Ὡ  
Equation 5-3 

  

Table 5-4 Basic rheological characteristics shifted to the meltblown processing temperature via 

the Arrhenius shift factor 

Sample PPW (500 MFR) PPX (1200MFR) PPY (1800 MFR) 

T (ᴈ) – (ÐÁȢÓ) ‗ (ms) – (ÐÁȢÓ) ‗ (ms) – (ÐÁȢÓ) ‗ (ms) 

250 11.94 0.97 3.82 0.54 2.96 0.59 

260 9.73 0.79 3.10 0.44 2.43 0.49 

270 7.99 0.65 2.54 0.36 2.01 0.4 

280 6.61 0.53 2.10 0.29 1.68 0.34 

5.4.2 Melt Strand Instability and On -set of Process Failure 

One of the meltblowing process's ultimate goals is to produce the smallest possible fibers.11 Fiber 

diameter reduction can be happened by adjusting the processing parameters or polymer 

properties. Nevertheless, eventually, the process reaches the failure point where melt strands start 

to break. Previous studies have shown that the process failures result from melt strand instability 

development close to the die exit. When polymer melts exit through the die capillary, it can 

develop melt stream instability or fiber diameter oscillation, leading to the pinch-point formation 

at which melt strand breakages occur under extreme extensional deformation imposed by air 

drag.20 Although there are not many studies to show the effect of polymer melt rheology on 
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instability development in the meltblown process, it is worth noting that theoretically, polymer 

rheology or capillary flow conditions determined by polymer rheology play a role in almost all 

these instability sources. A few hypotheses based on theory and other polymer processing are 

established to investigate the role of melt rheology in this complex instability development and 

process failure. The first one is that higher viscosity inhibits instability growth regardless of its 

driving forces. Increasing viscosity increases the characteristics time scale of capillary-driven 

instability development and provides favorable conditions in jet stability by increasing 

Ohnesorge number and reducing Reynold number. However, increasing viscosity also increases 

fiber diameter, so it may not be the best way to control instability development to achieve fine 

fibers. The next one is that polymer elasticity can dampen instability development. A polymer 

melt is not Newtonian fluid but viscoelastic, and some fluid dynamic study suggested an elastic 

component of viscoelastic fluid inhibit the growth of capillary-driven instability and 

aerodynamic jet perturbation. However, too high elasticity may cause instability driven by rubber 

elasticity. Finally, Polymer melt strength may determine the failure point. When pinch points are 

formed by instability development, breaking stress and strain rate may be determined by melt 

strength.  

Three PP resins with different MFR were used to make meltblown samples. As mentioned in 

section 5.3.2, all samples are delivered at the maximum air pressure/ velocity before failure 

happens (before shots and fly formation).  

To understand the slot die's general capabilities for producing fine fibers in the meltblown 

process, webs were analyzed for each trial condition shown in Table 5-1. A full factorial 

experiment was conducted for air temperature, air pressure, and polymer throughput, and all 

samples were collected from each condition. Minimum and median Fiber diameter and fiber 

diameter distributions are presented as box plots as a function of processing conditions in Figure 

5-7. 
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Figure 5-7 Fiber diameter distributions for each air temperature, polymer throughput level, and 

maximum air pressure before process failure  
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In this chapter, we have investigated the effect of polymer rheology by adjusting the air and die 

temperature. Therefore, in the first step, Figure 5-8, Figure 5-9, and Figure 5-10 showed the 

maximum air pressure before process failure when instability started, and fiber breakage started 

to happen at three different throughputs versus air temperature for each polymer resin.     

 

Figure 5-8 Maximum air pressure before process failure versus temperature at different polymer 

melt flow rates for PPW (500 MFR) 

 

 

Figure 5-9 Maximum air pressure before process failure versus temperature, melt viscosity, and 

longest relaxation time at different polymer melt flow rates for PPX (1200 MFR) 
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Figure 5-10 Maximum air pressure before process failure versus temperature, melt viscosity, and 

longest relaxation time at different polymer melt flow rates for PPY (1800 MFR) 

 

The results have shown that the maximum air pressure at the critical point and before the failure 

happens decreases with the increase of process temperature for all polymer resins, although 

comparing three polymer samples explained that reducing the critical air pressure is more rapid 

for PPY and PPX than PPW. Moreover, the results have shown that the critical air pressure is 

almost similar for each polymer resin at high processing temperatures, although these numbers 

are varied at low processing temperatures. Additionally, critical air pressure increases with the 

increase of polymer throughput for each sample, specifically at lower processing temperatures. It 

is almost similar at different polymer throughputs for each sample at higher processing 

temperatures.  

Then, based on the experiment results from this study and the equations obtained from 
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dynamics during meltblown. Shambaugh improved the one-dimensional model to resolve the 

fiber attenuation problem under a slot die in the meltblown process. They also improved their 

model to two- and three-dimensional model.40 in another series of studies, Ziabicki and 
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“Ὀ

τ
”ᾀὠᾀ ὗ  Equation 5-4 

  

Where D(z) is the local polymer jet diameter, V(z) is the local polymer velocity, ”ᾀ is polymer 

density and ὗ  is polymer mass throughput per single filament.  

The other equation used in this study is the force balance equation accounts for the local tensile 

force balancing, such as the inertia, air drag force, gravity, and surface tension. The take-up force 

vanishes in this equation because there is no take-up force in the meltblown process. The axial 

gradient of tensile force or F(z) has shown in Equation 5-5. 

= & & &  &  Equation 5-5 

  

Previous studies and our calculations have shown that all of these forces in Equation 5-5 are 

negligible except air drag force. Air drag force attenuates the melt strand and breaks the melt 

strand from pinch points formed after die exit. Air drag force obtains from Equation 5-6. 

!ÉÒ ÄÒÁÇ ÆÏÒÃÅ   ʌÊ$Úʍ Ú  ὠ Ú  ὠ Ú ὅ  Equation 5-6 

  

Where D (z) is local fiber diameter, ” ᾀ is air density and ὠ and ὠ are fiber/melt and air 

velocity, respectively. The j factor accounts for the fact that, near the spinneret, the gas exerts a 

positive (downward) force on the filament, but further down the threadline, the force exerted by 

the gas is negative. The j is negative when ὠ (z) > ὠ (z)and positive when ὠ (z) < ὠ (z). ὅ is 

air drag coefficient and obtained from Equation 5-7.    

ὅ 0.78 
Ȣ

 Equation 5-7 

  

Where ὺ  is air kinematic viscosity. Flow Kinetics FKT 2DP1A-C device with a 7.94 mm 

diameter pitot tube have used to measure the air velocity at 1cm below the die.  

Stretching step intensity is evaluated by the so-called draw ratio (a dimensionless number). 

Equation 5-8 have used to measure the maximum draw ratio after die exit.  

“Ὑ”ὠ= “Ὑ”ὠ 
Equation 5-8 



146 
 

Therefore, from the equation above, we can conclude that:   

Where Ὑ is fiber diameter at die exit and Ὑ is fiber diameter at the thinned area after die exit 

when the pinch point is formed, and fiber breakage happens. In this study, because the minimum 

fiber diameter is unreliable, ten percentile of fiber diameter are used to show the minimum fiber 

diameter at the pinch point area in the melt strand. At a low draw ratio, the stretching flow is 

stable, which means that the melt strand diameter is constant, and any perturbation drops and 

goes to zero. When the draw ratio increases the order of magnitude of one to several tens above 

the critical point, the melt strand becomes unstable, and a periodic diameter fluctuation develops. 

Based on previous studies, it appears just a few centimeters after die exit and then propagates to 

the extremity of the stretching path.41  

Results have shown that, by using the dimensionless number of draw ratio and zero shear 

viscosity, we can use a draw ratio- viscosity diagram to plot a unique master curve, which 

corresponds to the limiting drawing performance in the meltblown process. This plot explains 

that despite the simplifying hypotheses, we capture the main physical parameters that need to 

understand the behavior of a material in the meltblown process. As shown in Figure 5-11, the 

lower the viscosity, the higher the maximal attainable draw ratio. Increasing melt viscosity 

almost always favors the reduction of instability development regardless of its driving forces. 

Increasing viscosity increases the characteristics time scale of capillary-driven instability 

development and provides favorable conditions in jet stability according to aerodynamic jet 

perturbation by increasing Ohnesorge number and reducing Reynold number. However, 

increasing viscosity also decreases the maximum draw ratio at the die exit, so it may not be the 

best way to control instability development to achieve fine fibers. On the other hand, Figure 5-11 

shows that the maximal attainable draw ratio decreases with polymer throughput, which can be 

related to the ticker fibers obtained at high polymer throughput. 
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Figure 5-11 Maximum draw ratio (degree of elongation deformation at the die exit) versus melt 

viscosity for each polymer at different polymer throughput 
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The following critical draw ratio was investigated based on the longest relaxation time or melt 

elasticity. The longer relaxation time explains that the longer is the time the material needs to 

relax and the longer time the polymer chains return to an equilibrium configuration. Figure 5-12 

shows the effect of the longest relaxation time on the maximum draw ratio for each sample.  
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Figure 5-12 Maximum draw ratio at the die exit versus melt elasticity for each polymer at 

different polymer throughput 
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The results have shown that the critical draw ratio decreases with the increase of the longest 

relaxation time, specifically at higher MFR PP resins. On the other hand, results have shown that 

the critical draw ratio is not almost similar at the same melt elasticity for different PP resins. It 

can be related to polymer melt elasticity because at almost the same melt elasticity, polymer melt 

viscosity is higher for PP with lower MFR, and as explained, the critical draw ratio decreases 

with the increase of polymer melt viscosity. Generally, it has been found that increasing the 

polymer melt elasticity can inhibit the growth of aerodynamic jet perturbation on melt strands in 

the meltblown process.  

Another critical parameter that previous fiber formation studies have shown that can affect fiber 

break up after die exit is the maximum air drag force. In meltblown, when a melt strand exits 

from the die capillary, it can develop instability, leading to the pinch point formation at which 

melt strands breakages occurs under extreme extensional deformation imposed by air drag force. 

In this part, critical air drag force is measured by using Equation 5-6. By knowing the critical air 

drag force, the effect of polymer melt rheology on maximum air drag force 1 cm below die was 

investigated in the meltblown process. Figure 5-13 shows the effect of polymer melt viscosity on 

the critical (Maximum) air drag force for each PP used in the meltblown process. Therefore, a 

unique and linear relationship exists for all grades tested between the maximum air drag force, 1 

cm after die exit, and the zero-shear viscosity.   
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Figure 5-13 Maximum air drag force applied on melt strand 1 cm after die exit versus melt 

viscosity for each polymer at different polymer throughput 
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point can break the melt strand after the die exit, and the final web produces fiber defects such as 

shot and fly. Similar results have been shown in other polymer processing studies investigating 

the effect of polymer properties on melt strength for PP resins.42,43   

as promised to investigate the effect of polymer melt rheology on melt instability and fiber break 

up in the meltblown process, Figure 5-14  shows the effect of melt elasticity on critical draw 

ratio after die exit. Few studies explain the effect of melt elasticity on fiber size, instability 

development, and defect formation in the meltblown process. Previous studies in general fiber 

formation studies have shown that it can dampen instability development. A polymer melt is not 

Newtonian fluid but viscoelastic. Some fluid dynamic studies suggested that an elastic 

component of viscoelastic fluid inhibits the growth of capillary-driven instability and 

aerodynamic jet perturbation and less fiber breaks up at higher melt elasticity.44,45 
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Figure 5-14 Maximum air drag force applied on melt strand 1 cm after die exit versus longest 

relaxation time for each polymer at different polymer throughput 

 

Results from Figure 5-14 show a relationship between the critical draw ratio and melt elasticity. 

There is a master carve that can be plotted for each graph. Increasing the melt elasticity will 

increase the critical draw ratio and reduce the fiber breakage with the increase of melt elasticity 

because, based on our previous study that has shown in chapters 3 and 4, polymer melts with 
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higher elasticity yield thicker final fiber diameters. The elastic stress develops inside the fiber 

and resists the pulling force induced by the surface shear stress. So, it is a reason that the critical 

air drag force is more at a higher longest relaxation time.  

The critical draw ratio is plotted versus the critical air drag force after die exit for each sample 

before the failure point to achieve the smallest possible fiber diameter without defect formation 

in the meltblown process. Figure 5-15 shows that the melt extensibility or the draw ratio at break 

decreased with the increased critical air drag force (melt strength), and there is a unique 

relationship between the critical draw ratio and air drag force.  

 
 Figure 5-15 Critical draw ratio versus critical air drag force to investigate the critical situation in 

meltblown blown to make very fine fiber before fiber breakage in the meltblown process 

 

As shown in Figure 5-15, there is a stable area below and an unstable area above the line. Results 

have shown that we could not make fine fiber without any defects in the unstable area for all 

samples. PPY (1800 MFR) has a much broader spectrum of draw ratio, which is stable compared 

to other PP resins with lower MFR. This may explain why higher MFR resin has a broader 

process operating window than lower MFR polymer resin. Figure 5-15 is beneficial to find the 

critical situation in meltblown to make very fine fiber before starting the instability and fiber 

break up in melt blown after die exit. 

In the final step, stability and stress at break are investigated at different polymer melt viscosity 

and melt elasticity. Instability defined by maximum fiber diameter or 90% percentile fiber 

diameter (Ὠ Ϸ versus minimum fiber diameter 10% percentile fiber diameter (Ὠ Ϸ as shown 

in Figure 5-16.  
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Figure 5-16 Schematic view of maximum fiber diameter versus minimum fiber diameter of melt 

strand after die exit when pinch-point happened at the critical point  

 

Figure 5-17 shows the maximum fiber diameter versus minimum fiber diameter, and results 

show a linear relationship between maximum and minimum fiber diameter, and all samples 

break at the same stability point. Anything above the line shows the stable, and below the line 

shows unstable fiber formation.   

 

 
Figure 5-17 Maximum fiber diameter versus minimum fiber diameter to show the stability line 

 

In the following, the stability points for all samples are plotted versus melt viscosity and 

elasticity. Figure 5-18 shows the results for all polymer resins at different MFR and polymer 

throughputs.  
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Figure 5-18 Stability points versus melt viscosity and elasticity  

 

The results have shown that the stability points and failure mechanism are almost similar for all 

polymer samples at different melt viscosity and melt elasticity. 

As explained before, when the melt strand achieves very fine and finally to a droplet, fiber 

breakages occur under extreme extensional deformation imposed by air drag force after the die 

exit from the thinned area at the critical point in the melt strand. Therefore, one of the most 

important parameters that should be investigated is melt stress at break, and melt strand failure 

occurs because of the critical stress. Stress at break is defined by critical air drag force per unit 

area, as shown in Equation 5-9.  

ʎ =   
Equation 5-9 

Where & is the critical air drag force 1cm after the die exit, and R is the minimum fiber diameter 

at the thinned area after the die exit when the pinch point is formed, and fiber breakage happens. 
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Figure 5-19 shows the stress at break versus polymer melt viscosity and melt elasticity. 

 
 

 
Figure 5-19 Stress at break versus polymer melt rheology and longest relaxation time for each 

polymer resin at different polymer throughput 

 

The results from Figure 5-19 show no severe change for stress at break versus melt viscosity and 

melt elasticity, and polymer rheology does not affect failure at the critical point. Also, the reason 

for getting the master curve obtained for air drag force and melt rheology can be related to the 

stress at break, which is almost the same for all samples. 

5.5 Conclusion 

One of the meltblowing process's ultimate goals is to produce the smallest possible fibers. Fiber 

diameter reduction is controlled mainly by processing parameters and polymer properties. 

However, the process reaches the failure points where melt strands break after die exit. Previous 

studies have shown that process failure results from melt strand instability development close to 

the die exit. When a polymer melts through the die capillary, it can develop melt stream 

instability or fiber diameter oscillation, leading to the pinch-point formation at which melt strand 
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breakages occur under extreme extensional deformation imposed by air drag. However, It is 

worth noting that theoretically, polymer rheology plays an essential role in almost all of these 

instability sources. In this part of the study, the effect of polymer rheology on instability 

development and onset of fiber break up in the meltblown process is investigated using 

commercial PP used in the meltblown industry. The following results have shown that: fiber 

diameter distribution follows the log-normal distribution for all samples, and median fiber 

dimeters less than 1ɛm have been found in this study for PPY (1800 MFR) at low polymer 

throughput and maximum airflow rate before process failure. Before process failure, maximum 

air pressure decreases strongly with increased air temperature and decreases melt viscosity and 

elasticity for each polymer resin at different polymer throughputs. At different polymer MFR, 

the results have shown no similar maximum air pressure before process failure at the same melt 

viscosity. However, maximum air pressure is similar for different PP resins at the same melt 

elasticity. The maximum draw ratio at the die exit represents the degree of elongation 

deformation at the die exit calculated and related to polymer melt rheology. Increasing the draw 

ratio above a critical value is of the order of magnitude of one to several tens, and the flow 

becomes unstable: This means that a sustained periodic diameter fluctuation develops. The 

maximum draw ratio after die exit decreases with melt viscosity, and melt elasticity increases for 

all PP resins. The critical draw ratio after die exit decrease with the increase of polymer 

throughput for each resin. Maximum air drag force 1cm below die measured when we believe 

pinch-points form, and it can demonstrate the maximum melt strength of melt strand before the 

fiber break in meltblown process. all the results have shown that maximum air drag force 

increases with the increase of melt viscosity and melt elasticity. Moreover, critical air drag force 

is almost similar at the same melt viscosity and melt elasticity for different PP resins with 

different MFR at the same polymer throughput. Finally, the results show that the failure 

mechanism is almost the same for all polymer resins at different throughputs at critical points. 

Rheology does not affect stress at the break and stability point, which is the median per 

minimum fiber diameter.   
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Chapter 6: Investigate the Effects of Polymer Melt Rheology on Melt Strand Instability 

and On-Set of Process failure in Meltblown Nonwovens Produced by Polypropylene Blend 

to Modify Molecular Weight and Comparison with Metallocene Polypropylene Resins  

6.1 Abstract 

Making the minimum fiber diameter is one of the ultimate goals of the meltblowing process. 

Fiber diameter reduction can be achieved in various ways by modification of processing 

parameters and polymer properties, but eventually, the process reaches the failure points where 

melt strands start to break. These process failures result from melt strand instability development 

close to the die exit. When a melt strand exits through the die capillary, it can develop melt 

stream instability or fiber diameter oscillation which leads to the pinch-point formation at which 

melt strand breakages occur under extreme extensional deformation imposed by air drag. In this 

experiment, we observed instability development during the meltblown process. The maximum 

pressure achieved before a process failure and the median and minimum fiber diameter for each 

throughput-polymer combination in this situation are measured. In the following, the effect of 

polymer melt rheology on instability development, lower limit of fiber diameter, critical draw 

ratio, which represent the degree of elongation deformation at the die exit, critical air drag force 

after die exit, which can demonstrate the melt strength of polymer melt strand after die exit, and 

stress at break for each sample is investigated. In this chapter, the polypropylene blend has been 

used to modify molecular weight to investigate the effect of polymer melt rheology on melt 

strand instability and fiber break up in the meltblown process and the results compared with 

linear PP.  

6.2 Introduction  

The meltblown process is a unique, fast, and most economical microfiber manufacturing method 

compared to other nonwoven processes.1 Fiber diameters generally range between 2 to 10 ʈÍ, 

although they may be as small as 500 nm and as large as 30 ʈÍ.2,3 In recent years, a significant 

body of work has been published about the various aspects of the meltblown process and the 

influences of different processing parameters on fiber formation in the meltblown process. 

However, melt strand instability and onset process failure is still an unknown topic in the 

meltblowing process. In the following the previous chapter, the effects of polymer melt rheology, 
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such as melt viscosity, elasticity, and melt strength, on instability development and onset process 

failure after die exit are investigated. In the previous chapter, polymer melt rheology was varied 

by changing the processing temperature for different PP resins with the verity of MFR. However, 

polymer processing studies have explained that changing the polymer melt rheology by 

temperature can affect melt strand solidification and polymer chain crystallinity, and finally 

would affect the fiber size, instability development, and fiber break up in this process. In this 

chapter, the selection of polymers and melt processing temperature was based on a complete 

thermal and rheological analysis. Therefore, a polymer blend was produced and compared to two 

PP resins to understand the exact role of polymer rheology on fiber formation in the meltblown 

process. The selected polymer is extruded through a meltblowing die with two different polymer 

throughputs and maximum air pressure. This study uses a typical Exxon slot die system with a 

fixed capillary size. We observed instability development during the process at the maximum air 

pressure before process failure (shot and fly formation) and found median and minimum fiber 

diameter for each throughput-polymer combination. Finally, the critical draw ratio at the die exit, 

which represents the degree of elongation deformation at the die exit, critical air drag force, 

which represents the melt strength after the die exit, instability, and stress at break were 

investigated and related to polymer melt rheology. Ultimately, this study's final goal is to present 

a comprehensive understanding of the role of polymer rheology in the meltblown process and 

achieve the minimum fiber diameter without any defect formation in the meltblown process that 

may be used to engineer polymer properties.  

6.3 Experimental  

6.3.1 Material  

In this study, meltblown webs are made from:  

1) isotactic polypropylene (Metocene MF650W, from Basell USA Inc). The density is about 0.91 

( ) at 23ᴈ, and MFR is equal to 500 (
 

) measured at 230 ᴈ /2.16 kg.  

2) isotactic polypropylene (Metocene MF650X, from Basell USA Inc). The density is about 0.91 

( ) at 23ᴈ, and MFR is equal to 1200 (
 

) measured at 230 ᴈ /2.16 kg.  

3) PP Blend made from two miscible polypropylene resins containing 22 wt. % of high 

molecular weight PP (ExxonMobil Advanced PP3854 (24 MFR)) in low molecular weight linear 
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PP (Basell USA PP650X (1200 MFR)). The density is about 0.9 ( ), and o.91 at 23 ᴈ, and 

MFR equals 24.  

The melting point of all polymers is more than 160 ᴈ. ASTM D 792 and ASTM D1238 are used 

for calculating density and MFR, respectively.  

6.3.2 Meltblowing  

The meltblown webs needed for this research were produced by the Hills small-scale meltblown 

machine with a traditional Exxon slot die system (25 holes per inch) in the Nonwoven Institute 

(NWI) at North Carolina State University. Other technical specifications of the process are the 

orifice diameter equal to 0.43 mm (430 ‘m) and the L/D ratio equal to 10. Three process 

variables were investigated: Air and die temperatures: 255-275 ᴈ and 260-280 ᴈ, polymer mass 

flow rate: 0.06 & 0.12 (g/hole/min), and maximum air pressure before process failure and fiber 

break-up start to happen. Other important process parameters were held nearly constant such as 

collector belt speed and die to collector distance: 225 mm. All performed experiments are 

summarized in Table 6-1. 

Table 6-1 Summarization of meltblown process condition 

Process variables Conditions 

Die temperature 255-275 ᴈ 

Air temperature 260-280 ᴈ 

Air flow rate Maximum before process failure (PSI) 

Air Velocity  Maximum air velocity 1cm below die exit (m/s) 

Polymer throughput per capillary 0.06-0.12 (g/min) 

Die to collector distance (DCD) 225 mm 

 

6.3.3 Rheological Characterization  

For high-shear rheology, steady shear viscosity was measured at shear rates from about 100 to 

about 7500 ί  using an Instron CAEST SR20 Capillary Rheometer. A capillary die of 30- and 

20-mm length and 1 mm diameter and an orifice die of the same diameter were used. Capillary 

measurements were adjusted for end effects and wall slip using the Bagley and Rabinowitz 
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corrections, respectively.4,5 The molten polymer's dynamic oscillatory flow behavior was 

measured with 25 mm parallel plates TA Instruments Discovery Hybrid Rheometer HR-3. All 

samples performed oscillatory shear rheology with linear viscoelastic regime strain amplitude 

(5%) from 0.01 to 250 rad/s angular frequency range at 200, 210, 220, 230, and 240 ᴈ. The 

Cox-Merz rule was used to convert from angular frequency to the shear rate. 

6.3.4 Fiber Diameter and Morphological Characterization  

More than five samples with dimensions of 0.5×0.5 cm were cut out from each meltblown mat 

for the SEM picture. Before taking SEM, each sample was coated with Denton Desk V 

sputtering coating system under the following conditions, argon as a protective atmosphere and 

gold as a coating material. A Phenom scanning electron microscope (SEM) was used to visualize 

the nonwoven structure for each sample at the same magnifications. For each meltblown sample, 

10-15 SEM micrograph images were taken, and 200ï230 fiber diameter measurements were 

made using the image analysis software ImageJ. Ten percentile of fiber diameters has been used 

to obtain the minimum fiber diameter because the actual minimum fiber diameter is not trustable 

in the meltblown process. 

6.4 Result and Discussion  

6.4.1 Rheology 

The previous chapters explain the methods to investigate each polymer resin's melt viscosity and 

elasticity. The results have shown in Table 6-2.   

Table 6-2 Rheological characteristics shifted to the melt blown processing temperature via the 

Arrhenius shift factor 

Sample PPW (500 MFR) Blend of PP (22 wt.% Exxon/ PPX) PPX (1200MFR) 

T (ᴈ) – (ÐÁȢÓ) ‗ (ms) – (ÐÁȢÓ) ‗ (ms) – (ÐÁȢÓ) ‗ (ms) 

260 9.73 0.79 8.71 0.38 3.10 0.44 

270 7.99 0.65 7.03 0.30 2.54 0.36 

280 6.61 0.53 5.71 0.25 2.10 0.29 
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6.4.2 Melt Strand Instability and On -set of Process Failure 

Three PP resins were used to make meltblown samples. As mentioned in section 6.3.2, all 

samples are delivered at the maximum air pressure/ velocity before failure (before shot and fly 

formation). Samples are investigated at high temperatures and low polymer throughout to 

achieve minimum fiber diameter.  

To understand the slot die's general capabilities for producing minimum fiber diameter, webs 

were produced for each trial condition shown in Table 6-1. A full factorial experiment was 

conducted for air temperature, air pressure, and polymer throughput for each resin to make 

meltblown webs with minimum fiber diameter without any defects. Minimum and median Fiber 

diameter and fiber diameter distributions are presented in Figure 6-1. 
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Figure 6-1Fiber diameter distributions for each air temperature, polymer throughput level and 

maximum air pressure before process failure 
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