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ABSTRAKT 

Optimalizace produkce polymerních nanovláken pomocí technologie meltblown je velmi 

obtížná díky tomu, že vztah mezi reologickým chováním polymerních tavenin, designem 

zpracovatelského zařízení, procesními podmínkami a konečnými vlastnostmi finálního 

produktu není dosud plně pochopen, a to především z důvodu extrémně nízkých viskozit 

používaných polymerních systémů, které není možné charakterizovat standardními 

reologickými metodami. Hlavním cílem této práce je provedení reologické charakterizace 

různých typů nízkoviskózních polymerních systémů ve smykovém a elongačním toku 

pomocí nových reologických metod za účelem detailního porozumění produkce 

polymerních nanovláken pomocí technologie melt blown. 

Klíčová slova: polymerní nanovlákna, smyková a elongační reologie, polypropylen, 

meltblown technologie 

 

 

 

ABSTRACT 

Optimization of polymeric nanofibers production by the meltblown technology is highly 

complicated task due to the fact that relationship between polymer rheology, equipment 

design, processing conditions and final product properties is not fully understood yet main-

ly due to extremely low viscosity of the utilized polymer systems for which the standard 

rheological methodologies are not applicable. In order to overcome this difficulty, the main 

aim of this work is utilization of novel rheological techniques and tools for rheological 

characterization of low viscosity polymer samples in shear and extensional flows to under-

stand polymeric nanofibers production in more detail. 
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INTRODUCTION 

Polymeric nanofibers offer a smaller average pore size enhancing their performance 

in filtration applications, wound dressing, and tissue scaffolding [1]. Additionally, reducing 

the fiber diameter increases the surface area per unit volume, which can be used in high 

efficiency filters with super oleophobic/hydrophobic surfaces, immobilized catalysts, and 

tissue scaffolds and wound dressings in biomedical engineering [2, 3]. Even if the poly-

meric nanofibers can be manufactured using melt blowing, melt spinning, or 

electrospinning methods, the melt blowing is of particular interest because it does not re-

quire solvent which translates into a more economical process and higher production rate 

[4]. The key problem in meltblown production is the observation that if the fiber diameter 

decreases, the production becomes more unstable, which leads to broader fiber diameter 

distribution, which is unwanted. From the rheological point of view, the extensional vis-

cosity, characterizing the resistance of the fluid against the stretching (i.e. planar exten-

sional flow occurring in the corverging/diverging channels of the flat extrusion die and 

uniaxial extensional flow occurring between the flat extrusion die and collector unit), 

should be considered as the key rheological parameter, which play a crucial role in melt-

blown process and it is very sensitive to the molecular structure of the fluids. However, 

due to the fact that generation and control of the extensional flow is difficult, experimental 

determination of the extensional viscosity is a problem. 

 In order to understand the role of polymer melt rheology on the meltblown poly-

meric nanofibers production, the work is focused on rheological characterization of care-

fully selected polypropylene homopolymers and polypropylene blends by advanced exper-

imental techniques in shear and elongational flows. In the second part of this work, select-

ed polypropylene based polymers are used to produce polymeric nanofiber based 

nonwovens on the meltblown pilot plant line at different processing conditions with the 

aim to understand the relationship between polymer melt rheology, processing conditions 

and final characteristics of the produced nonwovens such as air permeability, average fiber 

diameter and coefficient of variation for average fiber diameter. 
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I.  THEORY 
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1 SHEAR AND EXTENSIONAL FLOWS 

In this chapter, basic flow types occurring during melt-blown process are introduced. 

1.1 Simple shear flow 

Shear flow is the most common type of flow discussed in rheology. Figure 1. shows a two-

dimensional schematic of the velocity profile in simple shear flow. In this flow, layers of 

fluid slide past each other and do not mix. The flow rectilinear, and the velocity only varies 

in one direction, the direction x2 in this diagram. Particle path lines in simple shear flow are 

straight parallel lines. Simple shear flow can be produced by sandwiching material be-

tween two parallel plates and then causing one plate to move at a constant velocity in some 

unchanging direction. For many practical rheometers, this flow is only achieved approxi-

mately in the limit of narrow gaps, small angles, and relatively slow flows. In processing 

equipment shear flow occurs near walls [5].  

 

Fig. 1. Flow field in simple shear, velocity profile [5]. 

 

Definition of shear flow:   
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Shear flow may be produced in many ways, and it is standard practice to call the flow di-

rection of shear flow in Cartesian coordinates the 1-direction, with the 2-direction reserved 

for the direction in which the velocity changes (the gradient direction), and the 3-direction 

called the neutral direction, since flow neither occurs in this direction nor changes in this 

direction. The function  t , which equals the derivate 21 / xv  , is often denoted by the 

symbol  t21  because it is equal to the 21-component of the shear-rate tensor   for this 

flow. The magnitude of  for shear flow is called the shear rate or rate of strain and is de-

noted by the symbol  t . 

1.1.1 Steady shear 

 

Fig. 2. Flow field in steady shear, velocity profile [5]. 

 

For steady shear flow,   0  t  is a constant, that is, the flow is at steady state: 

 

Kinematics for steady shear:    

  0  t  (2)

This flow is typically produced in a rheometer where the fluid is forced through a capillary 

at a constant rate (see Fig. 2), and the steady pressure required to maintain the flow is 

measured. Another common method is to use a cone-and-plane or parallel-plate geometry 

an to rotate the cone or plane at a constant angular velocity while measuring the torque 

generated by the fluid being tested. 


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antconstv   b (t) = vt=H 0 t 
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For the case of steady–state flow, the stress tensor is constant in time, and three constant 

stress quantities are measured 21 , N1, and N2. There are three material functions that are 

defined with these three stress quantities: 

Viscosity:       

 
0

21





   (3)

First normal-stress coefficient:   

 
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2211
2
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1
1 
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


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



N

 (4)

Second normal-stress coefficient:  
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2
0

3322
2
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2
2 
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
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 (5)

 

The material functions 1 and 2 are also functions of   in general, both functions are zero 

for Newtonian fluids. For most polymers  is positive, and is small and negative        

( 12 1.0  ) [5]. 

1.1.2 Small-amplitude oscillatory shear  

 

Fig. 3. Schematic of how small-amplitude oscillatory shear is produced [5]. 

The final set of unsteady shear material functions that I would like to introduce are very 

widely used to characterize complex fluids by chemists, chemical engineers, and materials 

1 2

H 

x1 

x2 

periodicv   b (t) =H 0 sin ωt 

b (t) = 
 0H

sin ωt 
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scientists. The flow is again shear flow, and the time-dependent shear-rate function  

used for this flow is periodic (a cosine function). This flow is called small-amplitude oscil-

latory shear (SAOS) (see Figure 3): 

Kinematics for SAOS :    

  tt  cos0   (6)

The frequency of the cosine function is  (rad/s), and 0  is the constant amplitude of the 

shear-rate function. 

It serves as a definition of the elastic modulus G and describes the stress of a limited class 

of solids that are called elastic. For elastic materials the stress generate is directly propor-

tional to the strain, that is, to the deformation. This is similar to the response of mechanical 

springs, which generate stress that is directly proportional to the change in length (defor-

mation) of the spring. Thus the SAOS experiment is ideal for probing viscoelastic materi-

als, defined as materials that show both viscous and elastic properties. 

The material functions for SAOS are the storage modulus  G  and the loss modulus

 G  , and they are defined as follows: 

SAOS material functions:   

tGtG 



cossin
0

21 


 (7)

Storage modulus:    

  



 cos
0
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Loss modulus:    
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Recall that:      




 0
0


  (10)

 t



TBU in Zlín, Faculty of Technology 16 

 

G  is equal to the amplitude of the portion of the stress wave that is in phase with the strain 

wave divided by the amplitude of the strain wave. G  is defined analogously as the ampli-

tude of the portion of the stress wave that is out of phase with the strain wave, divided by 

the amplitude of the strain wave [5]. 

Tab. 1. Definitions of material functions for small-amplitude oscillatory shear (SAOS) in 

terms of storage modulus G  and loss modulus G  [5]. 

Name Equation 

Complex modulus magnitude 22* GGG   

Loss tangent  
G

G



tan  

Dynamic viscosity 


 G 
  

Out-of-phase component of *  


 G
  

Complex viscosity magnitude 22*    

Complex compliance magnitude *

* 1

G
J   

Storage compliance 
2tan1

/1





G

J  

Loss compliance    12tan1

/1









G
J  

  

The meaning of the symbols provided in Table 1) is following: *G is the complex modulus, 

G  is the storage modulus, G  is the loss modulus, tan is the loss tangent,   is the real 

part of complex dynamic viscosity,   is the imaginary part of complex dynamic viscosity, 

 is the frequency of oscillation,  *  is the complex dynamic viscosity, *J is the complex 

compliance,  J  is the storage compliance and J   is the loss compliance. 
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1.2 Elongation flow 

The study of the elongation or extensional flow of polymeric fluids has been the subject of 

intense research since the early 1960s. This, no doubt, is due to the fact that several indus-

trially important polymer processing operations, such as fibre spinning, blow moulding, 

flat film extrusion and film blowing, involve a predominantly extensional mode of defor-

mation. This flow field is also highly effective in orienting polymer molecules in flow di-

rection, and the high deformation rates which typically occur in industrial operations, albeit 

for a short duration, produce unusually large fluid stress, the accurate, theoretical predic-

tion of these stresses is not yet completely resolved, and it remains an intellectual chal-

lenge to rheologists [6].  
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







 (11)

Differences among the flows are achieved by varying the function  t  and the parameter

b . 

1.2.1 Steady elongation flow 

Steady-state elongation flows [uniaxial, biaxial, planar] are produced by choosing the fol-

lowing kinematics: 

Kinematics of steady elongation:  

  ntnstacot  0   (12)

For these flows, constant stress differences are measured. The material functions defined 

are two elongation viscosities based on the measured normal-stress differences. For both 

uniaxial and biaxial extension, the elongation viscosity based on 1122   is zero for all 

fluids, planar elongation flow has two nonzero elongation viscosities. 
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Uniaxial elongation flow: 

 

Fig. 4. Uniaxial elongation flow [7]. 

Near the centerline of the flow in fiber spinning for example, fluid particles are stretched 

uniformly. The idealized version of this stretching flow is called uniaxial extensional flow 

or uniaxial elongation flow (see Fig. 4) and is defined by the following equations. 

Uniaxial elongation (b=0, 00  ):        
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Uniaxial elongation viscosity :   
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Trouton ratio      

0, 3 UE  (15)

 

The function 0  is called the elongation rate, and for uniaxial elongation flow is positive. 

The flow pattern that this velocity profile describes is three-dimensional, with a strong 

stretch occurring in the x3-direction and contraction occurring equally in x1-and x2-

directions (see Fig. 5). 

 

      

             

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Schematic of the deformation (shape change) produced by uniaxial elongation flow 

[5].  
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Biaxial elongation flow:  

 

 

Fig. 6. Biaxial elongation flow[7]. 

 

The second type of shear-free flow that we study is biaxial stretching. This flow has the 

same form of velocity profile as uniaxial elongation flow, but 0  is always negative for this 

flow. In biaxial stretching ( or biaxial extension) the flow is considered to occur in the 1- 

and 2-directions at the same rates, while contraction occurs in the 3-direction (see Fig. 6). 

Biaxial elongation (b=0, 00  ):       
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Biaxial elongation viscosity:    

 
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Fig. 7. Schematic of the deformation (shape change) produced by biaxial elongation flow 

[5]. 
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Planar elongation flow: 

 

Fig. 8. Planar elongation flow[7]. 

The final type of shear-free flow discussed here is planar elongation flow (see Fig. 8), de-

fined by following velocity profile: 

Planar elongation (b=1, 00  ):       
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First planar elongation viscosity:   

   0,
0

1133
01, 




 


 PEPE 


  (20)

 

 

Fx 

xx  

0yy

0yy  

Fx 

xx  

zz  



TBU in Zlín, Faculty of Technology 23 

 

Second planar elongation viscosity:   

 
0

1122
02, 
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




PE  (21)

Trouton ratio:      

0, 4 PE  (22)

In planar elongation flow, no deformation is allowed in the 2-direction ( 02 v ).  The de-

formation experienced by a cube of incompressible fluid in planar elongation is shown in 

Figure 9. If the side of the cube is stretched to twice its length in the flow direction (3-

direction), then the cube must contract by a factor of 2 along the 1-direction to satisfy con-

servation of mass.  

All three shear flow mentioned, along with many others, can be described by a single ex-

pression for the velocity profile. The different flows are produced by different values for 

the two parameters 0  andb . 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Schematic of the deformation (shape change) produced by planar elongation flow 

[5]. 
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In the Cartesian coordinate system these shear-free flows can be written as follows: 

Tab. 2. Summary of parameters definition for standard shear-free flows [5]. 

Type of flow Parameters 

Uniaxial elongation flow   0,0  tb   

Biaxial stretching flow   0,0  tb   

Planar elongation flow   0,1  tb   

 

For the flows we have discussed, the values and ranges of the parameters  t  and b are 

listed in (Tab. 2). The parameter b  in velocity profile affects the way that the streamlines 

of the flow change with rotations around the flow direction. Zero-shear viscosity (Newto-

nian-shear viscosity) 0  [5]. Summarization of basic rheological characteristics at yero 

deformation rates for all considered elongational flows type sis provided in Table 3. 

 

Tab. 3. Summarization of the Viscosity and modulus at zero deformation rate for different 

elongational flow types[8]. 

Flow Viscosity Modulus 

simple shear  G 

uniaxial extension 3  3G 

planar extension 4  4G 

Biaxial extension 6  6G 
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2 RHEOMETRY 

Tab. 4. Classes of rheometer for melts in common use [8]. 

Classification Method Variables Output Limitations 

ROTATIONAL 
METHODS 

Eccentric rotating disc and 
“balance” rheometer 

Oscillatory cone and plane 

Strain amplitude 
and frequency 

Dynamic shear viscosity 
and elasticity 

PRECISE DATA 

Near to linear 

 response 

Strain <1.0 

 

Steady-flow cone and 
plane 

Concentric cylinders 

Strain 

Strain rate 

Strain recovery 

Stress 

Stress growth 

Stress relaxation 

Time 

Viscosity and elasticity 

Normal stress 

PRECISE DATA 

Low stress level 

 <104 Pa 

 Torsion As above Apparent shear viscosity 
High viscosity >108 
Pa.s 

SQUEEZING 
Penetrometer 

Parallel plate 
Complex history Apparent shear viscosity 

Usually only used for 
viscosity >105 Pa.s 

EXTRUSION Melt flow rate  
Comparative fluidity 
(kinematic) 

Single point  

determination 

 Capillary flow 
Flow rate 

Pressure 

Apparent viscosity and 
elasticity in shear 

Stress level  

104-106 Pa 

Viscosity <106 Pa.s 

 Converging flow 

Swell ratio 

Extrudate 

appearance 

Apparent extensional 
rheology 

COMPARATIVE 
ENGINEERING DATA 

Interpretation 

APPARENT 
PROPERTIES 

TORQUE 
Instrument extruder 

“Brabender” type 

Speed 

Packing force 

Charge volume 

COMPARATIVE 

Resistance to flow gela-
tion 

Scaling 

Interpretation 

FREE 
SURFACE 
FLOWS 

Simple elongation 

Stress 

Strain 

Strain rate 

Time 

Extensional viscosity and 
elasticity 

PRECISE DATA 

Handling difficulties 

Viscosity >104 Pa.s 

Strain rate <1 s-1 

 Extrudate drawing 
Speed 

Tension 

Drawing force 

Drawing stability 

Rupture 

COMPARATIVE 

Interpretation 

 
Sheet inflation 

Bubble inflation 
 

PRECISE DATA 

Biaxial extension 

COMPARATIVE 

Handling difficulties 

Basic rheometer types for polymer melts are provided in Table 4. 
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2.1 Shear rheometry 

The first measurements of viscosity were done using a small straight tube or capillary. Ha-

gen (1839) in Germany and independently Poiseuille (1840) in France used small diameter 

capillaries to measure the viscosity of water. A key development that made their work pos-

sible was the advent of precision diameter, small bore.  

A capillary rheometer induces is a pressure-driven flow. As Hagen first observed, when 

pressure drives a fluid through a channel, velocity is maximum at the center (see Fig. 10). 

The velocity gradient or shear rate and also the strain will be maximum at the wall and 

zero in the center of the flow. Thus all pressure-driven flows are nonhomogeneous. This 

means that they are only used to measure steady shear functions: the viscosity and normal 

stress coefficients [9].  

 

Fig. 10. Pressure driven flow [8]. 

2.1.1 Capillary rheometer 

Capillary rheometry is concerned with the way fluid or ductile material flows into and 

within a capillary. In most circumstances the pressure difference along the capillary is 

measured as a function of material flow rate and certain rheological information is inferred 

from this data. The capillary rheometer can be thought of either as an apparatus for rheo-

logical characterization or alternatively as a well-defined processing geometry. Most extru-

sion processes such as plastic pipe manufacture, injection moulding, film blowing and 

many other shape-forming processes all incorporate the feature seen in capillary rheometry 

where the process material is forced into a flow constriction then flows within an essential-

P 
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ly uniform cross-section. The way the material emerges from the die can also be of great 

importance. A good understanding of capillary rheometry not only aids in understanding 

the problem in term rheometry, it also helps to explain extrusion in general [6]. 

2.1.1.1 Geometrical constrains and principle 

The primary geometric parameters of a capillary rheometer (Fig. 11) are the ratio CC DL /  

of the capillary section, the entrance contraction ratio CDD /1 , and the entrance angle   of 

the capillary. Typically we might expect CD to vary from say 100 μm to 5 mm and 

CC DL /  from 0 to 500. Entrance contractions CDD /1  vary from about 2 to 200 and the 

entrance angle is usually 90° but can vary between say 15° and 90°. 

The mode of operation for capillary rheometers is also shown in (Fig. 11). The process 

fluid is usually forced through the capillary at a constant volumetric flow rate by using a 

piston that is advanced at a constant crosshead speed, the pressure difference is measured 

by an upstream pressure transducer. With the ´Rosand´capillary rheometer, two barrels are 

used so the entry pressure for a zero CC DL /  die can be readily subtracted from the pres-

sure difference over the second die, which has a finite CC DL /  ratio, this leads to the extru-

sion pressure difference within the capillary section alone [6]. 

 

 

 

 Fig. 11. Schematic diagram of capillary extrusion duct parameters [6]. 

 

P  

CL  

CD  1D  

  
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Fig. 12. Schematic diagram of capillary extrusion [6]. 

Tab. 5. Equations for basic rheological properties [8]. 

Shear flow  

apparent shear rate 3

4

C
APP R

Q


   

corrected shear stress 
 

LC

COCLC
xy L

RPP

2


  

recoverable shear R , from 






















3

2/3

2
2 11

1
3

2

RR
RLB


  

shear viscosity 
APP

xy







  

shear modulus 
R

xyG



  

pseudoplasticity index n from n
xy    

 

Schematic diagram of capillary extrusion is provided in Figure 12 whereas Table 5-6 

summarizes basic equations and errors/utility, respectively, utilized in the for capillary 

rheometry. 

constant 

velocity 

constant 

velocity 
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Extensional flow by Cogswell  

extensional stress   OCE Pn 1
8

3
  

extensional viscosity  
  221

32

9














OC

E

Pn
 

recoverable extension 2ln OR B  

modulus in extension 
R

EE



  

rupture stress (at onset of non-laminar flow)   OCR Pn 13
8

3
  

 

Tab. 6. Errors and utility in capillary rheometry [9]. 

Errors Utility 

Wall slip with concentrated dispersions 
Simples rheometer, yet most accurate for 

steady viscosity 

Melt fracture at Pac
510~  High   

Reservoir pressure drop 
Sealed system: pressurize, prevent evapora-

tion 

Entrance pressure drop Process simulator 

Bagley plot Quality control: melt index 

Single die 60/ DL  
Nonhomogeneous flow, only steady shear 

material functions 

Kinetic energy for low  , high 
Entrance corrections entail more data col-

lection 

Viscous heating 1Na   

Material compressibility  

Pressure dependence of viscosity  

Shear history, degradation in reservoir  
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2.1.1.2 Correction 

In reality, the measurements of viscosity require a number of corrections (see Tab. 7), 

which are intended to account for deviations of specific conditions of experiment from 

idealized requirements. Even in measurements of viscosity of Newtonian liquid, deviations 

from linearity of dependence of volumetric flow rate on imposed pressure can be observed. 

More detail description of the errors occurring in the capillary rheometry is provided in 

Table 8. These deviations are caused by factors, which lead to the introduction of correc-

tions. Corrections are of general importance in the practice of capillary viscometry [10]. 

Tab. 7. Type of corrections [12]. 

Correction Methods 

Entrance and exit effects The Couette-Hagenbach method [10, 11,12] 

The Bagley method [5-11, 13] 

The use of dies of zero land length [11] 

The end correction and scale-up [11] 

Head effects Metzner and Knox [11] 

Vignale [11] 

Cook [11] 

Kinetic Energy effects Pezzin [10-12] 

Hagenbach [10-12] 

Non-parabolic velocity profile Rabinowitch [8, 11] 

Temperature correction Tabor [8, 10] 

Pressure correction Mackley and Spitteler [8, 10] 

Correction for slip near a wall Mooney [5, 8, 9, 10, 11, 13] 

Surface tension correction Barr [10, 12] 

Wall effects Reiner [12] 

Turbulence Ryan and Johnson [12] 
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Tab. 8. Errors in capillary rheometry [12].  

Factor Cause Applicability 

Kinetic-energy 
losses 

Loss effective pressure because of the ki-
netic energy in issuing stream. 

General 

End effects 
Energy losses due to viscous or elastic be-
havior when a fluid converges or diverges 
at the ends of a capillary 

General 

Elastic energy 
Energy loss by elastic deformation of the 
fluid not recovered during flow in the capil-
lary. 

Viscoelastic materials 

Turbulence Departure from laminar flow. General 

Pressure losses 
prior to the capil-
lary 

Sticking of the piston or energy dissipated 
in flow of the material within the cylinder 
before entering the capillary. 

Cylinder-piston viscome-
ters 

Drainage 
Liquid adhering to the wall of the viscome-
ter reservoir. 

Glass capillary viscome-
ters 

Surface-tension 
effects 

Variations of surface tension from one test 
substance to another. 

Glass capillary viscome-
ters 

Heat effects 
Conversion of pressure energy into heat 
energy through flow. 

High-shear viscometers 

Wall effects 
Surface phenomena at the fluid-wall inter-
face. 

Polyphase fluids (some 
Bingham bodies and oth-
er liquids) 

Effect of time-
dependent proper-
ties 

Variations in the residence time in the ca-
pillary. 

Thixotropic and 
rheopectic materials 

 

Kinetic (Hagenbach) correction 

Liquid being investigated typically enters a capillary from a large reservoir. Then, the flow 

velocity of the stream substantially accelerates as a result of change in cross-section, kinet-

ic energy of flow increases. 

If, the total measured pressure drop is P , then the part of this pressure, kP , is spent on an 

increase of the kinetic energy of the stream, and only the remaining part, vP , is responsible 

for overcoming resistance of flow through a capillary,  for measured viscosity. 
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  kv PPP   (23)

where the value of kP  is responsible for the kinetic correction. 

kP  can be calculated     

  
42

2

R

Q
Pk 


  (24)

where  is density, Q volumetric flow rate,  coefficient reflecting and R radius. 

The correction taking into account a change in the kinetic energy leads to the following 

expression for Newtonian viscosity. 

  



L

Q

QL

PR

88

4

  (25)

If we accept the standard value, 1 , then the introduction of kinetic correction leads to 

the measurement error, which can reach even 10%. For non-Newtonian liquids, it is diffi-

cult to determine the value of  a priority, but it is also of the order of 1. 

The calculation of kinetic correction is important during measurements of viscosity of low-

viscosity liquids, for example, dilute polymer solutions, where a high accuracy of meas-

urements is required [10]. 

 

 

Entrance (Bagley) correction 

This correction combines different dynamic phenomena at the entrance to a capillary as a 

result of rearrangement of the inlet velocity profile. 

If we neglect the entrance corrections of different origin, then the results of measurements 

become dependent on the length of the capillary, due to the fact that the relative contribu-

tion of transient phenomena becomes greater when a shorter capillary is utilized for meas-

urements [10] 

     

  endcap ppp   (26)
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The velocity profile in the die (Rabinowitsch) correction 

A correction is frequently made to take into account the fact that the pseudoplastic nature 

of the melt means that the assumed parabolic velocity profile in the die is actually more 

plug-like. This correction, usually attributed to Rabinowitsch, is simply expressed in the 

form:       

  
3

4

4

13

CR

Q

n

n


 






 

  (27)

where n is the power in the relationship shear stress proportional to (shear rate)n at a given 

shear rate and n can be obtained from the following expression [8]: 

  
 
 APP

xy

d

d
n



log

log
  (28)

2.1.2 Rotation rheometry 

The use of rotation instruments makes it possible to measure various parameters character-

izing rheological properties of material. Therefore, in discussion of rotation viscometers, it 

is more appropriate to use a general term rheometry. 

Special features of application of rotation instruments for investigation of rheological 

properties of liquids are as follows. The use of rotation instruments makes it possible, first-

ly, to create within the sample the homogenous regime of deformation with strictly con-

trolled kinematic and dynamic characteristics, and, secondly, to maintain the assigned re-

gime of flow for unlimited period of time. 

During material testing by rotation rheometry, different regimes of deformation are possi-

ble. The most important among them is imposition of a constant rotation speed 

ntconsta , or a constant torque, ntconstaM  . However, in many modern instruments 

the method of scanning (or sweep) – imposition of the controlled change of rotation speed 

or torque with time is realized. 

2.1.2.1 Plane-and-plane technique 

This method of measuring normal stresses is almost the same as Cone-and-plane tech-

nique, but the rotation of two parallel plates around their common axis is used instead of 

the cone and plane assembly. The main difference is the variation of shear rate along the 
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radius of the measuring device according to formula
H

R  , where R is the current radius 

and H is the distance between the parallel plates. 

Analysis of force balance of liquid element, and assuming that    22113322    

results in the following relationship directly valid for measuring the first difference of 

normal stress: 

  
Rd

d
N

ln
22

1


  (29)

Then, measuring dependence of 22  as a function of R at different shear rate, it is possible 

to find the dependence of N1 on shear rate. 

Simultaneous application of two geometries of flow (plane-plane and cone-plane) permits 

finding the second normal stress difference. 

  











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








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







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















0
2

2222
2

d

R
r

R
RN

pcpp

 (30)

where subscripts p-p and c-p relate to values measured in plane-plane and cone-plane ge-

ometries, respectively. 

The alternative form of this equation, which is used in experimental practice, can be writ-

ten as: 

    







 









R

pp

pp

pp

pc

pc
R d

Fd

R

F

R

F
N







ln

ln
2

222  (31)

The value  RN 2  is N2 as measured at shear rate corresponding to the outer radius of 

planes. 

 

This is one of the possibilities of measuring N2, which has very low value (if not zero) in 

comparison with N1. The application of Eg. 29 and 30 gives the best way to measure the 

second normal stress difference [10]. 
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Shear rate:   

  
H

R
R


   (32)

Shear stress:   

 









Rd

Md

R

M




ln

ln
3

2 312   (33)

 

Oscillatory shear measurement 

The subjection of a material to a sinusoidal shear history and measurement of the stress 

response is well established as a useful way of obtaining precise information about the rhe-

ology of melts. If the material is entirely viscous the stress response is exactly 2/  out of 

phase. No melt is entirely viscous or entirely elastic, so the response involves a phase shift 

(see Fig. 13.) It is common for the response at low frequencies to approximate to viscous 

flow, while that at high frequency is usually far more elastic, thus the phase shit and the 

derived dynamic viscosity and modulus are frequency-dependent [8]. 

 

 

 

Fig. 13. Measurement of stress response, * , where * is strain amplitude and  is the 

phase lag [8]. 
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Most commonly strain is assumed to be the controlling variable, yielding the dynamic vis-

cosity: 

  

 sin´

*

*

  (34)

and the modulus:      

  



cos´
*

*

G  (35)

where *  and *  are the stress and strain amplitudes,  is the phase lag and  is the angu-

lar velocity [8]. 

 

 

 

 

 

Fig. 14. Scheme of parallel disks rheometer [9] where Ω is the rotation rate, R is the plate 

radius, h is the gap size, M is the torque and Fz is the normal force. 

 

Errors and utility in rotation rheometry is provided in Table 9. 
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Tab. 9. Errors and utility in rotation rheometry [9]. 

Errors Utility 

Inertia and secondary flow 
Sample preparation and loading is simple 
for very viscous material and soft solids 

Edge failure (same as cone-plane) 

Can vary shear rate (and shear strain) inde-
pendently by rotation rate   or by chang-
ing the gap h , permits increased range with 
a given experimental set up 

Shear heating 
Determine wall slip by taking measure-
ments at two gaps 

Nonhomogeneous strain field (correctable) 

Delay edge failure to higher shear rate by 
decreasing gap during an experiment (re-
quires change of cone angle in cone and 
plane) 

 
Measure N2 when used with cone and plane 
thrust data 

 
Preferred geometry for viscous melts for 
small strain material functions 
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2.2 Elongation rheometry 

Tab. 10. Extensional rheometers overview [5, 7]. 

Feature 
Munstedt ten-
sile rheometer 

Meissner´s metal 
belt clamping 

rheometer 

Capillary 
rheometer 

SER Universal 
Testing Platform 

Cross-flow exten-
sional reometry 

Type of 
elongation 

Uniaxial 
Planar or 

equibiaxial 
Uniaxial or 

planar 
Uniaxial Planar 

Sample Polymer film Polymer film Granules Polymer film Granules 

Sample size 

10 g, care must 
be taken to 

minimalize end 
effects 

< 2 g, requires 
careful prepara-
tion and loading 

40 g minimum 5 - 200 mg 10 g minimum 

Restriction 
of gravity 
force 

Silicone oil Inert gas cushion None 
Geometry of the 
sample and its 

clamping 
None 

Viscosity 
range 

High viscosity High viscosity 
Both low and 

high viscosities
> 10 000 Pa.s (zero 

shear viscosity) 
Both low and high 

viscosities 

Flow stabil-
ity 

Subject to grav-
ity, tension and 

air currents 

Can be unstable 
at high rates 

Unstable at 
very high rates 

Stable up to 20 s-1 
Unstable at very 

high rates 

Homoge-
nous 

Not at the ends 
Could be, with 

care 

No - mixed 
shear and elon-

gation flow 

Yes - truly uniform 
extensional defor-

mation 

Yes - truly uni-
form extensional 

deformation 

Pressure 
effects 

None None 

Yes - com-
pressibility of 

melt in the 
reservoir could 
cause difficul-

ties 

None 

Yes - compressi-
bility of melt in 

the reservoir 
could cause diffi-

culties 

Elongation 
rates 

Maximum rates 
depend on 

clamp speeds 

Maximum elon-
gation rate is 
limited by the 

ability to main-
tain the sample 
in steady flow 

High and low 
rates possible 

Maximum recom-
mended 

elongational strain 
rate is 20 s-1 

High and low 
rates possible 

References 6, 14 5, 6, 9, 10, 14, 15 15 15 16, 17 

 

Basic extensional rheometer types for polymer melts are provided in Table 10. 
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2.2.1 Münstedt 

Constant-stress extensiometer was developed by Münstedt, sketch of his ´creepmeter´is 

shown in Figures 15-16). The sample is extended vertically in an oil bath providing very 

good temperature control. A later version uses small samples (3-10 mm in diameter, 10-50 

mm long) which can be stretched either at constant stress or at constant stretch rate, one 

end of the sample is connected to a load cell located in the oil bath itself, and the other end 

is moved upwards with the help of a DC servomotor [6]. 

 

 

 

Fig. 15. The Münstedt creepmeter [14]. 
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Fig. 16. Schematic of extensional rheometer with a transing clamp and vertical 

buoyancy control bath [9]. 

2.2.2 Meissner 

In the Meissner instrument, the tensile force is measured by mounting one set clamps or 

rollers at the lower end of a strain-gauge transducer. The motion of the strain gauge is pro-

portional to the force experienced by the metal-belt clamp or roller. In the commercial ver-

sion of this instrument the samples are suspended over a porous table on a cushion of inert 

gas, eliminating chemical interactions present in designs that incorporated a supporting 

liquid.  

The Meissner instrument is also capable of measuring unconstrained recoil after elongation 

at a constant rate. This is accomplished by cutting the sample at a desired time and then 
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monitoring the sample shrinkage with the video equipment. It is also possible to measure 

stress relaxation after the cessation of constant elongational deformation by stopping the 

flow at a desired time and monitoring the decay in the tensile stress. In all cases the stress 

is measured through the transducer mounted on the drawing clamp or belt, and the strain is 

measured by visually observing markers on the sample. 

The Meissner rheometer is the best instrument available for measurements on viscous pol-

ymer melts (see Fig. 17). Since the sample must float on a bed of air, there is a minimum 

viscosity that can be measured, however. The maximum strain rate is limited by the speed 

of the clamps and the stability of the flow. The maximum viscosity is limited by the range 

of the strain-gauge transducer [5]. 

 

Fig. 17. Sketch showing the principle of operation of the extensional 

rheometer of Meissner and Hastettler [15]. 
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Fig. 18. 3D visualization of the Meissner and Hastettler extensional rheometer [9]. 
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2.2.3 Sentmanat extensional rheometer (SER) 

A very simple device for measuring the response of melt and elastomers to uniaxial exten-

sion has been reported by Sentmanat. A sketch is shown in Figures 19-20. The sample is a 

small rectangular plaque that is clamped at each end to a rotating drum. Both drums are 

rotated by the motor of a rotational rheometer, and the force in the sample is calculated 

from the torque output of the rheometer. In addition to star-up of steady, simple extension. 

Creep and stress relaxation experiments can be carried out. The entire device is designed to 

fit within the thermostatted chamber of a standard rotation rheometer, and the sample can 

be viewed through a window in the chamber. 

 

Fig. 19. The principle of operation of the SER [15]. 
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Fig. 20. The 3D view of SER [15]. 

2.2.4 Cross-flow extensional rheometer 

Stress-optical measurements at a flow stagnation point in confined geometries such as the 

cross-slot provide an elegant way to perform extensional testing for polymer melts. This 

technique is especially useful for samples which have a steady-state that cannot be reached 

easily in standard elongational rheometry, for example, highly branched polymers which 

show a nonhomogeneous deformation that occurs in stretching experiments for Hencky 

strains above 4. In contrast to filament stretching, the cross-slot provides one point at 

which steady-state extensional flow may be sustained indefinitely [16].  

In order to generate cross-slot flow, the basic action of the hydraulic pistons and barrels 

was retained and a new test section fabricated to accommodate cross-slot flow (see Fig. 21-

24). Cross-slot flow experiments are primarily suited to study through flow birefringence. 

The key element of the stagnation point flow is that as fluid elements progressively ap-

proach the stagnation point, they experience increasing levels of strain. To a first approxi-

mation, the level of strain experienced by the fluid is inversely proportional to the distance 

from the exit symmetry plane and therefore in principle, fluid elements that pass through 

the stagnation point experience infinite strain. By examining flow birefringence stress 

fields it is therefore possible to explore a full range of strain histories for a given flow con-

dition. While it is possible to measure pressure difference using the multi-pass rheometer, 
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the magnitude of pressure difference observed due to the extensional flow at the stagnation 

point is small when compared with the pressure drop in the inlet and outlet regions of the 

device. Thus it is difficult to measure the pressure drop that is directly related to localized 

extensional flow events in the central region of the cross-slot [17]. 

 

Fig. 21. The 3D view of the cross-slot flow domain [17]. 

 

 

Fig. 22. 2D visualization of the cross-slot section [17]. 
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Fig. 23. 3D visualization of the cross-slot section [17] 

 

 

Fig. 24. Real view of the cross-slot inserts [17]. 
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3 MELT BLOWN LINE 

In 1951 a  project  was initiated  at the Naval  Research  Laboratory  for  the investigation 

of  organic fibers  that were less than 1 micron in diameter.  Various manufacturing  meth-

ods were  to  be  considered  and,  after  the  feasibility  of  one became  established,  an  

evaluation  was to  follow  of  the  submicron  fibers  as  a filter media.  The “fiber-

forming’’ thermoplastic materials were of particular interest in this investigation because 

of their high strength and ability to undergo molecular orientation when stretched. Empha-

sis was placed on obtaining the extremely small fiber size because such fibers were known 

to possess aerosol filtration efficiencies far in excess of ordinarily used materials.  Further-

more, superfine plastic fibers represented a new area of research where completely altered 

physical properties might be anticipated as a result of the nearly colloidal state of the sub-

stance [18]. 

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

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

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

when collected on a moving surface. Figure 25 shows a schematic illustration of the pro-

cess in which high-velocity air jets impinge upon the polymer as it emerges from the spin-

neret. The drag force cause by the air attenuates the fiber rapidly, and reduces its diameter 

by as much as hundred times from that of the nozzle diameter. Typical meltblown mem-

branes have fiber sizes ranging from 0,5 to 10 μm with an average fiber diameter of 1-2 

μm. Meltblown webs are known for their high surface area per unit weight, high insulation 

value, and high barrier properties [1]. 

The common materials used in melt-based polymer industries are polyolefins (especially 

polypropylene (PP)), because of their commercial importance and versatility to make a 

wide range of products. These products have been widely used in applications, such as 

medical, electrical insulation, thermal insulation, optical, protective clothing and filtration, 

because of their chemical inertness, light weight, lack of heat shrinkage and good mechan-

ical properties. Majority of the products of polyolefins are used as fibrous materials pre-

dominantly in the form of microfibers [19]. 
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Fig. 25. Melt blown line [20]. 

 

   

Fig. 26. Melt blown die [20]. 
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In the late 1960s and early 1970s, Exxon Research, in looking for uses for its newly com-

mercial polyolefin – polypropylene – try to use a polypropylene reactor slurry to produce 

synthetic paper. Dr Robert Buntin became aware of the Naval Research Laboratories pub-

lications and these served as a starting point for a multi-year, multi-million dollar project. 

Exxon opted to license the resulting meltblowing technology, rather than commercialise it. 

Early successful licensees include 3M, Kimberly-Clark, Johnson & Johnson, James River, 

Web Dynamics and Ergon Nonwovens, followed by many others [2]. 

The melt-blown (MB) process is used not only for PP but also for many forms of thermo-

plastics. In the process, polyolefin is extruded through a large number of small holes locat-

ed closely on a spinneret. A stream of molten polymer exiting from the spinneret holes is 

fed into a current of hot air moving at high speed. The molten stream of polymer is then 

broken up into an integrated network of very fine (microfiber range 0,01-0,02 dtex) entan-

gled fibers of varying lengths, which are immediately deposited onto a rotating perforated 

cylinder surface to form a web. In general, the melt-blown nonwoven fabrics are lighter 

than spun-bonded fabrics and have lower strength. Their texture, however, renders them 

excellent for use in filtration and absorption applications, such as for industrial wipes, sur-

geons´ masks and gowns, and oil clean-up products [3]. 

Meltblowing is widely used to form nonwovens in the textile industry. In meltblowing, 

polymer melt is supplied through a die nosepiece (see Fig. 26). After, that polymer jets are 

pulled vigorously by the surrounding hot gas jets with velocities compared to the speed of 

sound. Under the action of the aerodynamic forces polymer jets rapidly thin to the final 

diameter of the order of 3-10 µm and solidify [21]. 
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4 NANOFIBERS 

Polymer nanofibers (polymer fibers with diameter m1 or less) are increasingly being 

used in nonwoven materials, which take the form of sheets or mats of fibers connected 

together by physical entanglement rather than any knitting or stitching. Polymer nanofibers 

are attractive because of their large surface-area-to-volume ratio, which allows the role of 

surface functionalization to be greatly accentuated [22]. Possible applications for polymer 

nonafibers are summarized in Table 11. 

Tab. 11. Applications of nanofibers [3]. 

Sector Application 

Electronics Super capacitors 

Biological and healthcare 

 

 

 

 

 

 

Energy 

Biosensors 

Tissue engineering 

Medical devices 

Wound dressing 

Cables for implantable devices 

Neural prostheses 

Drug-coated stents 

Artificial heart valves 

Photovoltaics 

 Fuel cells 

 Battery separators 

 Printable electronics 

 Hydrogen storage 

Biotechnology and environment Separation membranes 

 Affinity membranes 

 Water filters 

 

Others 

Air filters 

Gas turbine filters 

Engine filters 

Personal protective masks and clothing 
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4.1 Polyolefin fibers 

Polyolefin fibers are, in effect, aliphatic polymeric hydrocarbons. The chemical elements 

of which they are composed are carbon and hydrogen. Thus, polyolefin fibers possess very 

low densities (lower than water). The density of polyethylene (PE) fibers is 0,95-0,96  

gcm-3, that of polypropylene (PP) fibers is generally around 0,90-0,91 gcm-3. The densities 

of other types of polyolefin fiber are also of this magnitude, or even less, depending on the 

size of the side groups and the predominant crystal structure in the fiber. In addition, in 

common with hydrocarbons of lower molar mass, polyolefin fibers also possess a high 

degree of resistance to many chemical agents. They are extremely hydrophobic: their mois-

ture regain, for example, is almost negligible. The structures of some polyolefins are given 

in Table 12 [3]. 

Tab. 12. The structure of some polyolefins [3]. 

Polymer Repeat unit 

Polyethylene                     (CH2    CH2) 

Polyprophylene                     (CH2    CH) 

     CH3 

Poly(4-methyl-1-pentene)                     (CH2    CH) 

CH2 

CH 

CH3      CH3 

Poly(1-butene)                     (CH2    CH) 

CH2 

CH3 

Poly(3-methyl-1-butene)                     (CH2    CH) 

CH 

CH3      CH3 

 

In the past decade, the use of polyolefins, especially polypropylene, has dominated 

the production of meltblown and spounded nonwovens. One of the main reasons for the 

growing use of polyolefins in nonwovens is that the raw materials are relatively inexpen-

sive and available worldwide. 
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Polyolefin resins are widely used in nonwovens mainly because they offer a relatively at-

tractive cost combined with good value and ease of use when compared to conventional 

resins, such as polyesters and polyamides. Moreover, continuing advances in polyolefin 

fiber grade resins are strengthening the olefin price/properties ratio, which make them 

more suitable for nonwoven applications. 

 Commercial polyolefin technologies over the last six decades have gone through 

significant changes. Figure 27 shows the stages of development in polyolefin technology. 

The figure indicates that the polyolefin technologies have gone through an introduction, 

growth, and stabilization or maturity phase [3]. 

 

Fig. 27. Stages in development of polyolefin technology [3]. 

4.2 Nonwovens  

Polyolefin nonwoven can be produced by dry lay-up from the staple fibers. The fiber bales 

are opened and carded or airlaid to form webs in parallel/cross laid, or random laid. The 

dry laid webs are consolidated with mechanical, thermal or chemical bonding techniques, 

but thermal bonding is the preferred one. 

Alternatively, spun-bonded (SB), meltblown (MB) or film-fiber nonwovens are produced 

by a single-stage process, in which extrusion of fiber or film and web formation are inte-

grated sequentially. Production lines combining both SB and MB processes are now being 

increasingly used for the formation of nonwoven composite multilayer fabrics. These fab-
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rics combine the desirable properties of spun-bonded and melt-blown materials. The possi-

ble composite layer structures from these two processes are: SM, SMS, and SMMS. The 

external spun-bounded layers of either SMS or SMMS provide good mechanical proper-

ties, while the internal melt-blown web provides good filtration and absorption properties. 

The layers are bonded either thermally or mechanically, depending on the weight and de-

sired application of the SMS product. Thinner webs are bonded by means of heated calen-

der rollers, whereas thicker webs are mechanically needled [3]. 

4.2.1 Nonwoven definition 

Nonwoven fabric technology is the most modern branch of the textile industry, and embod-

ies both quite old and the very new processing techniques and materials. From a fairly 

modest beginning with only a limited variety of raw materials, processes, and end uses, the 

nonwoven industry has reached a status of enormous diversity. Today, nonwoven fabrics 

play key roles in hundreds of everyday products, from luxury automobiles to the familiar 

teabag.  

The term “nonwoven fabrics” has been defined in many ways. In fact, the definition of 

nonwoven fabrics has been an area of considerable debate and discussion. 

Nonwoven fabric is essentially an assemblage of fiber held together by mechanical or 

chemical means, resulting in a mechanically stable, self-supporting, and generally flexible, 

web-like structure.  

However, the definition of nonwoven given by INDA (Association of Nonwoven Fabric 

Industry) is as follows: “A sheet, web, or batt of natural and/or man-made fibers or fila-

ments, excluding paper, that may not have been converted into yarns, and that are bonded 

to each other by any of several means [3]. 

4.2.2 Nonwovens manufacturing system 

The manufacture of nonwoven fabric is very different from that of woven and knitted fab-

rics (see Fig. 28). Each nonwoven manufacturing system involves the following generic 

steps [3]: 
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Fig. 28. Nonwoven market share by fabric type [2]. 

 fiber/raw material selection 

 web formation 

 web consolidation 

 web finishing and converting 

 

Pores size: Pore size is an important factor in liquid filtration because sieving is an im-

portant liquid filtration mechanism. Sieving is the same as blocking, i.e. a particle is 

blocked by a pore if the pore size is smaller than the particle size [2]. 

Pore size distribution: A soil´s porosity and pore size distribution characterize its pore 

space, that portion of the soil´s volume that is not occupied by or isolated by solid material. 

The basic character of the pore space affects and is affected by critical aspects of almost 

everything that occurs in the soil: the movement of water, air, and other fluids, the 

transport and the reaction of chemicals, and the residence of roots and other biota [23]. 

Fiber diameter: The fiber diameter is an independent variable and the probability of ob-

serving a particular fiber size [24]. 
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Tab. 13. Summarization of the techniques for determination of pore size/fiber diameter 

distribution [3]. 

Techniques for analyze 

Pore size distribution Fiber diameter distribution 

Image analysis Image analysis 
3-D image Manual measurements on SEM image 
Magnetic resonance imaging Distance transform algorithm 
X-ray microtomography Artifical vision systém 
X-ray synchrotron radiation micro-
tomography 
Artifical vision systém 
 

4.2.3 Nonwoven applications 

 

Fig. 29. Nonwoven applications [2]. 
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a. Flame retardant nonwovens 

Protective garments: The field of protective garments is relatively large with differing 

requirements since it incorporates the protection of men at work and military applications, 

as well as clothing for firefighters. Usually, protective fabrics are multilayer clothing con-

taining up to five or six layers. Fire protective clothing for firefighters consists of at least 

four layers: outer and inner shell, moisture barrier, and thermal liner (Fig. 30). These layers 

are expected to provide adequate heat, flame, liquid, chemical and mechanical protection. 

 

 

Fig. 30. Typical structure of protective garments for firefighters [2]. 
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Fig. 31. Publications regarding flame retardant nonwovens since 1980 [2]. 
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Fire-blockers for seat and upholstery: Fire-blockers are usually highly fire resistant mate-

rials that are placed beneath the exterior cover fabric of furnishing and the first layer of 

cushioning materials in seats, mattresses and upholsteries. The bulky cushioning materials 

represent the major fuel source and therefore the greatest hazard potential. The fire-blocker 

acts as a barrier between the heat source (flame, cigarette. etc.) and the cushioning materi-

als limiting fire growth and development. 

Another application of flame retardant nonwovens is flexible insulation panels for building 

construction. Although traditional thermal insulation materials such as mineral wool or 

polystyrene are widely used, the return to ecology and nature noticed in several application 

fields is also observed in the building industry [2]. 

 

b. Nonwoven personal hygiene materials 

Modern disposable, absorbent nonwoven hygiene materials (NHMs) have made an im-

portant contribution to the quality of life and skin health of millions of people. Market 

segments and products falling under the heading of NHMs are as given in (Tab. 14). The 

advantages of using NHMs instead of traditional textiles are: excellent absorption, soft-

ness, smoothness, stretchability, comfort and fit, strength, double fluid barrier effect allow-

ing moisture to be absorbed and retained, good uniformity, high strength and elasticity, 

good strike-through, low wet-back and run-off, cost-effectiveness, stability and tear re-

sistance, opacity/strain hiding power, and high breathability [2]. 

Tab. 14. Application of nonwovens for personal hygiene [2]. 

Hygiene applications 

Diapers Feminine hygiene Product for adult incontinence 

Diaper coversheet Sanitary napkins Protective underwear 
Secondary facing Panty shields Adult brief with waistband 
Acquisition/distribution layer Tampons Underpads 
The absorbent core 
The back sheet 

 

c. Nonwovens for consumer and industrial wipes 

The main technologies used to produce nonwoven wipes are spunlace, airlaid and their 

combination (airlace). Other technologies include drylaid, wetlaid, spunbond, meltblown, 
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CoForm and their combinations. The raw materials used include, but are not limited to, 

synthetic fibers such as poly ethylene terephthalate (PET), polypropylene (PP), and rayon, 

natural cellulose fibers such as wood pulp and cotton, and speciality materials such as bi-

component fibers and nanofibers (see Tab. 15) [2]. 

Tab. 15. Application of nonwovens for wipes [2]. 

Applications of nonwoven wipes 

User Household cleaning Industrial 

Baby wipes Wet floor products Wipes for food service 
Personal care wipes: Cleaning wipes Industrial general wipes 

Adult care wipes Furniture polishing wipes Industrial speciality wipes
Facial cleaning/makeup 

wipes   Medical wipes 
Feminine care wipes     

 

d. Nonwovens in specialist and consumer apparel 

Personal protective equipment: Personal protective equipment is used, or required, for a 

wide range of industrial or personal activities. Equipment can range from hard hats to fire 

extinguishers. Apparel for such activities is of great importance because it covers so much 

of the body and can provide the degree of protection suitable for a specific pursuit or 

workplace environment. 

Medical apparel and accessories: It is estimated that 3,3 billion square yards of 

nonwovens go into medical applications in North America. Medical nonwoven garments 

are intended to protect health care workers from the “transfer of blood, body fluids, other 

potentially infectious materials, and associated microorganisms”. Decontamination gar-

ments protect health care workers from infection or transfer of other agents during proce-

dures to decontaminate medical instruments and devices. 

Wearing apparel: Attempts by apparel designers to use nonwovens have been more suc-

cessful when the nonwoven fabrics have some elastic properties to allow for fabric manip-

ulation, stretching and compression that are desirable in constructing garments. When reg-

ular spunbonded nonwovens were used, designers opted for various techniques to simulate 

some shearing or three-dimensional bending properties.  
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When working with stretchable melt blown fabrics, garments with more pleasing drape and 

greater freedom in fitting and forming were possible [2]. 

e. Nonwovens textiles for residential and commercial interiors 

Interior textiles are produced for either the “domestic” (also referred to as private or resi-

dential) or “contract” (also referred to as commercial) markets. Interiors textiles are usually 

discussed in relation to two key categories: furnishing fabrics and household textiles. 

Furnishing fabrics include: upholstery fabrics, soft floor coverings, wall coverings, win-

dow furnishing (curtains, drapes, blinds) and accessories such as cushions and throws. 

Household textiles include all textiles used in domestic interiors apart from furnishing fab-

rics. For example: bedding, towels, blankets, tablecloths and napkins (see Tab. 16.) [2]. 

Tab. 16. Application of nonwovens in textiles [2]. 

Applications of nonwoven textiles 

In bedding 
In upholstery and 

furnishing 
In wallcoverings 

For floor 
coverings 

Mattresses: 
Support and cover 
materials 

Backings 
Needle-punched 
carpets 

Support, covering and 
insulation 

Foam replacements 
Temporary wall 
partitioning 

Backings 

Mattress pads and 
external covers 

Synthetic leathers     

Anti-microbial 
properties 

Curtains     

Foam replacements Durable fabric     
Fibrefill       
Pillows       
Quilts and duvets       
Blankets       

 

f. The use of nonwovens as filtration materials 

There is a huge variety of filter media available. Textile fabrics, porous foams, films and 

sands can be used as filter media. In Figure 32, different objects sizes and basic filtration 

mechanisms are provided.  

When nonwovens are used as filters, they offer a range of advantages above other filter 

media. For example, nonwovens offer large and adjustable surface properties and can be 

adapted to different filtration requirements (see Tab. 17).  
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Tab. 17. Applications of nonwovens in filtration [2]. 

Filtration 

Filter designs Filter applications 

Tube filters Filters in automobiles 
Cartridge filters Filters for the manufacture of electronic components 
Bag filters Hot melt filtration 
Filter candles 
 

 

 

Fig. 32. Summarization of the different object sizes [2]. 

g. Nonwoven textiles in automotive interiors 

The expansion of the industrial textile market is good for the textile industry and automo-

tive textiles in particular are frequently in the media. An important factor in this is that the 

annual capacity of global vehicle production was expected to reach about 60 million units 

by 2008. When added to the 885 million units of existing motor vehicles, the worldwide 

automobile consumption forms a substantial market for automotive textiles Table 18 [2]. 

Tab. 18. Application of nonwovens in automotive [2].  

Automotive applications 

Passenger compartment Trunk comparment 
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Headliner Package tray 
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5 PARAMETERS INFLUENCING MELT BLOWING PROCESS 

5.1 Processing conditions 

Fabrication of nanofiber meltblown membranes and their filtration properties has been 

evaluated in [1]. The influence of different die configurations and operating conditions on 

fiber and web characteristics was investigated. Their performance was compared to a con-

trol meltblown sample produced by using a typical die design. It was found that production 

of nano-meltblown membranes with an average fiber size in range of 300-500 nm using 

this new die design is possible and report on process operating conditions that result in 

such structures. The lower basis weight also resulted in a lower pressure drop and overall, 

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

 

Development and filtration performance of polylactic acid meltblowns has been analyzed 

in [25]. It was found that biodegradable polylactic acid (PLA) can be used to make 

meltblowns (MBs). The key parameters regarding the filtration performance of PLA MBs 

was revealed to be the PLA chip drying process, the melt temperature, the hot air tempera-

ture, and the width of the air gap. The diameter of PLA MB fibers became larger with the 

increase of hot air temperature. With the increase of air gap width, the diameter of PLA 

MB fibers went up, whereas the crimp level went down. 

 

Influence of Laval nozzles on the air flow field in melt blowing apparatus has been inves-

tigated in [26]. The baseline case without a nozzle was simulated and examined based on 

the y-component of the air velocity profile,  yv y , at the centerline as a function of inletP . 

As inletP  increase: the air flow goes from subsonic to supersonic and the maximum value of 

 yv y  increases with increasing inletP , then starts to oscillate with the formation of com-

pression waves in the supersonic region, psigPinlet 15 . Simulation also showed that a 

Laval nozzle influences the air flow field by increasing the maximum value of  yv y  and 

eliminating the compression wave at a predictable value of inletP . Actual density oscilla-

tions in the supersonic flow field exiting a melt blowing die, with and without Laval noz-

zle. 
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Melt blowing thermoplastic polyurethane and polyether-block-amine elastomers: effect of 

processing conditions and crystallization on web properties has been revealed in [27]. 

Melt-blown webs of thermoplastic polyurethane (TPU) and poly(ether-block-amide) 

(PEBA) elastomers were produced at various die-to-collector distance, DCDs. The web 

tensile properties were measured and explained in terms of the crystallization kinetics 

along with the temperature profile of the process air. It was found that the air velocity 

drops rapidly as the distance from the melt-blowing die increases until approximately 5-6 

cm below the die. After that, the velocity approaches a constant value. The process air 

temperature follows a similar profile where the temperature drops rapidly for the first 5-6 

cm below the die and then varies only slowly thereafter. On increasing DCD, the fibers 

have traveled longer distances and crystallized more before reaching the forming belt. The 

fiber thus have lower temperatures before they contact with others already on the collector, 

thereby reducing interfiber adhesion and the web strength. 

 

Three–dimensional model of the meltblowing process has been investigated in [28]. It was 

found that the effect of air temperature on the fiber diameter is not substantial. On the other 

hand, it was found that a higher air temperature results in higher amplitude of fiber vibra-

tion. Study also shown that the increase in the melt temperature may cause a substantial 

increase in the rate of fiber attenuation. 

 

5.2 Equipment design 

Air-flow field of the melt-blowing slot die via numerical simulation and multiobjective 

genetic algorithms has been discussed in [29]. A multiobjective optimization using genetic 

algorithms was proposed to obtain optimum air-flow field with the lowest velocity decay 

and temperature decay of the air-flow field of a melt-blowing slot die. Four main geometry 

parameters, including slot width, head width, slot angle and setback, were studied. The 

results also show that a smaller slot angle and large slot width resulted in a lower air veloc-

ity decay and temperature decay. 
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Fluid flow on coat-hanger die of meltblowing process has been analyzed in [30]. The fluid 

flow in the coat-hanger die was simulated by the finite element method and measured by 

particle image velocimetry. Both qualitative and quantitative comparisons showed good 

agreements in the flow patterns and calculated velocities at the die outlet. The deviation of 

velocity CV% value at the die outlet between the simulation results and experimental re-

sults was 2,92% only, which was considered to be reasonable in view of the complex geo-

metric model and flow nature in the coat-hanger die. It was suggested that the proposed 

numerical methodology can be useable in the future design of the coat-hanger dies. 

 

Numerical simulation and analysis of fluid flow in double meltblown die has been dis-

cussed in [31]. The fluid flow inside the meltblown die was analyzed, particularly the flow 

near the joint point of the double meltblown die and the entrance of the orifice. Velocity 

distribution at the outlet of the die was also analyzed through a comparison with the fluid 

flow in the double meltblown coat-hanger feed distributor. The results showed that the 

convergence flow around the entrance of the orifice can improve the velocity distribution 

at the die´s outlet to a certain extent. The improved uniformity of the velocity distribution 

at the outlet of the double meltblown die proved the feasibility of using side-by-side 

meltblown die to fabricate wider uniform meltblown webs. 

 

Modified dual rectangular jets for fiber production has been investigated in [32]. Velocity 

field was measured below two parallel, rectangular air nozzles. The following five die 

(nozzle) types were tested see (Fig. 33-37): 

 

 

 

 

Fig. 33. A cross-sectional view of the 60° blunt air die [32]. 
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Fig. 34. A cross-sectional view of 60° sharp die [32]. 

 

 

 

 

Fig. 35. The 70° sharp die [32]. 

 

 

 

 

Fig. 36. The inset die [32]. 
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Fig. 37. The outset die [32]. 

It has been founded than the flow field of a sharp 60° die has a higher maximum velocity 

and the peaks merge sooner than velocity peaks of a blunt 60° die. Thus, a sharp 60°die is 

aerodynamically superior to a blunt 60° die. The maximum velocity of the sharp 70° die is 

higher than the velocity of the blunt 60° die. However, the maximum velocity of the sharp 

70° die is less than the velocity of the sharp 60° die. Hence, of the three die types tested, 

the sharp 60° die is aerodynamically superior. Inset dies have higher velocities than flush 

dies. A slightly dulled 60° die is a good die configuration to start with when melt blowing 

a new fiber. The inset of the die can be varied unit the optimum inset is determined from 

actual melt-blowing experiments. 

 

5.3 Nanofiber structure morphology 

Fabrication and characterization of polypropylene nanofibers by meltblowing process us-

ing different fluids have been investigated in [19]. Polypropylene has been successfully 

used for the fabrication of nanowebs by meltblowing process with the injection of different 

fluids (such as air and water) at the vent port of commercial meltblowing equipment. The 

lowest average fiber diameters achieved were 755 and 438 nm by the use of air and water. 

The results obtained from thermo gravimetric analysis and intrinsic viscosity studies 

showed thermal degradation of the nanofibers during meltblowing. X-ray diffraction stud-

ies showed that all the meltblown polypropylene fibers produced with the injection of the 

fluids contained low degrees of crystallinity and monoclinic α-form. 
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Modeling the melt blowing of viscoelastic materials has been analyzed in [22]. Fiber diam-

eter generally decreases with air flow rate (or shear stress on the fiber surface). For the 

experimental conditions considered by Tan et al. (2010), our slender-jet model combined 

with computational fluid dynamics calculations suggested that non-uniform shear stress 

and thermal effects do not play important roles. For sufficiently large elasticity, disturb-

ances decay faster relative to the Newtonian case and the oscillation frequencies were 

found to be smaller. 

 

Production of polypropylene melt blown nonwoven fabrics: Numerical simulation and pre-

diction of fiber diameter has been discussed in [33]. The fiber diameter was directly related 

to the polymer throughput rate, polymer melt initial temperature, die-to-collector distance, 

air initial temperature, and air initial speed, i.e. the finer the geometric mean of fiber diam-

eter, the more uniform is the fiber web. A lower polymer throughput rate, higher initial 

polymer melt temperature, higher air initial temperature, large die-to-collector distance, 

and higher air initial velocity can yield finer fibers.  

 

Production of polypropylene melt blown nonwoven fabrics: Effect of process parameters 

has been investigated in [34]. The results showed that the web weight unevenness in-

creased with the increased polymer throughput rate and accessory air pressure, the web 

weight unevenness decreased initially and then increased with the increased air initial pres-

sure and die-to-collector distance. The fiber diameter decreased with the increased air ini-

tial pressure and accessory air pressure and reductions in air initial pressure, the fiber di-

ameter decreased initially and then increased with the increased die-to-collector distance. It 

was concluded that the polymer throughput rate, accessory air pressure, air initial pressure 

and die-to-collector distance are the key factors in controlling the web weight unevenness 

of melt blowing nonwoven, and the lower polymer throughput rate, large air initial pres-

sure, large accessory air pressure and die-to-collector distance will be of benefit to produce 

finer fiber diameter.  

 

Prediction of angular and mass distribution in meltblown polymer lay-down has been ana-

lyzed in [21]. It was found that as screen speed increases, fibers are more uniformly orient-

ed and deposited mass is more uniformly distributed. It was also found that screen speed 
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has no effect on polymer mass flow rate for a smoothly running operation. The results also 

showed that the lay-down non-uniformity can be attributed to the wide distribution of re-

laxation time rather than to the distribution of the activation energy of solidification. 

 

Influence of viscosity and elasticity on diameter distribution has been investigated in [4].  

Both melt viscosity (η0) and elasticity (correlated here with the longest melt relaxation time 

λ1) were found the control the diameter distribution of meltblown fibers. These rheological 

parameters influenced the average diameter (dav) and the distribution of diameters (coeffi-

cient of variation, CV) of melt blown fibers in different ways. The main conclusion from 

this work were following. Increasing η0 leads to an increase in dav but has little impact on 

CV. On the other hand, increasing λ1 beyond a threshold value reduces CV while simulta-

neously increasing dav  

 

Fiber diameter distributions and onset of fiber breakup has been studied in [24] for 

poly(butylene terephthalate), polypropylene and polystyrene. It has been found that it is 

possible to decrease the average fiber diameter below 500 nm by modulating several dif-

ferent processing parameters. It was concluded that the obtained results closed the gap be-

tween melt blowing technology and electrospinning in terms of the ability to produce 

nano-scale fibers. 
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6 CONSTITUTIVE EQUATIONS FOR POLYMER MELTS 

Constitutive equations are mathematical relationship that allow computing of the stresses 

in a liquid for a given flow history. They are often derived from constitutive models, which 

imply a set of assumptions and idealization about the molecular or structural forces and 

motions producing stress. Polymers, characterized by relatively long macromolecules, do 

not obey simple physical laws because their behavior lies between Newtonian liquids and 

Hookean solids [35]. The Figure 38 shows different constitutive equations in the limits of 

low strain rates, low amplitude deformations, and high strain rates. Detail description of 

each model is provided in the next chapter. 

 

 

 

 

Fig. 38. Schematic diagram showing the behavior of viscoelastic fluids in the 

limits of low strain rates, low amplitude deformations, and high strain rates 

[9]. 
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6.1 Viscous liquid 

6.1.1 Generalized Newtonian fluid-model 

The generalized Newtonian fluid model represents generalization of the well known New-

tonian for incompressible fluids, which is given by the following expression: 

  D02   (36)

where  represent the extra stress tensor, 0 is the Newtonian viscosity, and D stand for the 

deformation rate tensor. 

In the Generalized Newtonian fluid model, the constant Newtonian viscosity is replaced by 

the viscosity function depending on the deformation rate tensor invariants [5]. 

6.1.1.1 Power-Law model 

The power-law model describes viscosity with a function that is proportional to some pow-

er of the shear rate second invariant of deformation rate tensor [5]:   

    

    2

1


n

DIIm  (37)

It is important to remember that this version is valid only for simple shear. In processing 

range of many polymeric liquids and dispersion the power-law is a good approximation to 

the data from viscosity versus shear rate. At high shear rate 1 , the power –law fits the 

data well, with m representing a function of temperature. One of the obvious disadvantages 

of the power-law is that it fails to describe the low shear region. Since n is usually less than 

one, at low shear rate  goes to infinity rather than to a constant 0 [9]. 

6.1.1.2 Carreau-Yasuda model 

A viscosity model that capture more details of the shape of experimentally measured     

curves is the Carreau-Yasuda model. The Carreau-Yasuda model uses five parameters:
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or 
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(39)

where  is the viscosity function approaches the constant value  as   gets large, 0  is 

the viscosity function approaches the constant value 0 as   becomes small, a  is the ex-

ponent affects the shape of the transition region between the zero-shear-rate plateau and 

rapidly decreasing (power-law-like) portion of the viscosity versus shear-rate curve, i.e. 

increasing a  sharpens the transition,  is the relaxation time of the liquid determining the 

shear rate at which the transition from Newtonian power-law model range takes the place, 

n  is the power-law-index that is related to the slope of the rapidly decreasing portion of 

the   curve, ta  is temperature shift factor, D  is the second invariant of the deformation 

rate tensor. 

The role of each Carreau-Yasuda model parameter on the shear rate dependent viscosity is 

provided in [5, 36] 

6.1.1.3 Macosko model 

Macosko suggested the following viscosity function for the generalized Newtonian law: 
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D
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m
  (40)

where m, n and η0 are adjustable model parameters, IID and IIID represent second and third 

invariant of deformation rate tensor [9]. 

6.1.1.4 Zatloukal model 

Zatloukal has proposed the following specific viscosity function in generalized Newtonian 

law, which allows properly represent flow behavior of the polymer melts in shear as well 

as extensional flows: 

         DDDDDDDD f
D

f

DDDD A 
 ,,,,,,1

,,,   (41)
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where η ( D ) is given by the well known Carreau-Yasuda model, and exponent 






  DDDDf ,,,  is given by Eq. (42).). The first, second and third invariant of the defor-

mation rate tensor are defined as      DdetandDtr2,Dtr D
2
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where  are adjustable parameters and ta  is the temperature shift 

factor [35]. 

 

6.2 Linear viscoelasticity 

6.2.1 Maxwell model 

The Maxwell model can be represented by a purely viscous damper and a purely elastic 

spring connected in series and mathematically it relates the stress tensor and the defor-

mation rate tensor through the following equation: 

  D02 


 (43)

The Maxwell model can also be expressed in the integral form [5]   

   
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where t   represents the dummy variable of integration, t  is the current time at which the 

stress is calculated. 

6.3 Nonlinear viscoelasticity 

6.3.1 The BKZ model 

Lodge´s rubberlike liquid model is the simplest theory of nonlinear viscoelasticity that is 

capable of predicting most features of the first appearance of nonlinear behavior, when 

both the size and the rate of the deformation exceed the ranges in which linear behavior is 

observed. The BKZ equation proposed by Bernstein, Kearsley and Zapas. Making use of 

 ,,,,,,,0 na
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concepts originally used in the development of the theory of rubber viscoelasticity, they 

proposed the following form for the constitutive equation of a viscoelastic material. 

        









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u
ttCij

I

u
t ,2,2

11

  (45)

where u is a time-dependent elastic energy potential function: 

   ttIIuu  ,, 21  (46)

This function must be determined experimentally, by the study of large, rapid deformations 

[37]. In these two above described equations, the symbol meaning is the following: Cij  is 

the Cauchy tensor, ijB is the Finger tensor, 21, II - first and second scalar invariant of a Fin-

ger tensor, ij  is the extra stress tensor. 

 

6.3.2 The Wagner model 

The direct analogy between elasticity of rubbers and flow of polymeric systems is the 

ground for several versions of the Wagner-models. In its initial form of W-I model, it was 

suggested that large deformations influence a relaxation spectrum and a constitutive equa-

tion of state has the following general form: 

   


 
t

ijij tdCIIttM 1
21,;  (47)

where M is non-linear memory function dependent on variants of the deformation tensor. 

The simplification of dividing of the memory function into the product of a linear member 

and the “function of influence”:       

       2121 ,,; IIhttmIIttM   (48)

where the memory function  ttm   is determined in the range of linear viscoelasticity, 

and the function  21, IIh  is called the damping function, and the latter can be treated as the 

consequence of influence of deformations on viscoelastic behavior of material [10]. 
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The final equation of W-I model takes the following form:  

     


 
t

ijij tdCIIhttm 1
21,  (49)

6.3.3 Molecular stress function (MSF) model 

The MSF model is a single tube segment integral constitutive equation, with the main fea-

ture of including the stretch as a relative quantity inside the history integral. Considering 

the interchain tube pressure effect in the evolution equation for the stretch, elongation rhe-

ology of monodisperse linear polymer melts could be modeled successfully. 

     ttSfttS IA
DEm  ,, 2  (50)

 ttSm ,  is a general strain measure and might be considered as the deformation measure of 

the material. The square of the relative tension in the chain segments, 2f , is related to the 

strain energy stored in the polymeric system and is therefore strongly dependent on the 

molecular structure of the polymer.  ttS IA
DE ,  is the strain measure representing the affine 

rotation of tube segments and corresponds to the so-called “independent alignment (IA)” 

assumption in the Doi-Edwards model [38]. 

 

6.3.4 The Leonov model 

The Leonov model is based on hypothesis that the rubbery state (where equilibrium elastic 

deformations have been stored) is the internal thermodynamic equilibrium state in flow of 

viscoelastic fluids. Any deviation from this state cause non-equilibrium. In contrast to the 

KBZ and Wagner models, this model is of differential type. Its original derivation was 

based on irreversible thermodynamics and the classical potential function of the network 

theory of elasticity. Irreversible thermodynamics supplies the necessary relationship be-

tween the dissipative part of the strain rate and the dissipative part of stress. This constitu-

tive model is derived from the thermodynamic idea that the stress in flowing polymer is 

related to the store elastic energy [10]. 
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kW is taken according to the classical potential function of the network theory of elasticity. 

   31,  kkk IGW  (52)

where kC  is the elastic strain tensor, 1,kI  is the first invariant of kC , kG  is the modulus, 

D  is the strain rate tensor, 0  is the Newtonian viscosity of the fluid, s  is rheological pa-

rameter lying between 0 and 1. 

 

Although the Leonov model has been found to give an excellent agreement to transient and 

steady shear flow experiments for a number of polymer melts and solutions, it is incapable 

of representing elongational flows realistically, the steady elongational viscosity is virtual-

ly independent of strain rate. Thus, it is not surprising that considerable progress has been 

made to improve such behavior through generalization of the elastic potential, W [35]: 
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where G is the Hooken elastic modulus,  and n are non-linear model parameters, 1I and 

2I  are invariants of the recoverable Finger tensor. 

  

6.3.5 Modified White-Metzner model 

The White-Metzner constitutive equation is a simple Maxwell model for which the viscosi-

ty and relaxation time are allowed to vary with the second invariant of the strain rate de-

formation tensor. It takes the following form [35]: 

     DTT DD ,2, 


  (54)

where the  is the stress tensor,  TD ,  stands for the deformation rate-dependent relaxa-

tion time, 


  is the upper convected stress tensor derivate,  TD ,  is the deformation 

rate-dependent viscosity and D  is the deformation rate tensor. 
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6.3.6 Pom-Pom model 

The recently introduced Pom-Pom model by McLeish and Larson (1998), improved with 

local branch-point displacement before maximum stretching and adopted in a multimode 

approach, seems to be a breakthrough in the field of viscoelastic constitutive equations due 

to separation of relaxation times for stretch and orientation allowing to overcome three 

drawbacks: solutions in steady state elongation show discontinuities, the equation for ori-

entation in unbounded for high strain rates, the model does not have a second normal stress 

difference in shear. The extended Pom-Pom model does not show the three problems and 

is easy for implementation in finite element packages, because it is written in the following 

a single equation [35, 39]: 

   DG21  


   (55)

where 


  is the upper convected stress tensor derivate,   1 is the  relaxation time tensor, 

  is the stress tensor, G is the Maxwell modulus, D  is the deformation rate tensor.  

 

6.3.7 PTT model 

Based on network theory of rubber-like fluids, Phan Thien and Tanner developed in 1977 

the PTT model which is one of the most widespread non-linear model in use [40](cf. criti-

cal appraisal by Quinzani et al.) and, when the lower convected term in the generalized 

Jaumann derivate is not considered, by setting the parameter 0 to avoid non-affine de-

formations, the constitutive equation is usually written as (PTT model):    

 Df P 2








  (56)

where D is the deformation rate tensor, 


  is the upper convected stress tensor derivate,   

is  the stress tensor, and  and P  as a constant model parameters with the usual meaning 

[41]. 

The PTT model can be considered to be one of the most realistic models for polymer melts 

and concentrated solutions [42]. 
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II. ANALYSIS 
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7 MATERIALS 

In this work, the following polymer have been used: 

 PP, Daploy WB180HMS: Melt Flow Rate (230 ̊ C/ 2,16 kg) = 6 g/10min, Melting 

temperature = 163 ̊ C, Properties – High melt strength and increased melt extensi-

bility. Branched polymer. 

 PP, Borflow HL504 FB B2-70006: Melt Flow Rate (230 ̊ C/ 2,16 kg) = 450 

g/10min, Melting temperature (DSC) = 161 ̊ C, Molecular weight distribution - 

very narrow. Linear polymer. 

 PP, Borflow HL508 FB : Melt Flow Rate (230 ̊ C/ 2,16 kg) = 800 g/10min, Melting 

temperature (DSC) = 158 ̊ C, Molecular weight distribution - very narrow. Linear 

polymer 

 PP, Borflow HL512 FB B2-90367: Melt Flow Rate (230 ̊ C/ 2,16 kg) = 1200 

g/10min, Melting temperature (DSC) = 158 ̊ C, Molecular weight distribution - 

very narrow. Linear polymer 

 PP, Blend 1 (TPPP 122146-1): 90wt-% HL512FB + 10wt-% WB180HMS, Melt 

Flow Rate (230 ̊ C/ 2,16 kg) = 800 g/10min 

 PP, Blend 2 (TPPP 122146-2): 80wt-% HL512FB + 20wt-% WB180HMS, Melt 

Flow Rate (230 ̊ C/ 2,16 kg) = 615 g/10min 

 PP, Blend 3 (TPPP 122146-3): 70wt-% HL512FB + 30wt-% WB180HMS, Melt 

Flow Rate (230 ̊ C/ 2,16 kg) = 440 g/10min  
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8 EQUIPMENT AND METHODS 

In this work, the twin bore capillary rheometer RH7-2 (Rosand Precision, Ltd., Great Brit-

ain) has been used to determine basic rheological characteristics of given melt blown pol-

ymer samples. Description of the experimental set-up is provided in the next chapter. 

 

8.1 Capillary rheometer Rosand RH7-2 

The twin bore capillary rheometer Rosand RH7-2 (Rosand Precision, Ltd., Great Britain), 

allows to push the polymer melt in the controlled way through a defined capillary dies with 

simultaneous recording of corresponding pressure drops. Two measurements are usually 

performed simultaneously at the same time on two capillary dies having the same diameter 

but different length (long die and the orifice die with zero length). The capillary rheometer 

is depicted in (Fig. 39-41). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 39. Photo of Rosand RH7-2 twin-bore capillary rheometer. 
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Fig. 40. Scheme of Rosand RH7-2 twin-bore capillary rheometer. 

 

Fig. 41. Section of Rosand RH7-2 twin-bore capillary rheometer. 
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In order to evaluate the flow behavior in shear as well as the uniaxial and planar 

elongational flows, circular as well as rectangle dies with varied length and diameter/gap 

size depicted in (Fig. 42) were used. More detail information about the utilized dies are 

provided in (Tab. 19). Detail view of the utilized circular and rectangle dies is provided in 

(Fig. 43-44) and (Fig. 45-46) respectively. It has to be mentioned that the circle as well as 

rectangle orifice dies utilized in this work have open downstream region, which does not 

allows any polymer melt sticking at the die exit wall as visible in (Fig. 55, 57). Due to this 

reason, the measured entrance pressure drop can be considered to be very precise.  

 

Fig. 42. Circular and rectangle dies utilized in this work. 
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Tab. 19. Detail description of circular and rectangle dies utilized in this work. Here D rep-

resents the capillary diameter, W is the width and H is the gap size, all in mm.  

Type of flow Type of capillary die Length of capillary [mm] 

Diameter or  

dimensions of slot 
[mm] 

Uniaxial Orifice (short) 0 D = 3 

  0 D = 1 

  0 D = 0,5 

 Long 42 D = 3 

  16 D = 1 

  8 D = 0,5 

Planar Orifice (short) 0 W = 10, H = 1 

  0 W = 10, H = 0,5 

  0 W = 10, H = 0,15 

 Long 16 W = 10, H = 1 

  8 W = 10, H = 0,5 

  2,4 W = 10, H = 0,15 

 

 

Fig. 43. Bottom (left) and section (right) view of the circle orifice die. 
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Fig. 44. Bottom (left) and section (right) view of the circle long die. 

       

Fig. 45. Bottom (left) and section (right) view of the rectangle orifice die. 

         

Fig. 46. Bottom (left) and section (right) view of the rectangle long die. 
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In order determine the pressure drop through the circle as well rectangle dies at wide range 

of deformation rates for all tested polymer samples, different pressure transducers 

(Dynisco, USA) were used (see Tab. 20). 

Tab. 20. Pressure transducer types utilized in this work. 

Range [PSI] Range [MPa] 

10000 68,9476 

1500 10,3421 

500 3,4473 

250 1,7237 

 

8.1.1 Shear viscosity determination  

The shear flow behavior for all tested samples was evaluated by determination of the ap-

parent wall shear stress and apparent wall shear rate from the measured long die pressure 

drop and piston speed. Bagley and Rabinowitsch corrections were consequently applied for 

the apparent wall shear stress and apparent wall shear rate, respectively (see Tab. 5 and 

chapter 2.1.1.2 for more details) in order to calculate correct value of the shear viscosity as 

the ratio of the corrected wall shear stress and corrected wall shear rate i.e. according to 

Eq. 3. 

 

8.1.2 Uniaxial and planar entrance viscosities determination and evaluation 

In order to evaluate flow behavior of tested polymer melts in uniaxial and planar 

elongational flows, entrance pressure drop was measured on the annular and rectangle ori-

fice dies as the function of the apparent shear rate. Both measured variables were conse-

quently used to calculate uniaxial entrance viscosity as well as planar entrance viscosity, 

which are defined according to [43] in the following way: 
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where UENTR,  and PENTR,  represents uniaxial and planar entrance viscosity, respectively, 

Pentr, circle and Pentr, rectangle represents entrance pressure drop through the circular and rectan-

gle orifice die, respectively, and gAPP represents apparent shear rate. In this work, the fol-

lowing function proposed in [43] was used to fit the measured entrance viscosity data. 
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where the parameters α, β and ξ control the shape of the entrance viscosity maximum. 

It is not difficult to show that based on [43-44], both entrance viscosities are linked togeth-

er at the zero shear rate range through the following simple relationship: 

  2
0,,

0,, 
PENTR

UENTR




 (60)

where 0,,UENTR  and 0,,PENTR  represents uniaxial and planar entrance viscosity plateau, re-

spectively. Moreover, there is direct relations between the ηENTR, U, 0 and zero shear viscosi-

ty as shown in [43], which is only orifice die design dependent, (i.e. it does not depends on 

the polymer type used). 

  .
2 0

0,, constUENTR 



 (61)
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8.2 Meltblown line 

Production of the nanofiber based nonwovens for chosen polymer was realized on the pilot 

plant meltblown line, which is depicted in (Fig. 47). The meltblown line consist of extruder 

(Fig. 48), melt blown die (Fig. 49) equipped by die nosepiece (Fig. 50), collector (Fig. 51), 

exhaust and reservoir (Fig. 52). It should be mentioned that the die nosepiece visualized in 

(Fig. 50) has the following parameters: length 350 mm, active part 250 mm, 0,4 mm diam-

eter orifice spaced 470 per active part. During the meltblown nonwoven production, the 

following processing conditions were varied: melt temperature, die-collector distance and 

collector belt speed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 47. Melt blown pilot plant line. 
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Fig. 48. Melt blown extruder. 48a, Control unit. 48b) detail view of the feeding part 

inclunding the hopper. 48c) Detail view of the extruder heating belts. 

 

48a, 48b, 

48c, 
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Fig. 49. Meltblown die visualization (top-side view, middle-angle view, bottom-

detail view allowing to seeing the fiber formation). 

 

Secondary air 

High velocity hot air 

and polymer melt 
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Fig. 50. Visualization of the die nosepiece (top-full view, middle-right side 

view, bottom- detail view of the 0,4 mm diameter orifice). 

 

 

Fig. 51.  Collector 
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Fig. 52. Exhaust and reservoir. 

8.3 Tabletop TM-1000 SEM microscope 

In order to determine basic morphological characteristics of the produced meltblown 

nonwovens such as fiber diameter distribution, the simple to use HITACHI Tabletop TM-

1000 SEM microscope was used (see Figs. 53-54).  

 

Fig. 53. HITACHI Tabletop TM-1000 SEM microscope visualization, 

working place. 
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Fig. 54. HITACHI Tabletop TM-1000 SEM microscope visualization typical screenshot of 

the microscope software. 

8.4 AKUSTRON air permeability tester  

With the aim to evaluate the sample porosity for all produced meltblown samples, air per-

meability was determined by the AKUSTRON air permeability tester, which is visualized 

in (Fig. 54). In this work, the air permeability is represented by the speed of the air in mm/s 

passing the nonwoven at constant value of the pressure drop, equal to 200 Pa. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 55.  Visualization of the AKUSTRON air permeability tester. 
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RESULTS AND DISCUSSION 

Rheological evaluation of tested melt blown polymer samples in shear, uniaxial and 

planar extensional flows 

In order to determine basic rheological characteristics in shear as well as elongational 

flows, circular as well as rectangle dies were utilized. Due to the extremely low viscosity 

of all tested samples and very high temperature, unwanted polymer melt leakage was de-

tected between the die and barrel as visible in Figure 56.  

 

 

Fig. 56. Unwanted polymer melt leakage flow at the long die (left) and orifice die (right). 

 

In such case, the pressure drop through the utilized capillaries was artificially low and thus, 

its consequent usage in the shear and elongational viscosities was not possible. In order to 

eliminate the polymer melt leakage flow, polytetrafluoroethylene tape was used to seal the 

clearance between the die and the barrel as visible in Figures 57-58. This allowed to pre-

vent unwanted polymer melt leakage and measurements of the pressure drops was reliable 

within the wide range of deformation rates.  

 In the first step, strain rate dependent shear viscosity as well as uniaxial and planar 

entrance viscosities have been determined at 230oC for the polymers having the highest 

(branched PP Daploy) and smallest (linear PP HL512FB) melt index and the obtained data 

were consequently fitted by the Eq.39 and Eq. 59 for shear and entrance viscosity, respec-

tively, as visible in Figures 59-61. It can be clearly seen that both chosen models can de-

scribe the measured data very well. The occurrence of the overshoot in the entrance viscos-
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ity for PP Daploy polymer sample, which is visible in Figure. 60, confirms the presence of 

the branches, which is in good correspondence with the experimental data reported in [43].  

 

 

Fig. 57. Utilized polytetrafluoroethylene tape on the long die (left) and orifice die (right). 

 

Fig. 58. Visualization of the flow through long die (left) and orifice die (right) without un-

wanted polymer melt leakage flow. 

 

Interestingly, within the range of investigated deformation rates, only small (if any) over-

shoot in planar entrance viscosity was found, as visible in Figure 60. These experimental 

data suggests that flow behavior of this polymer in uniaxial and planar elongational flows 

will be different. On the other hand, for the linear PP HL512FB, no overshoot in uniaxial 

and planar entrance viscosities was found which is also consistent with the experimental 

data reported in [43] for linear polymer melts.  
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In the second step, shear, uniaxial and planar entrance viscosities were determined 

for remaining samples, i.e. for HL508FB, HL504FB and Blend 1 (90wt-% HL512FB + 

10wt-% Daploy), Blend 2 (80wt-% HL512FB + 20wt-% Daploy) and Blend 3 (70wt-% 

HL512FB + 30wt-% Daploy), and the obtained shear and entrance viscosity data were fit-

ted by the Eq.39 and Eq. 59, respectively (see Figs. 62-64). To do this, it was necessary to 

utilize physical constrain for zero deformation rate uniaxial and planar entrance viscosities 

defined by Eq.61 as well as to determine  00,, 2/  UENTR  ratio for the utilized annular ori-

fice die design from the measured data where both plateau values were measurable (here 

the  00,, 2/  UENTR  ratio was found to be 1,76826 based on the HL512FB data depicted in 

Figures 62-64). Model parameters for all polymer samples are summarized in Tables 21-

23. As it can be seen, also in this case, the chosen mathematical models can represent the 

measured rheological data very well. With respect to the experimental data for the Blends 

1-3 depicted in Figures 62-64, clearly, continues increase of highly viscous PP Daploy 

amount in the HL512FB+Daploy PP blends leads to the increase in shear, uniaxial and 

planar entrance viscosities as expected. The most interesting polymers to be compared 

rheologicaly in more detail with respect to the nanofiber formation during meltblown pro-

cess is linear PP HL508FB and slightly branched PP Blend 1 (90wt-% HL512FB + 10wt-

% Daploy) having practically identical shear viscosity curves but different uniaxial and 

planar entrance viscosities (see Figs. 65-66). 

Tab. 21. Parameters of Carreau-Yasuda model T=230°C 

Function Carreau-Yasuda model  

Material η0 (Pa.s) λ (s) a (-) n (-) b (-) 

Daploy 3000 1,119000 0,56548 0,46433 0,02433 

HL504FB 19,47125 0,001178 1,207615 0,491130 0,02318 

HL508FB 9,742137 0,000752 1,402342 0,580867 0,02497 

HL512FB 6,867669 0,000765 1,505550 0,665461 0,02421 

Blend 1 9,458639 0,001049 1,623742 0,644978 - 

Blend 2 12,05149 0,001005 1,614599 0,563726 - 

Blend 3 16,52453 0,001885 1,723808 0,630532 - 
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Tab. 22. Parameters of uniaxial entrance viscosity model, Eq. 59, at T=230°C for all test-

ed polymer samples 

Function Carreau-Yasuda model    

Material η0´ (Pa.s) λ´ (s) a´ (-) n´ (-) α´ (-) β´ (-) ξ´ (-) 

Daploy 2000 0,827634 65,46019 0,78561 0,449985 1,026186 0,65695 

HL504FB 68,8604 0,004003 3,2546 0,76237 0 1 0 

HL508FB 40,41943 0,004308 2,9531 0,74448 0 1 0 

HL512FB 24,28768 0,001029 7,2719 0,79237 0 1 0 

Blend 1 33,45066 0,012248 105,4818 0,73314 0,008119 1,034119 0,718832

Blend 2 42,62033 0,391069 1,182179 0,80508 0,018004 0,585378 0,51275 

Blend 3 58,4393 0,263587 0,770437 0,80004 0,048319 1,465538 2,44485 

 

Tab. 23. Parameters of planar entrance viscosity model, Eq. 59, at T=230°C for all tested 

polymer samples 

Function Carreau-Yasuda model    

Material 
η0´ 

(Pa.s) 
λ´ (s) a´ (-) n´ (-) α´ (-) β´ (-) ξ´ (-) 

Daploy 4670,640 2,05756 64,8807 0,73517 1,52195 1,73565 0,75834 

HL504FB 69,20728 0,00624 1,225148 0,715898 0 1 0 

HL508FB 35,0096 0,00221 8,537095 0,617276 0 1 0 

HL512FB 29,55281 0,004015 1,975729 0,71357 0 1 0 

Blend 1 34,73300 0,003202 1,853524 0,612267 0,21249 0,82337 0,06519 

Blend 2 56,36680 0,001811 0,375301 0,545432 0,14263 0,03494 0,02596 

Blend 3 65,87369 0,028021 2,117257 0,739728 0,36146 0,42148 0,070379
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In more detail, even if shear viscosity curves for both polymers are virtually the 

same, uniaxial entrance viscosity for PP Blend 1 (90wt-% HL512FB + 10wt-% Daploy) is 

higher in comparison with PP HL508FB whereas planar entrance viscosity for PP Blend 1 

(90wt-% HL512FB + 10wt-% Daploy) is smaller in comparison with PP HL508FB. This 

suggests that PP Blend 1 could flow much easily through the flat converging channels in-

side the meltblown dies in comparison with PP HL508FB, i.e. the material distribution 

inside the die could be consider to be more homogenous along the die width for Blend 1 in 

comparison with PP HL508FB. On the other hand, higher uniaxial entrance viscosity for 

Blend 1 could influence more positively the fiber formation for this polymer between the 

die and the collector in comparison with PP HL 508FB polymer. Due to above described 

interesting rheological features of Blend 1 and PP HL508FB polymer, only these two pol-

ymers are considered for the consequent experimental study on the melt blown line.  

Finally, temperature sensitivity parameters for all tested polymer samples were 

evaluated from deformation rate dependent shear viscosities determined at 190oC, 210oC 

and 230oC. For such purpose, the Carreau-Yasuda model defined by Eq.39 using the fol-

lowing type of temperature shift factor was utilized: 

    rT TTba  exp  (62)

where b represents temperature sensitivity parameter, Tr is the reference temperature and T 

stands for the arbitrary value of the temperature. The comparison between the experimental 

data and model fits are provided in Figures 67-68 for Daploy and HL 508FB ( note that for  

HL 504FB and HL 512FB samples, the rheological data provided in [36] were used). Tem-

perature sensitivity parameters for all investigated polymer samples are summarized in 

Tables 21. Due to the fact that the temperature sensitivity parameter b is comparable for all 

investigated samples, it can be reasonable to consider that all prepared blends will behaves 

in the similar way as the basic blend components i.e. PP HL512FB and Daploy as well as 

the PP HL508FB. 
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Determination of basic morphological characteristics of nanofiber based nonwovens 

produced by the melt blown technology 

As it has been explained in the previous chapter, only the PP polymers having virtually the 

same behavior in shear flow but different behavior in elongational flows (i.e. HL508FB 

and blend of 90wt-% HL512FB + 10wt-% Daploy) were considered for the production of 

polymeric nanofibers on the melt blown line. In more detail, for each polymer, melt tem-

perature (T1=250oC, T2=270oC), Die-Colector Distance (DCD1=200mm, DCD2=500mm) 

and collector belt speed was varied during production of nanofiber based nonwovens on 

the melt blown line in order to evaluate the following basic characteristics: the air permea-

bility, the average fiber diameter and the coefficient of variation for average fiber diameter. 

In order to evaluate the average fiber diameter as well as the coefficient of variation for 

average fiber diameter in statistically correct way, four samples taken from different places 

were used for each produced nonwoven. Moreover, in order to evaluate as much as possi-

ble number of small and high fibers, three different magnifications (1000x, 2500x, 4000x) 

were used for each sample by using SEM microscopy. In total, there were 4x3=12 samples 

to be analyzed for one nonwoven, which was produced from given polymer at given pro-

cessing conditions. In order to determine average fiber diameter as well as coefficient of 

variation for the average fiber diameter from SEM images and digital image analysis tech-

nique, the recently developed UTBsoft Filtration v1.0.1 simulation software (Morphology 

module) by Wannes Sambaer and Martin Zatloukal was used. In more detail, the SEM im-

age of the melt blown sample (see example in Fig. 69a) was firstly converted to black and 

white image. Then, the centerline as well as fiber boundary for each fiber was detected. 

Finally, the circle was fitted in each centerline point to determine its diameter. In this way, 

all countable fiber centerline points were analyzed and recorded in the file (see Fig. 69b for 

example). Log-normal fiber diameter distribution was found for all investigated melt 

blown samples having the following basic properties [45]: Traditionally, the mean µ and 

the standard deviation σ of log(measured fiber diameter in nm) are utilized, however, there 

are clear advantages using “back-transformed” values (the values are in terms of measured 

fiber diameter in nm instead of its logarithmic value): 

    ee  :,: **  (63)

which simply means that fiber diameter measured in nm is distributed according to the log-

normal law with median *  and multiplicative standard deviation * . The coefficient of 
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variation (or relative standard deviation expressed as a percentage) is defined for the Log-

normal distribution as follows: 

    12  expCV x 100% (64)

Fig. 70 shows typical Log-normal distribution of fiber diameters obtained by the above 

described methodology for a PP meltblown sample produced in this work. All basic char-

acteristics of produced meltblown nonwovens are summarized in Tables 24-25. 

 

Evaluation the relationship between flow behaviour of tested polymer samples, proc-

essing conditions and final nanofiber based nonwoven product properties 

The effect of processing conditions on the produced meltblown nonwoven characteristics 

The effect of melt temperature, collector belt speed and die-collector distance on 

the air permeability, the area weight, the average fiber diameter and the coefficient of vari-

ation for fiber diameter is provided in Figures. 71-95. As it can be seen in Figures 71-73, 

melt temperature increase leads to air permeability decrease whereas increase in collector 

belt speed or in the die-colector distance leads to the air permeability increase, which can 

be explained by the sample porosity change and the obtained trends are comparable for 

both tested polymers. 

The effect of melt temperature, collector belt speed and die-collector distance on 

the area weight is provided in Figures 74-76. The experimental results shows that the area 

weight does not seems to be virtually influenced by the melt temperature and die-collector-

distance (within the applied range for both variables) whereas the increase in the collector 

belt speed causes reduction in the area weight. Also in this case, the obtained trends are 

comparable for both tested polymers even if the variation of the area weight for branched 

Blend 1 polymer tends to by lower in comparison with linear HL508FB sample, which can 

be explained by more homogeneous polymer distribution of Blend 1 in the flat die in com-

parison with HL508FB sample due to its lower planar entrance viscosity as visible in Fig-

ure 66. 

The effect of melt temperature, collector belt speed and die-collector distance on 

the average fiber diameter is provided in Figures 77-79. As visible, the effect of all investi-

gated processing parameters on the average fiber diameter has no unique trend for both 

samples. 
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The effect of melt temperature, collector belt speed and die-collector distance, 

DCD, on the coefficient of variation for average fiber diameter, CV is provided in Figures. 

80-91. Here, for the increased melt temperature of both tested polymers, firstly the CV 

increases (for low DCD and low collector belt speed), then CV remains constant (for high 

DCD and high belt speed), and finally, CV decreases (for high DCD and low belt speed). 

Importantly, almost in all cases, the branched Blend 1 polymer shows lower CV than linear 

HL508FB sample. From the basic research as well as practical point of view, the case at 

which the CV increases with the increased temperature at the low DCD and low collector 

belt speed (the most dangerous case) is of high interest. Thus, in the next chapter, only this 

type of the processing conditions with respect to polymer sample rheology is discussed in 

more detail.   

 

The effect of uniaxial elongational rheology on the produced meltblown nonwoven charac-

teristics 

In this chapter, the effect of elongational rheology on the produced meltblown nonwoven 

characteristics is discussed for one set of meltblown processing conditions at which the 

lowest values for the melt temperature (250oC), DCD (200m) and collector belt speed 

(4,25 m/min), i.e. at conditions, at which the differences in the uniaxial entrance viscosities 

of both chosen polymer melts are the highest, but the shear viscosities are practically the 

same (see Fig. 65). The level of the uniaxial entrance viscosity difference between 

branched Blend 1 sample and linear HL508FB sample is quantified here through the fol-

lowing Strain Hardening Ratio (SHR): 

  
0,,

,,

UENTR

MAXUENTRSHR



  (65)

where MAX,U,ENTR represents the maximum value of the uniaxial entrance viscosity and 

0,U,ENTR is the zero deformation rate uniaxial entrance viscosity. It is clearly visible in Fig-

ure. 92, that branched Blend 1 shows uniaxial strain hardening  (SHR>1) whereas 

HL508FB do not (SHR=1), thus both samples can be clearly differentiated by using SHR 

with respect to uniaxial entrance viscosity. 

The effect of SHR on the air permeability, average fiber diameter and coefficient of varia-

tion for average fiber diameter at given processing conditions is provided in Figures. 93-
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95. Clearly, slight increase in SHR leads to air permeability increase (6,6% change), aver-

age fiber diameter decrease (13,2% change) and coefficient of variation for average fiber 

diameter decrease (7,9% change). 

 

Tab. 24. Processing conditions of meltblown line. 

Sample 

No. 

Temperature 

 [°C] 

Die to collector 
distance 

 [mm] 

Speed belt  

[m/min] 

Air permeability 

 [mm/s] 

Sample 1 250 500 4,7 465 

Sample 2 250 500 19 1748 

Sample 3 250 200 16,6 1043 

Sample 4 250 200 4,2 283 

Sample 5 270 500 4,7 300 

Sample 6 270 500 19,1 1332 

Sample 7 270 200 18,5 910 

Sample 8 270 200 4,3 241 

Sample 9 270 500 4,8 325 

Sample 10 270 500 18,7 1330 

Sample 11 270 200 18,7 871 

Sample 12 270 200 4,1 260 

Sample 13 250 500 4,8 458 

Sample 14 250 500 19 1669 

Sample 15 250 200 18,6 1160 

Sample 16 250 200 4,2 303 

 

Note: Samples 1-8 are HL508FB, Samples 9-16 are Blend 1 
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Tab. 25. Basic morphological characteristics of produced meltblown samples. 

Sample 

No. 

Temperature 

[°C] 

Die to collector 
distance 

[mm] 

Speed 
belt 

[m/min] 

Average fiber 
diameter 

[nm] 

Coeficient of 
variation 

[%] 

 1 250 500 4,7 1524,755 93,656 

 2 250 500 19 1568,556 92,086 

 3 250 200 16,6 1441,451 81,191 

 4 250 200 4,2 1588,547 90,028 

 5 270 500 4,7 1239,367 89,008 

 6 270 500 19,1 1228,57 92,132 

 7 270 200 18,5 1137,889 89,333 

 8 270 200 4,3 1722,265 91,693 

 9 270 500 4,8 1276,439 84,612 

 10 270 500 18,7 1486,62 91,670 

 11 270 200 18,7 1226,027 88,150 

 12 270 200 4,1 1791,095 89,866 

 13 250 500 4,8 1764,006 93,702 

 14 250 500 19 1498,994 91,323 

 15 250 200 18,6 1436,481 86,081 

 16 250 200 4,2 1462,177 83,443 
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Fig. 59. Comparison between deformation rate dependent shear viscosity for two different 

polymers (Daploy and HL512FB) and Carreau-Yasuda model fits at T=230oC. 

 

 

 

 



TBU in Zlín, Faculty of Technology 102 

 

 

 

 

10-2 10-1 100 101 102 103 1040 .03 0.3 3 30 300 3000 30000

Apparent shear rate (1/s)

101

102

103

104

20

50

200

500

2000

5000

5

U
n

ia
xi

a
lE

N
T

R
vi

sc
os

ity
(P

a.
s)

Daploy
HL512FB

 

Fig. 60. Comparison between deformation rate dependent uniaxial entrance viscosity for 

two different polymers (Daploy and HL512FB) and Eq.(59) model fits at T=230oC. 
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Fig. 61. Comparison between deformation rate dependent planar entrance viscosity for 

two different polymers (Daploy and HL512FB) and Eq.(59) model fits at T=230oC. 
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Fig. 62. Comparison between deformation rate dependent shear viscosity for three differ-

ent PP homopolymers (HL504FB, HL508FB, HL512FB), three different blends (Blend 1,    

Blend 2, Blend 3) and Carreau-Yasuda model fits at T=230oC. 
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Fig. 63. Comparison between deformation rate dependent uniaxial entrance viscosity for 

three different PP homopolymers (HL504FB, HL508FB, HL512FB), three different blends 

(Blend 1, Blend 2, Blend 3) and Eq. (59) model fits at T=230oC. 
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Fig. 64. Comparison between deformation rate dependent planar entrance viscosity for 

three different PP homopolymers (HL504FB, HL508FB, HL512FB), three different blends 

(Blend 1, Blend 2, Blend 3) and Eq. (59) model fits at T=230oC. 
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Fig. 65. Comparison between deformation rate dependent shear and planar entrance vis-

cosities for HL512FB, Blend 1 and model fits (Carreau Yasuda model and Eq.59) at 

T=230oC. 
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Fig. 66. Comparison between deformation rate dependent shear and uniaxial entrance 

viscosities for HL512FB, Blend 1 and model fits (Carreau Yasuda model and Eq.59) at 

T=230oC. 
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Fig. 67. Comparison between deformation rate dependent shear viscosities measured at 

three different temperatures for Daploy sample and model fits (Carreau Yasuda model and 

Eq.62). 
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Fig. 68. Comparison between deformation rate dependent shear viscosities measured at 

three different temperatures for HL508FB sample and model fits (Carreau Yasuda model 

and Eq.62). 
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Fig. 69. Determination of fiber diameter distribution from SEM image for produced 

meltblown nonwoven sample. 68a) Original SEM image, 68b) Fitted circles along the fiber 

centerlines. 
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Fig. 70. Typical log-normal fiber diameter distribution for produced typical meltblown 

sample obtained by using digital image analysis. 
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Fig. 71. The effect of the melt temperature on the air permeability for nonwovens prepared 

from HL508FB and Blend 1 at different processing conditions. 
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Fig. 72. The effect of the belt speed on the air permeability for nonwovens prepared from 

HL508FB and Blend 1 at different processing conditions. 
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Fig. 73. The effect of the die-collector distance on the air permeability for nonwovens pre-

pared from HL508FB and Blend 1 at different processing conditions. 
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Fig. 74. The effect of the melt temperature on the area weight for nonwovens prepared 

from HL508FB and Blend 1 at different processing conditions. 
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Fig. 75. The effect of the belt speed on the area weight for nonwovens prepared from 

HL508FB and Blend 1 at different processing conditions. 
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Fig. 76. The effect of the die-collector distance on the area weight for nonwovens prepared 

from HL508FB and Blend 1 at different processing conditions. 
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Fig. 77. The effect of the melt temperature on the average fiber diameter for nonwovens 

prepared from HL508FB and Blend 1 at different processing conditions. 
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Fig. 78. The effect of the belt speed on the average fiber diameter for nonwovens prepared 

from HL508FB and Blend 1 at different processing conditions. 
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Fig. 79. The effect of the die-collector distance on the average fiber diameter for 

nonwovens prepared from HL508FB and Blend 1 at different processing conditions. 
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Fig. 80. The effect of the melt temperature on fiber diameter coefficient of variation for 

nonwovens prepared from HL508FB and Blend 1 at DCD=200mm and belt 

speed=4,25m/min. 
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Fig. 81. The effect of the melt temperature on fiber diameter coefficient of variation for 

nonwovens prepared from HL508FB and Blend 1 at DCD=200mm and belt 

speed=17,60m/min. 
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Fig. 82. The effect of the melt temperature on fiber diameter coefficient of variation for 

nonwovens prepared from HL508FB and Blend 1 at DCD=500mm and belt 

speed=4,70m/min. 
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Fig. 83. The effect of the melt temperature on fiber diameter coefficient of variation for 

nonwovens prepared from HL508FB and Blend 1 at DCD=500mm and belt 

speed=19,05m/min. 
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Fig. 84. The effect of the belt speed on fiber diameter coefficient of variation for 

nonwovens prepared from HL508FB and Blend 1 at DCD=200mm and melt tempera-

ture=250oC. 
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Fig. 85. The effect of the belt speed on fiber diameter coefficient of variation for 

nonwovens prepared from HL508FB and Blend 1 at DCD=200mm and melt tempera-

ture=270oC. 
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Fig. 86. The effect of the belt speed on fiber diameter coefficient of variation for 

nonwovens prepared from HL508FB and Blend 1 at DCD=500mm and melt tempera-

ture=250oC. 
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Fig. 87. The effect of the belt speed on fiber diameter coefficient of variation for 

nonwovens prepared from HL508FB and Blend 1 at DCD=500mm and melt tempera-

ture=270oC. 
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Fig. 88. The effect of the die-collector distance on fiber diameter coefficient of variation 

for nonwovens prepared from HL508FB and Blend 1 at belt speed=4,45m/min and melt 

temperature=250oC. 
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Fig. 89. The effect of the die-collector distance on fiber diameter coefficient of variation 

for nonwovens prepared from HL508FB and Blend 1 at belt speed=4,5m/min and melt 

temperature=270oC. 
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Fig. 90. The effect of the die-collector distance on fiber diameter coefficient of variation 

for nonwovens prepared from HL508FB and Blend 1 at belt speed=17,8m/min and melt 

temperature=250oC. 
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Fig. 91. The effect of the die-collector distance on fiber diameter coefficient of variation 

for nonwovens prepared from HL508FB and Blend 1 at belt speed=18,85m/min and melt 

temperature = 270oC. 
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Fig. 92. Comparison between deformation rate dependent uniaxial entrance viscosities for 

HL508FB and Blend 1 at T=230oC. Here the line represents the entrance viscosity model 

fitting line given by Eq.59, which satisfies physical constrains for zero deformation rate 

range according to Eq.60-61. 
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Fig. 93. The effect of strain hardening ratio in uniaxial entrance viscosity on the air per-

meability of the produced meltblown nonwoven at given processing conditions. 
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Fig. 94. The effect of strain hardening ratio in uniaxial entrance viscosity on the average 

fiber diameter of the produced meltblown nonwoven at given processing conditions. 
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Fig. 95. The effect of strain hardening ratio in uniaxial entrance viscosity on the coefficient 

of variation for average fiber diameter of the produced meltblown nonwoven at given pro-

cessing conditions. 
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CONCLUSION REMARKS 

1. Rheological characterization of linear and branched melt blown polypropylene sam-

ples was performed in shear as well as elongational flows by using twin bore capillary 

rheometer and novel circular and rectangle dies. It was revealed that an overshoot in 

uniaxial and planar entrance viscosities occurs for branched polypropylene samples 

but not for the linear ones. In more detail, the overshoot intensity was found to be 

higher for uniaxial entrance viscosity in comparison with the planar entrance viscosity. 

 

2. It was found that the combination of 10wt-% branched PP Daploy WB180HMS to-

gether with 90wt-% linear PP Borflow HL512 FB B2-90367 leads to the branched 

polypropylene blend having the same shear viscosity as the linear PP Borflow HL512 

FB B2-90367 sample, however, their uniaxial and planar entrance viscosities were 

found to be different. In more detail, the uniaxial entrance viscosity for branched PP 

blend was found to be higher in comparison with the corresponding linear PP sample 

whereas planar entrance viscosity for branched PP blend was smaller in comparison 

with linear PP sample. 

 

3. The effect of elongational rheology of  polypropylene samples and melt blown pro-

cessing conditions (melt temperature, die-collector distance, collector belt speed) on 

the basic characteristics of the produced nanofiber based nonwovens (area weight, air 

permeability, average fiber diameter, coefficient of variation for the average fiber di-

ameter) was investigated on the melt blown pilot plant line. It was found that even if 

the effect of melt blown processing conditions on the nonwoven production for 

branched PP blend and the corresponding linear PP is comparable, the branched PP 

blend showed the tendency to create fibers with smaller average fiber diameter (13,2% 

difference), smaller coefficient of variation for the average fiber diameter (7,9% dif-

ference) and higher air permeability (6,6% difference) in comparison with the corre-

sponding linear PP. This suggests that utilization of the branched polypropylenes with 

controlled shear, uniaxial and planar entrance viscosities could significantly enhance 

the production of nanofiber based nonwovens through the melt blown technology. 
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*G  Complex modulus Pa 
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0  Shear stress Pa 

0  Shear strain 1 

tan δ Loss tangent 1 
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*J  Complex compliance Pa-1 

J   Storage compliance Pa-1 
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0  Newtonian viscosity Pa.s 

UE ,  Uniaxial elongation viscosity Pa.s 

BE ,  Biaxial elongation viscosity Pa.s 

PE ,  Planar elongation viscosity Pa.s 

P Pressure Pa 
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CL  Length of the capillary m 

CD  Diameter of capillary die m 

1D  Diameter of barrel m 

  Capillary die entrance angle ° 

P  Total pressure drop Pa 

APP  Apparent shear rate s-1 

Q  Volume flow rate m3.s-1 

  Ludolfˇs number 1 

CR  Capillary die radius m 

xy  Shear stress Pa 

LCP  Stands for pressure drop measured on long capillary Pa 

OCP  Stands for pressure drop measured on orifice capillary Pa 

LCL  Length of the long capillary m 

LB  Ratio of extrudate to die diameter from long die 1 

R  Recoverable shear strain 1 

E  Extensional stress Pa 

n  Represent index of non-Newtonian behavior  1 

E  Uniaxial extensional viscosity Pa.s 

R  Recoverable elongation strain 1 

0B  Ratio of extrudate to die diameter from orifice die 1 

E Extension modulus Pa 

R  Rupture stress Pa 

KP  Pressure spent on an increase of kinetic energy of the stream Pa 
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VP  
Pressure responsible for overcoming resistance of flow 

through a capillary 
Pa 

  Density kg/m3 

  Coefficient reflecting 1 

R  Radius m 

L Length m 

capp  Capillary pressure drop Pa 

endp  End pressure drop Pa 

M Torgue N.m 

p-p Plane-plane - 

c-p Cone plane - 

R  Deformation rate at the channel wall (in a simple shear) s-1 

pcF   Force cone-plane N 

ppF   Force plane-plane N 

pcR   Radius cone-plane m 

ppR   Radius plane-plane m 

*  Stress amplitude Pa 

*  Strain amplitude 1 

δ Phase lag rad 

  Angular velocity rad.s-1 

  Rotation rate rad. s-1 

Fz Normal force N 

yield  Yield strain 1 

  Extra stress tensor Pa 
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D  Stand for the deformation rate tensor s-1 

m Function of temperature  1 

D  First invariant of deformation rate tensor s-1 

D    Second invariant of deformation rate tensor s-2 

D  Third invariant of deformation rate tensor s-3 

0  Newtonian viscosity Pa.s 

  Limiting shear viscosity at infinite shear rate Pa.s 

  Relaxation time s 

a Adjustable parameter Eq. 39 1 

ta  Arrhenius equation for temperature-depend shift factor 1 

m, n Adjustable parameters Eq. 40 1 

a, n , α, 

β, ψ, ζ 
Adjustable parameters Eq. 42 1 



  Upper convected tress tensor derivate Pa. s-1 

t   Time dummy variable of integration s 

t  Current time s 

  Tensor shear rate s-1 

u  Time-dependent elastic energy potential function J 

ijC  Cauchy tensor 1 

ijB  Finger tensor 1 

1I  First scalar invariant of a Cauchy tensor 1 

2I  Second scalar invariant of a Cauchy tensor 1 

 ttSm ,  General strain measure 1 
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2f  The square of the relative tension 1 

 ttS IA
DE ,  The strain measure 1 

W Elastic potential Pa 

s  Rheological parameter lying between 0 and 1 1 

kC  Elastic strain tensor 1 

1,kI  The first invariant of kC  1 



  Upper convected tress derivate Pa.s-1 

 TD ,  
Stands for the deformation rate dependent relaxation time 

and second invariant 
s 

 TD ,  
Second invariant of deformation rate tensor and temperature 

dependent shear viscosity 
Pa.s 

  1  Relaxation time tensor s 

t Time s 
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APPENDIX P I: SEM PICTURES  
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Fig. 96. SEM images for sample 1 at four different areas and different magnifications. 96 
A) area 1 (left – 1000x, middle – 2500x, right – 5000x), 96 B) area 2 (left – 2500x, right – 
5000x), 96 C) area 3 (left – 2500x, right – 5000x), 96 D) area 4 (left – 2500x, right – 
5000x). 
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Fig. 97. SEM images for sample 2 at four different areas and three different magnifications 
(left – 1000x, middle – 2500x, right – 4000x). 97 A) area 1, 97 B) area 2, 97 C) area 3, 97 
D) area 4. 
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Fig. 98. SEM images for sample 3 at four different areas and different magnifications. 98 
A) area 1 (left – 1000x, middle – 2500x, right – 5000x), 98 B) area 2 (left – 2500x, right – 
5000x), 98 C) area 3 (left – 2500x, right – 5000x), 98 D) area 4 (left – 2500x, right – 
5000x). 
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Fig. 99. SEM images for sample 4 at four different areas and different magnifications. 99 
A) area 1 (left – 1000x, middle – 2500x, right – 5000x), 99 B) area 2 (left – 2500x, right – 
5000x), 99 C) area 3 (left – 2500x, right – 5000x), 99 D) area 4 (left – 2500x, right – 
5000x). 
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Fig. 100. SEM images for sample 5 at four different areas and three different magnifica-
tions (left – 1000x, middle – 2500x, right – 4000x). 100 A) area 1, 100 B) area 2, 100 C) 
area 3, 100 D) area 4. 
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Fig. 101. SEM images for sample 6 at four different areas and three different magnifica-
tions (left – 1000x, middle – 2500x, right – 4000x). 101 A) area 1, 101 B) area 2, 101 C) 
area 3, 101 D) area 4. 
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Fig. 102. SEM images for sample 7 at four different areas and three different magnifica-
tions (left – 1000x, middle – 2500x, right – 4000x). 102 A) area 1, 102 B) area 2, 102 C) 
area 3, 102 D) area 4. 
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Fig. 103. SEM images for sample 8 at four different areas and three different magnifica-
tions (left – 1000x, middle – 2500x, right – 4000x). 103 A) area 1, 103 B) area 2, 103 C) 
area 3, 103 D) area 4. 
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Fig. 104. SEM images for sample 9 at four different areas and three different magnifica-
tions (left – 1000x, middle – 2500x, right – 4000x). 104 A) area 1, 104 B) area 2, 104 C) 
area 3, 104 D) area 4. 
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Fig. 105. SEM images for sample 10 at four different areas and three different magnifica-
tions (left – 1000x, middle – 2500x, right – 4000x). 105 A) area 1, 105 B) area 2, 105 C) 
area 3, 105 D) area 4. 
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Fig. 106. SEM images for sample 11 at four different areas and three different magnifica-
tions (left – 1000x, middle – 2500x, right – 4000x). 106 A) area 1, 106 B) area 2, 106 C) 
area 3, 106 D) area 4. 
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Fig. 107. SEM images for sample 12 at four different areas and three different magnifica-
tions (left – 1000x, middle – 2500x, right – 4000x). 107 A) area 1, 107 B) area 2, 107 C) 
area 3, 107 D) area 4. 
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Fig. 108. SEM images for sample 13 at four different areas and three different magnifica-
tions (left – 1000x, middle – 2500x, right – 4000x). 108 A) area 1, 108 B) area 2, 108 C) 
area 3, 108 D) area 4. 
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Fig. 109. SEM images for sample 14 at four different areas and three different magnifica-
tions (left – 1000x, middle – 2500x, right – 4000x). 109 A) area 1, 109 B) area 2, 109 C) 
area 3, 109 D) area 4. 
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Fig. 110. SEM images for sample 15 at four different areas and three different magnifica-
tions (left – 1000x, middle – 2500x, right – 4000x). 110 A) area 1, 110 B) area 2, 110 C) 
area 3, 110 D) area 4. 
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Fig. 111. SEM images for sample 16 at four different areas and three different magnifica-
tions (left – 1000x, middle – 2500x, right – 4000x). 111 A) area 1, 111 B) area 2, 111 C) 
area 3, 111 D) area 4. 

 


