
ABSTRACT 

RUCKDASHEL, REBECCA ROSE. The Role of Spinneret Configurations on Hollow 
Fiber Formation and Impacts of Hollow Fiber Geometry on Thermal and Acoustic 
Properties. (Under the direction of Dr. Eunkyoung Shim). 
 

Hollow fiber formation depends on the processing conditions, polymer properties, 

and die geometry/dimensions.   

From the literature, hollow fiber formation for segmented-arc spun hollow fibers 

depends on coalescence and hollowness development, including the void shape. 

Spinning temperature, polymer throughput, quench condition, and spinning speed have 

emerged as essential processing conditions for hollow fiber formation.  

This research looks at how processing conditions, polymer properties and die 

dimensions impact hollow fiber formation; specifically ease of spinning the fiber and 

hollowness characterization. The following findings were made. Quench controls the 

rate of polymer solidification which in turn impacts fiber tensile properties and 

hollowness. Although, solidification rate cannot predict hollowness when different 

polymers are compared.  Polymer viscosity, which depends on molecular weight, 

polymer composition, and processing temperature, correlates with hollowness. The die 

inner diameter length had a slight impact on hollow formation, such that the smaller die 

(0.8 mm inner diameter) had slower solidification and the larger die (1.2 mm inner 

diameter) had higher hollowness than the commercial die (1.0 mm inner diameter). The 

die wall thickness had a more significant impact on hollow formation such that the thin 

die (0.1 mm wall thickness) had faster solidification and higher hollowness than the 

thicker (0.3 mm wall thickness) and commercial (0.2 mm wall thickness) dies. Although, 

the void may be more susceptible to collapse due to thinner fiber wall thickness.    
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CHAPTER 1 

Introduction 

The fraction of void space in melt-spun hollow fibers may be controllable with 

processing conditions, polymer properties and die geometry. It is unknown how much of 

an impact any one parameter may have. Understanding which conditions have a 

significant impact on properties may help manufactures set priorities and convert 

spinning lines from solid to hollow fiber.  

Hollowness varies and fluctuates along the fiber length and across the fiber 

bundle. Fiber formation and hollowness are impacted by processing conditions 

(throughput, quench, and wind-up speed), post-spinning steps (draw, crimp, web 

formation), polymer selection (type, rheology), and die geometry (orifice size, wall 

thickness). How these conditions impact hollow fiber formation, the science and the 

hollowness, is under study. 

Hollow fibers are used instead of solid fibers in order to reduce weight and/or 

improve properties. Hollow fibers are used in order to make large, bulky fibers without 

increasing weight (Marla, et al., 2006) (Suzuki & Ohnishi, 2006). The linear density is 

reduced by one minus the hollowness. Using hollow fibers in place of solid fibers saves 

money and material, reduces weight, and increases bulk in any application. Hollow 

fibers may exhibit improved properties over solid fibers when lower solid volume fraction 

and higher interfaces are needed, for example in thermal, acoustic, and compressive 

resistance. Commercial hollow fiber producers do not label the hollowness of their 

products, e.g. FiberVisions, Fibertex, Barnett. This may be due to limits on controllability 
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or on usefulness, i.e. they can only make one level. Presently, it is unknown how much 

of a change in hollowness is needed for measurable changes in properties.  

This research will study fiber hollowness, appearance, and properties as a 

function of processing conditions in order to decide whether small changes in 

hollowness due to processing lead to significant, measurable changes in properties. 

Also, this research will explore the efficacy of using processing conditions and/or 

hollowness to estimate end product properties. Specifically, this research will examine 

the impacts of processing conditions on polypropylene and polylactic acid hollow fiber 

formation, of blend ratio between hollow and solid polypropylene fiber carded webs on 

thermal and acoustic properties, and of die dimensions (wall thickness and capillary 

size) on polypropylene hollow formation and properties. Melt spinning was done using 

the four segment arc (4C) die geometry with 69 fibers on a Hills Multifilament Line. 

The objective of this research is to investigate the change in void formation due 

to processing conditions (variability, controllability), die geometry (shear rate, extrusion 

size), and polymer (solidification/crystallization, die swell). A review of the relevant 

literature is included in chapter 2. Chapter 3 explores the impact of processing 

conditions on polypropylene. Polylactic acid is compared to polypropylene in chapter 4, 

specifically looking at the impact of viscoelastic properties on hollow fiber formation. 

Chapters 5 and 6 discuss variations in hollow formation due to the die size or inner 

diameter of capillary and the die wall thickness, respectively (Figure 1.1). They explore 

the impact of die geometry on solidification point, fiber geometry, and fiber hollowness. 

Finally, chapter 7 examines the impact of blending solid and hollow fibers on thermal 

and acoustic properties.  
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Figure 1.1: Die size set (top row) and die wall thickness set (bottom row) 
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CHAPTER 2 

Section 1. Background Fiber Spinning  

During melt spinning, the polymer experiences stress from external pressures 

and responds via material deformation. Fiber formation is effected by temperature 

(extruder, die, melt, or quench), mass throughput rate (polymer), die geometry, and 

draw ratio (spin line stress). Addition polymerized polymers- PP, PE, etc – behave 

differently from condensation polymerized polymers – PLA, PET, PBT, etc – during 

spinning in regards to viscosity, die swell, solidification, and crystallization. Solidification, 

drawing, and take up zones interact with each other in the spin-draw process; the draw 

ratio impacts fiber diameter, fiber speed, true strain and true stress in the solidification 

zone (Oh, 2007). Although the steps in melt spinning are interconnected, research 

functions both when each stage is viewed separately (2.1).  

 

Figure 2.1: Simplified 2-step melt spinning diagram with extruder, spinneret, windup roll and 

draw roll. 
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Developmental Changes Experienced by Polymer during Melt-spinning 

Melt-spinning includes extrusion, solidification, and crystallization. “Extrusion” 

follows the polymer through the extruder and out of the spinneret. Extrusion depends on 

polymer viscosity which in turn depends on polymer properties and shear rate. As soon 

as the polymer is extruded it may experience die swell. Draw down counteracts die 

swell by encouraging elongation of the polymer melt. “Solidification” follows the polymer 

during draw down as the melt is cooled into a solid. Solidification depends on the 

quench conditions, polymer properties, and extrusion conditions. Multifilament yarns 

experience different quenching than a monofilament yarn would under the same quench 

condition. “Crystallization” follows the solidified fiber until it is taken up on the winder. It 

depends on polymer properties and the solidification point. Polymers which take longer 

to solidify have less length for crystal structure development.  

Extrusion 

Polymer viscosity affects the extrusion process. Viscosity describes how easily a 

material flows. Viscosity depends on conditions (shear rate, temperature, and pressure) 

and polymer properties (chemical composition, MW distribution, branching, and 

additives) (Anon., 2013).  Polymer melts are usually shear thinning; viscosity decreases 

with increasing shear rate (Anon., 2013). Due to the viscosity decrease processing of 

shear-thinning materials actually becomes easier as shear rate increases, making it 

possible to process them at higher pump speeds.   

Mass flow rate is inversely related to polymer viscosity. Mass flow rate is the 

mass of polymer pushed through a die in 10 mins at a set temperature (ASTM D1238-

13). Commercial grade PP has a wider mass flow rate range than PLA: 1.2 – 1850 g/ 10 
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min @ 230 oC (ExxonMobil, 2018) (Lyondell Basell, 2018) versus 6 – 30 g/ 10 min @ 

210 oC (NatureWorks, LLC, 2018). This difference may be due to an inherent feature of 

the polymer or because PLA is relatively newer and has had less development. PLA is 

condensation polymerized. The advantage of condensation polymerization is relatively 

narrow molecular weight distributions (Harth, et al., 2014). However, in order to produce 

higher molecular weight polymers reaction byproducts must be removed (Fourne, 

1999). As a result of difficulties controlling this these polymers tend to have lower 

molecular weights (Harth, et al., 2014). Post-processing with amines can reduce the 

molecular weight while reacting with oxygen or functionalizing can lengthen branches 

and increase molecular weight (Harth, Kaschta, Schubert, 2014) (Collins, et al., 1991). 

PP is addition polymerized with either a Ziegler-Natta or Metallocene catalyst. Ziegler-

Natta catalyzed PP tends to have a broad molecular weight distribution while 

Metallocene catalyzed PP has a narrow distribution (summarized in Table 2.2) (Bond & 

Spruiell, 2001). The molecular weight distribution can be quantified with the 

polydispersity index (PDI) which is the weight-average molecular weight divided by the 

number-average molecular weight (Koopmans, et al., 2011). PDI and melt flow rate are 

inversely related; polymers with high PDI tend to have low melt flow and vice versa 

(Koopmans, et al., 2011) (Andreassen, 1999).  The molecular weight and molecular 

weight distribution of PP can be changed by blending or viscracking. Blending 

comingles two or more polymers so that the blended molecular weight is an average of 

the components obeying the rule of mixtures (Anon., 2013) and the combined molecular 

weight distribution depends on the constituents. “Viscracking”, specific to PP, introduces 

a low concentration of peroxide (0.1-0.3 wt %) to the extruder during fiber spinning 
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which reduces both the polymer molecular weight and molecular weight distribution, 

(Kalantari, et al., 2007) (Andreassen, 1999) (Bond & Spruiell, 2001). In order to see the 

effect of the polymer type, not viscosity or PDI, care must be taken to choose PP and 

PLA with similar melt properties. 

Table 2.1: Differences Due to Catalyst Type (Koopmans, et al., 2011) (Bond & Spruiell, 2001).  

 Ziegler-Natta Metallocene 
Polymer Mixture Description Heterogeneous, non-uniform 

macromolecules with high MW, skewed 
towards larger MW  

Homogeneous, uniform 
macromolecules  

PDI 3 to 30 (broad) 2 (narrow) 

Melting point (DSC) Higher Lower 

Defect concentration (atactic, 
“xylene” solubles) 

more defects on the lower molecular 
weight chains 

not dependent on chain 
molecular weight 

Number of reaction sites >1 1 

 

Increasing mass throughput increases pressure and shear rate experienced by 

the polymer in the spinneret (Brydson, 1981). Assuming a circular die geometry, the 

pressure drop (∆𝑃, poise) required to extrude polymer through spinneret holes can be 

written as a steady state poiseuille capillary flow where pressure drop is a function of 

the volumetric flow rate (Q, cm3/s/hole), radius of capillary (r, cm), length of capillary (l, 

cm), and melt viscosity (𝜂𝑚𝑒𝑙𝑡) (Ziabicki, 1996): 

∆𝑷 =
𝟖𝑸𝜼𝒎𝒆𝒍𝒕𝒍

𝝅∗𝑹𝟒 Poiseulle’s Law(1) 

Increasing molecular weight increases the melt viscosity which increases the 

pressure drop required to extrude the fiber. At some point determined by temperature, 

polymer molecular weight (MW) and die geometry the work the extruder needs to do is 

too high for the machine and the fiber cannot be extruded. 

Die Swell 

The polymer melt experiences a non-uniform stress imposed by the die walls 

while exiting the die and responds by deforming, this is called “die swell”. Die swell is 
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the difference between the polymer and die cross sectional areas divided by the die 

area (Su, et. al. 2011). A polymer melt will swell if it is compressed and then de-

compressed, for example when pushed through a thin capillary followed by a wide 

opening (Anon., 1996). Die swell varies with distance from the die (Su, et. al. 2011). For 

hollow fibers, die swell can affect the outer diameter, inner diameter and fiber thickness 

(Oh, et al., 1998). Die swell negatively impacts segmented arc hollow fiber formation by 

increasing the length to coalesce the fiber, the fissure length (Rwei, 2001). The amount 

of die swell fluctuates due to die dimensions, polymer viscoelastic response, and 

drawing.  

Relaxation time, capillary length, and shear rate, die geometry, affect die swell. 

Longer die capillaries can attenuate die swell by allowing the stresses on the polymer to 

relax (Anon., 1996). However, if the die capillary is too long the melt may fracture (Rwei, 

2001). Increasing shear rate increases die swell (Oh, et al., 1998) (Rwei, 2001). The 

shear rate, �̇�, at the die wall depends on the processing conditions and die geometry 

(Brydson, 1981). Processing conditions are the volumetric mass throughput, Q, and 

pressure drop, ∆𝑃. Geometry within a rectangular slit given by the slit width, w, and 

height, H. Geometry within a circular die given by the die radius, R. Rabinowich 

equations for the slit die and circular die (Brydson, 1981): 

�̇� = −
2

𝑤𝐻2
[2𝑄 + ∆𝑃

𝑑𝑄

𝑑∆𝑃
] (2) 

𝛾�̇� = −
1

𝜋𝑅3 [3𝑄 + ∆𝑃
𝑑𝑄

𝑑∆𝑃
] (3) 

Polymer viscoelastic properties such as melt elasticity and viscosity affect die 

swell.  
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Die swell is greater for polymers with more “melt elasticity”, i.e. high   G’, storage 

or elastic modulus, from dynamic mechanical analysis (DMA) (Rwei, 2001). This is 

because the normal stress difference, which leads to increased die swell, depends on 

G’ (Anon., 2013) (Rwei, 2001). G’ tends to be lower in polycondensate polymers- 

polyester, PBT, PLA, nylon- than in polyolefins – PP and PE (Rwei, 2001).  Melt 

elasticity increases with increasing shear rate (Oh, et al., 1998).  More elastic materials 

tend to have reduced draw resonance periodicity leading to fiber breakage (Koopmans, 

et al., 2011).  

As viscosity increases, by way of lower temperature or higher molecular weight, 

the die swell increases as well. Melt viscosity can be written as a function of the 

molecular weight and temperature by combining Dutta-Nadkarni and Mark-Houwink 

equations as long as melt elasticity is low (Ziabicki, 1996): 

𝜼𝒎𝒆𝒍𝒕 = 𝟏. 𝟏𝟐𝟓𝒙𝟏𝟎−𝟐𝟏𝑴𝒏
𝟒.𝟑𝟗𝟎𝒆𝒙𝒑 (

𝟔𝟗𝟐𝟑.𝟕

𝑻+𝟐𝟕𝟑.𝟐
) (4) 

Decreasing temperature from 245 oC to 210 oC increases the melt viscosity by 

2.6 times. Die swell increases with decreasing melt temperature (Rwei, 2001) (Oh, et 

al., 1998). At lower temperature, the polymer has a higher viscosity and so cannot 

respond as quickly to change. Die swell in the cross section thickness of hollow PP 

fibers was higher for lower temperatures (~2.1 for 190 oC versus 1.7 for 250 oC) (Oh, et 

al., 1998). Increasing viscosity by increasing molecular weight and PDI may increase 

die swell (Mazraeh-Shahi & Mojtahedi, 2010). Die swell for polycondensate polymers is 

low unless the polymer is at temperatures close to solidification point (Ziabicki, 1976). 

Higher viscosity, lower flow rate, polymers have higher die swell. 
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Die swell decreases with increasing spinning speeds (~ 1.9 at 250 m/min, 1.7 at 

350m/min for PP) (Oh, et al., 1998). Draw down can lessen impact of die swell by 

shrinking the total fiber diameter (Zheng, et al., 2006). When drawing is present the die 

swell ratio has a maximum around 0.1 mm from the spinneret depending on surface 

tension while free fall fiber diameter asymptotes to a maximum with die swell ratio 

(Zheng, et al., 2006).  

Draw Down 

Draw down is related to the “spinning speed”, the take up speed and the speed 

the fibers move at while exiting the die. Applying a spin-line stress, with a take-up speed 

increases molecular orientation and decreases the fiber diameter. The take up speed 

and fiber exiting die speed are assumed to be equal when no drawing is present due to 

continuity; this is the “spinning speed” (Bond & Spruiell, 2001). For solid circular fibers, 

the die diameter (𝐷𝑑𝑖𝑒) is related to the final fiber diameter (𝐷𝑓𝑖𝑏𝑒𝑟) by way of take up 

velocity (𝑣𝑡) and the linear rate of extrusion (cm/s, 𝑣𝑒) such that the mass is conserved 

from extrusion to take-up (Johansson, 1966): 

𝑫𝒅𝒊𝒆

𝑫𝒇𝒊𝒃𝒆𝒓
= √

𝒗𝒕

𝒗𝒆
(5) 

Very low take-up speeds have been used in PP hollow fiber research (Table 2.2). 

Only one paper used take-up speeds exceeding 500 m/min. Sometimes fibers are spun 

under free fall conditions such that gravity and the fiber mass determine the pulling (Su, 

et al., 2011). This is useful for focusing on the extrusion component of fiber spinning. 

However, for free fall the pulling force depends on fiber mass and gravity. This 

gravitational pulling force can be controlled for study by cutting the fiber to a pre-

specified length (Su, et al., 2011), but the force varies along the fiber length (from the 
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first millimeter to the last). Continuous fibers with a set take up speed undergo a much 

higher and more uniform pulling force which makes them a better material for scientific 

research relevant to commercial fiber spinning.   

Table 2.2: Summary of Take-up Speeds. 

Die Type Speed Range (m/min) Max Speed (m/min) Citation 
Annular 150, 260, and 460 466 (de Rovere & Shambaugh, 2001) 

Annular NA NA (Suzuki & Ohnishi, 2006) 

Segmented C - 600 (Rwei, 2001) 

Segmented 3C - 5500 (PET) (Karaca & Ozcelik, 2007) 

Segmented 3-C 50, 150, 250, and 350 350 (Oh, et al., 1998). 

Segmented 3-C NA NA Lee & Kim, 2001 

Segmented 4C - Freefall (0) (Su, et al., 2011) 

Cross-shaped 0, 50, 300, and 500 500 (Prahsarn, et al., 2014) 

 

Solidification 

Quenching the molten polymer stream solidifies it into a fiber.  

“Quenching” is the cooling of the polymer melt into a fiber. How fast a polymer 

melt cools depends on thermal diffusion. The “quench condition” is defined by the 

cooling medium (air or liquid), medium temperature, and, for air cooling, the air flow 

rate. The cooling mediums are chosen based on their heat capacity and ease of use, 

i.e. how much thermal energy can the medium absorb. Cooling with a fan, “forced air 

convective cooling”, depends on the air velocity and difference in temperature between 

the melt and air (Oh, 2006). Fibers can be spun without quenching into room 

temperature air with no fan (Su, et al., 2011) (Rwei, 2001), but this condition may not be 

stable. 

Solidification is the conversion of the liquid, melt polymer stream into a solid fiber; 

it does not describe a morphology. Solidification depends on the polymer cooling. An 

Infrared camera can be used to measure melt or fiber temperature (de Rovere, 2000). 

The point at which the fiber solidifies is called the “solidification point” (Fourne, 1999) or 



   

12 

“frostline”. Polymer melt solidification depends on the take-up speed, mass throughput, 

and polymer type (Ziabicki, 1976). Presumably, the polymer type dependence is due to 

different material heat capacities when size and temperature are held constant. 

Solidification and fiber orientation development correspond along the polymer melt 

length (Fourne, 1999). Solidification tends to be more strongly related to cooling rate 

rather than take-up speed (Ziabicki, 1976).  

Each filament in a multifilament yarn interacts with the surrounding filaments 

resulting in differences in heating and cooling (quench) across the fiber bundle. When 

fibers are quenched with air blowing from one direction, the fibers next to the vent and 

those far from the vent experience different localized environments. Also, there are 

differences between the center of the fiber bundle (hotter) and the outside (colder) 

depending on orientation to quench vent. These differences impact the uniformity of 

filaments in terms of outer and inner diameters and, potentially, hollowness. The 

majority of the research has spun monofilament yarns, i.e. a single hole in the die 

(Suzuki & Ohnishi, 2006) (Oh, et al., 1998) (Lee & Kim, 2001) (Su, et al., 2011) (Oh, 

2007), (Rwei, 2001). Only one paper reported more than one hole; 10 hole spinneret 

(Prahsarn, et al., 2015).  While monofilament is useful in a research context where the 

researchers want to focus on spinning mechanism for one fiber, it is impractical for 

industrial use.   

Crystallization 

In addition to the factors listed for solidification, crystal structure development 

depends on the fiber cooling to the on-set crystallization temperature (Ziabicki, 1976). 

Increasing take up speed increases orientation of polymer chains resulting in on-set 
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crystallization temperatures which are higher than observed in unstressed, DSC, 

measurements (Ziabicki, 1976). In this way, stress can induce crystallization by 

increasing orientation. Different fiber morphologies are formed depending on how the 

polymer melt is quenched, ranging from crystalline to non-crystalline (Ziabicki, 1996). 

The time scale for crystallization is a major difference between PP and PLA. PP tends 

to crystallize faster than PLA; PP crystallizes regardless of cooling rate (5-50 oC/min) 

while PLA did not crystallize even when cooled at a rate of 5 oC/min (Prahsarn, et al., 

2014). Cooling in melt spinning occurs at more than 50 oC/min (Prahsarn, et al., 2014). 

Crystallization occurs closer to the spinneret as PP molecular weight and molecular 

weight distribution are increased with melt flow rate held constant (Bond & Spruiell, 

2001). Differences in crystallization should not affect hollow formation. 

Cross Section Shape  

The cross section of the fiber can vary depending on processing conditions. The 

shape can be examined with a microscope. The mass uniformity of the yarn can be 

tested by measuring changes in the capacitance of the yarn (Uster Technologies AG, 

n.d.). The fiber fineness, is proportional to the mass throughput. The cross sectional 

shape of spun fiber depends on die geometry, the adhesiveness of the melt, surface 

tension of polymer, viscosity and cooling conditions post extrusion (i.e. quenching and 

drawing) (Wada, 1992). 

The fiber cross-section can deviate from the shape of the die by exhibiting thick 

and thin areas, oblong shape, texture, or other features not imparted by the die. This 

irregularity arises due to the factors which influence shape such as polymer viscosity 

and viscosity dynamics, draw ratio, temperature profile during quenching in addition to 



   

14 

the die shape (Johansson, 1966). Polymer melt flow properties determine the fiber 

diameter and diameter regularity through the complex interaction of surface tension and 

die swell (Zheng, et al., 2006). Die swell may not be uniform around the perimeter of a 

fiber.  Die swell direction can be predicted from wall normal stresses in the die; a 

rectangular die has higher die swell at the center of the rectangle than at the short ends 

(Han, 1971). Spinning at high shear rates (1800 /s), low temperatures (near to polymer 

melting point), long die capillaries, or abrupt die edges may cause fiber irregularities due 

to melt fracture (Anon., 1996) (Johansson, 1966) (Rwei, 2001) (Koopmans, et al., 

2011). Additives can disrupt complex flow leading to fiber breakage and defects 

(Prahsarn, et al., 2015). Fiber regularity can be increased by increasing the mass 

throughput or decreasing take-up speed (Johansson, 1966). Non-uniform or irregular 

fiber cross sections arise from die swell, melt fracture, or other spinning instabilities.  

Methods for Melt Spinning Hollow Fiber 

Hollow fibers can be melt-spun three different ways: 1) as a multicomponent fiber 

with removal of at least one component, 2) as a single component fiber with an annular 

die, and 3) as a single component fiber with a segmented arc die. Each method 

presents unique challenges, advantages, and variables of concern.  

Dissolution of one component from a multicomponent fiber requires the 

components to be spun well together and for one component to be easily dissolved 

away (de Rovere & Shambaugh, 2001) (Lobovsky, et al., 2012) (Prahsarn, et al., 2008) 

(Tanaka, et al., 2002). This spinning type adds the variables of the other component 

and how to dissolve or split it. The major disadvantage is it can be difficult to remove the 

other component especially as the tortuosity (crevices, winding path, and interlacement 
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with other component) increases, e.g. islands in the sea (Hollowell, 2012). Also, 

differences in viscosity can deform polymer interfaces (Prahsarn, et al., 2008). The 

advantage is the fiber interior is controlled by polymer-polymer interface properties 

which are less susceptible to collapse.  

Annular die spinning inflates the fiber with a lumen material (gas or liquid) (Oh, et 

al., 1998). Spinning with the annular die adds two variables to the spinning process: 1) 

material to use in the “lumen” (usually nitrogen) and 2) flow rate of lumen material. The 

major disadvantage is that spinning requires the use of a throw away material (gas or 

liquid). The major advantages are uniform cross section and controllable hollowness. 

The cross-section uniformity depends on the air-polymer and polymer-gas interfaces; as 

long as there is no turbulent flow the fibers will be uniform. Uniform energy and surface 

tension result in uniform fibers (Dietzsch, 1960) (Petrulis, 2004). Hollowness is 

controlled by varying the gas flow rate (Marla, et al., 2006). Polymer-gas continuity 

equations can be used to predict the hollowness of an annular die spun hollow fiber (de 

Rovere & Shambaugh, 2001) (see equation 6). 

[
𝐼𝐷

𝑂𝐷
]

2

=

𝑚𝑛
𝜌𝑛

𝑚𝑝

𝜌𝑝
+

𝑚𝑛
𝜌𝑛

 = 𝐻𝑜𝑙𝑙𝑜𝑤𝑛𝑒𝑠𝑠  (6) 

In the above equation, polymer mass flow rate (mp, [g/min]), gas mass flow rate 

(mn), polymer density (ρp) and nitrogen gas density (ρn) completely determine the ratio 

of inner (ID) to outer diameter (OD). There is no dependence on fiber take-up speed (de 

Rovere & Shambaugh, 2001).  

Segmented arc spun fibers expand the hollow area by allowing air to flow into the 

gaps between segments; at some distance below the spinneret the fiber coalesces into 

a hollow fiber. This spinning type adds the unique variables of number of arc segments, 
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size of gap between arcs, arc width and length. The major disadvantage is the 

complexity of hollow formation. First the cross sectional geometry uniformity depends 

on the melt rheology of the polymer material fusing together; more challenging to control 

than the flow rate of gas or other material. Second a special spinneret with a unique 

geometry is required in order to spin filament yarns or spunbond fabrics. Segmented arc 

dies generally have 1, 3, or 4 segments for polymer to flow through (Figure 2.2) (Aneja, 

et al., 1996) (Kim, et al., 2013) (Su, et al., 2011). 3C die spun fibers tend to have a 

triangular void while those spun from 4C die can exhibit square cross sections. All can 

have C-shaped, uncoalesced fibers if a gap does not close. The die geometry can have 

a non-circular cross sectional shape (such as triangular, trilobal, etc), additional interior 

voids (as many as ten have been reported in literature) possibly formed by connecting 

die shapes (Anon., 2009), and variable die thickness (leading to wall thickness of 

fibers). The major advantage is that no extra materials, polymer or lumen material, are 

needed to manufacture fibers. 

 

Figure 2.2: Segmented arc dies with 1, 3, and 4 segments.  

Of the three methods, segmented arc die has the most parameters that can be 

changed. The annular die has been thoroughly studied with modelling and experiments. 

The spinning of bicomponent fibers is outside the scope of this research since only 

dissolution or splitting is unique to hollow fiber spinning.  

 

  

  

  
  

  

  

  

  

    

  
C Die 3-C Die 4-C Die 



   

17 

Section 2. Hollow Fiber Formation – Segmented Die 

The rheological properties, like viscosity and die swell, are highly important to 

hollow fiber formation. To have hollow fibers with a coalescing die the polymer must 

flow in a way that closes the gaps between the segmented arcs. The fiber shape may 

not resemble that of the die due to die swell, melt fracture, and/or draw resonance. If the 

rheological properties of the polymer are not right, the hollow fiber may be impossible to 

process, non-coalescing or have an irregular shape. The following discusses melt 

properties, manufacturing concerns, and potential applications for hollow fibers in light 

of improving polymer uniformity and geometry (decreasing wall thickness, increasing 

hollowness) with a segmented arc die. 

Coalescence 

A key demand is that flow of polymer below the die eventually coalesce from 

extruded segments to form a complete fiber. The distance below the spinneret at which 

the gap closes is the “fissure length” (Rwei, 2001). Mass throughput, viscosity, and die 

geometry can impact coalescence. This closure is a result of polymer flow, but there is 

no consensus in the literature as to its exact cause.  

Parameters which impact coalescence include mass throughput, melt viscosity 

and elasticity, and the die geometry. Mass throughput is directly related to shear rate. 

Higher shear rate increases melt elasticity which increases die swell, lengthens the 

fissure length, and makes hollow formation more susceptible to non-coalescense (Oh, 

et al., 1998) (Rwei, 2001). Due to the lower die swell for polycondensate polymers, it is 

expected that PLA will coalesce easier than PP, resulting in fewer c-shaped fibers (see 

“Die Swell” section). Enlarging the segment ends of the segmented die can encourage 
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coalescence and decrease the sensitivity to small fluctuations in viscosity (Hodge, 

1975). The enlargements cause a velocity differential in the polymer melt which 

encourages coalescence (arrow in figure) (Hodge, 1975). Larger enlargements results 

in square shaped hollows (Hodge, 1975). The increase in coalescence due to the 

enlargements may come at the cost of hollowness (from 17% to 14% hollowness in one 

example) (Hodge, 1975). 

The cause of coalescence is still unknown. Die swell acts to increase the fiber 

diameter or close the gap, but the die swell usually increases the diameter more than it 

closes the gap (Rwei, 2001) (Su, et al., 2011). For every increase in diameter it 

becomes more difficult for the gap to close, increasing the fissure length (Rwei, 2001). 

Die swell undermines fiber coalescence. Polymer viscosity limits the polymer expansion 

beyond the die geometry while surface tension encourages expansion (Su, et al., 2011). 

Surface tension is a component of what makes the spun fiber cross sectional shape 

(Zheng, et al., 2006). However, surface tension should result in rounded edges (Han, 

1971). Cross sections of hollow fibers show a lack of rounding in the interior edge, i.e. 

segmented arc dies tend to result in triangular (3 arc) or square (4 arc) void cross 

section instead of circular. To check the surface tension theory, an in-depth study of a 

rectangular die compared the theoretical extrudate shape expected purely from die 

swell to that observed and showed that die swell alone explained the shape; in fact the 

rounded edges expected from surface tension were entirely missing for PP and PET 

(Han, 1971) (Noh, et al., 1997). “Viscosity deflection” in bicomponent fibers arises when 

component viscosities are mismatched. Sheath/core hollow fibers deflect in such a way 

that the gap between segments closes (Su, et al., 2011). This deflection can be 
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calculated from theory. However, this does not explain coalescence for 

monocomponent fibers. While it is difficult to isolate the effects of surface tension and 

die swell, it appears die swell is more relevant to die deformations. The mechanism for 

coalescence is likely a combination of surface tension and rheology. 

Characterization of “Hollow” 

Hollow fibers can be classified by their geometric dimensions including, inner 

diameter, outer diameter and wall thickness (Figure 2.3). Wall thicknesses can range 

from 0.01µm to 4000 µm (Petrulis, 2004). Quantifying the void space relative to the total 

fiber space makes it possible to compare properties between hollow and solid fibers as 

well as between different hollow fibers- this is the portion of the fiber which is void space 

independent of the fiber size, it is dimensionless.  This is called “hollowness” (Suzuki & 

Ohnishi, 2006) (Lee & Kim, 2001) (de Rovere & Shambaugh, 2001), “percent ratio of 

hollow portion” (Oh, et al., 1998), “void content” (Aneja, et al., 1996), “hollow area” 

(Lizak, et al., 2012), “void area to denier per filament” (Aneja, et al., 1996). 

Unfortunately, not all papers on hollow fibers report hollowness. Papers which focus on 

hollow fiber formation theory and not properties, tend to not report hollowness (Su, et 

al., 2011) (Oh, 2007) (Rwei, 2001). Hollowness is the ratio of void volume to total fiber 

volume (Oh, et al., 1998). 
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Figure 2.3: Idealized view of fiber cross-sectional geometry. 

 

Considering areas makes hollowness more robust to irregularities in the fiber and 

void shape. Frequently, hollowness is simplified for circular hollow fibers to the square 

of the inner diameter (di
2) over the outer diameter (do

2) (de Rovere & Shambaugh, 2001) 

(Suzuki & Ohnishi, 2006) (Marla, et al., 2006) (Equation 7). However, hollow fibers are 

not always perfect annuli. 

𝑯 =
𝑨𝒓𝒆𝒂 (𝒗𝒐𝒊𝒅)

𝑨𝒓𝒆𝒂 (𝒕𝒐𝒕𝒂𝒍)
=  

𝝅𝒓𝒊
𝟐

𝝅𝒓𝒐
𝟐 =

𝑑𝑖
2

𝑑𝑜
2(7) 

In order for hollowness to remain constant from as-spun (u) to drawn (d), the 

inner and outer diameters must decrease at the same rate (Equation 8). This does not 

always happen.  

𝑯 =  
𝒓𝒊,𝒖

𝟐

𝒓𝒐,𝒖
𝟐 =

𝒓𝒊,𝒅
𝟐

𝒓𝒐,𝒅
𝟐 (8) 

𝑤𝑎𝑙𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 𝑡 =  𝒓𝒐 −  𝒓𝒊(9) 

Measurement of Hollowness: Images or Density 

Physically, hollowness can be measured by imaging or density method. Imaging 

is preferred by the academic literature, while density methods appear in patents. A 
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Outer Diameter 

do
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volume method has been mentioned, but is not detailed in the literature (Aneja, et al., 

1996). No study of the relationship between the methods has been performed. 

Hollowness measured on cross sections by microscope image analysis is the 

preferred method in the literature (Lee & Kim, 2001) (de Rovere & Shambaugh, 2001) 

(Prahsarn, et al., 2015). Fiber preparation varies (Oh, et al., 1998) (Marla, et al., 2006). 

Diameters can be measured with image processing software under an optical 

microscope or under SEM (de Rovere & Shambaugh, 2001) (Suzuki & Ohnishi, 2006) 

(Su, et al., 2011) (Karaca & Ozcelik, 2007). Alternatively, measuring the areas of the 

void and fiber is more robust (Oh, et al., 1998). Image methods are direct assessments 

of the void within the fiber. 

The image method gives all dimensions of the fibers (wall thickness, inner or 

outer diameter). However, inaccuracies and errors arise due to the researcher’s 

judgement about how to take each measurement and her ability to repeat the 

measurement in the same way each time for every sample. In the literature, hollowness 

values are given with no error bars and, often, with no indication of how many 

measurements were taken to form an average. As little as three measurements to make 

an average have been reported (de Rovere & Shambaugh, 2001).While the diameter 

simplification for hollowness makes the math simpler, it assumes a regular circle that is 

not present. In this way, hollowness measurement includes human error depending on 

where in the cross section the diameter was measured, number of measurements in the 

average, and inclusion of selected cross sections in the average.  

Another way to determine the void fraction is by comparison of fiber density. Two 

methods appear in the literature. The first density method uses a pycnometer to 
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measure and compare densities of hollow fibers to solid fibers (Yeh & Kotek, 1993). In 

this method, the fiber ends are sealed by melting. The void fraction is determined by the 

difference between the measured densities of solid and hollow fiber  

𝑓𝑣𝑜𝑖𝑑  = 100
𝜌𝑠𝑜𝑙𝑖𝑑− 𝜌𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝜌𝑠𝑜𝑙𝑖𝑑
 (10),  

where the 𝜌𝑠𝑜𝑙𝑖𝑑 is the measured density of the solid control fiber (Yeh & Kotek, 

1993). The second density method measures “Flotation density” by visual assessment 

of submersion in a range of density solutions (Most, 1984). A fiber bundle of 100 to 150 

mm length is immersed in each solution; and the two solution densities on the edge of 

the bundle sinking are averaged to give the apparent density. The percent void is 

determined by the difference between apparent density and a solid fiber density 

% 𝑣𝑜𝑖𝑑 = 100
𝜌𝑠𝑜𝑙𝑖𝑑− 𝜌𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡

𝜌𝑠𝑜𝑙𝑖𝑑
 (11),  

where the 𝜌𝑠𝑜𝑙𝑖𝑑 is the solid fiber density; polyester is 1.345 for amorphous fiber 

and 1.39 for crystalline fiber (Most, 1984). Density methods are indirect assessments of 

the void within a fiber. 

The density method does not consider the shape of the fiber; instead the material 

densities are compared. In this way, the method is not susceptible to the same faults as 

the image method. For example, the void fraction is averaged over a fiber bundle, 

including irregularly shaped and un-coalesced fibers in the average. There are a few 

drawbacks. It may be difficult to find and prepare liquid solutions in which the polymer 

sinks. Flotation density comparison measurement sensitivity is limited to the density 

difference between solutions. Also, the density method does not give the fiber 

dimensions, such as outer diameter, wall thickness, and void shape. Finally, density 

methods require a control fiber or control solid density to calculate void fraction.  
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While it may be tempting to use linear density to measure hollowness, this should 

be avoided. Linear density is the mass per unit length. This should be the same for 

hollow and solid fiber extruded with the same mass throughput and take-up speed. The 

volume is different, not the linear density. A comparison may be made between a solid 

and hollow fiber with the same outer diameter, but the outer diameter must be known. 

This applies for measurements made by weight or vibroscope. In the case of 

vibroscope, vibrational modes of hollow and solid fibers may not follow the same trends, 

leading to inaccurate results. 

𝑳𝒊𝒏𝒆𝒂𝒓 𝑫𝒆𝒏𝒔𝒊𝒕𝒚𝐡𝒐𝒍𝒍𝒐𝒘 𝒇𝒊𝒃𝒆𝒓

𝑳𝒊𝒏𝒆𝒂𝒓 𝑫𝒆𝒏𝒔𝒊𝒕𝒚𝒔𝒐𝒍𝒊𝒅 𝒇𝒊𝒃𝒆𝒓 𝐰𝐢𝐭𝐡 𝐬𝐚𝐦𝐞 𝐎𝐃
= 𝟏 − 𝑯(12) 

Maximum Reported Hollowness of Fibers  

When deciding between methods for hollow fiber production one limitation may 

be the maximum achievable hollowness. Currently, it is unknown how much the 

potential hollowness of hollow fibers depends on the hollow formation method, annular 

or coalescing. While segmented die hollow spinning may alleviate the cost of gas 

injection, it may come at the cost of maximum achievable hollowness. For fiber 

spinning, hollowness is proportional to material cost savings. For a 4 denier solid fiber, 

every increase of 10% hollowness is equal to 0.4 denier decrease in linear density if the 

outer diameter is kept the same.  

A review of the literature shows reported values of hollowness for annular die 

spun fibers exceed that of segmented die spun fibers (Table 2.3). Hollowness reported 

in die patents ranges from 3-51% (Hodge, 1975) (Most, 1984) (Van Drunen & de Wolf, 

1967) (Yeh & Kotek, 1993) (Kent, et al., 1999 ) (Krostov, 1979). Maximum hollowness of 

PP hollow fibers spun with an annular die was 69-80% (OD=72 micron, ID= 60micron) 
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(de Rovere & Shambaugh, 2001) while with a segmented arc die it was 40% (Oh, Lee, 

Kim, & Shim, 1998) (see Table 2.3). The annular die does not restrict the final fiber 

hollowness while the segmented arc die appears to restrict it. Not all researchers report 

die and fiber hollowness or dimensions (two annular papers, one segmented arc paper).  

Table 2.3: Summary of Maximum Hollowness by Die Type and Conditions found in literature. 

Max H% Polymer Conditions Type Dimension 
(OD, ID, H%) 

Citation 

80% PP Spunbound 
152m/min fiber speed, 4m/min 
nitrogen flow rate, 0.57g/min 

throughput, 190 or 200 oC 

Annular  (7.01mm, 
3.78mm, 29.1% ) 

or (1.98mm, 
1.22mm, 38.0% ) 

(de Rovere & 
Shambaugh, 2001). 

32 to 
34% 

PP Draw ratio 5, CO2 laser thinned, 
230oC 

Annular 
(NA) 

NA (Suzuki & Ohnishi, 2006) 

50% PP NA Annular- 
Swirl Die  

(2.1 mm, 1.2mm, 
32.6%) 

(Marla, et al., 2006) 

fissure 
length  

PP, PBT shear rate, melt temperature, 
capillary length (6 or 2) 

1-C  (3, 2.4, 64%) (Rwei, 2001) 

26.3% 
VC*  

Avoid/dpf
= 0.16 

 

PET Quench Air=26 m/min,  288 oC, 
spin speed of 2400  m/min 

(undrawn) – 1.18dpf 

1-C? NA (Aneja, et al., 1996) 

~40% PP  (2.5g/min, ~75micron radius) 
(190C, ~100micron radius) or 

(350m/min takeup speed, 
~60micron) 

3-C  (0.5mm, 0.4 mm, 
64%) 

(Oh, et al., 1998) 

59% PP Air cooled, Drawn at <40C 3-C NA – probably 
same as above 

(Lee & Kim, 2001) 

NA PET Only one studied: 286 C, 91.85 
g/min, 0.55m/s quench air speed, 
22 oC quench air temp, DR=1.5, 

5500m/min take up 

3-C  (1mm, 0.8mm, 
64%) 

(Karaca & Ozcelik, 2007) 

NA Bico PET 
or Nylon 
with PP 

free fall, no quench, PET or 
Nylon sheath/PP core at different 

temperatures 

4-C  (NA) (Su, et al., 2011) 

* VC= void content 

The die dimensions, which may influence hollow formation, are rarely reported in 

the literature: not fully reported by following (Su, et al., 2011) (Lizák & Legerská, 2016) 

(Prahsarn, et al., 2015). Sometimes exact dimensions of the die are reported as in the 

case for c-shaped (Rwei, 2001), 3-C (Oh, et al., 1998), 4-C (Oh, 2006) and annular dies 

(de Rovere & Shambaugh, 2001), (Marla, et al., 2006). Within the patent literature, die 

geometries are reported but not the final fiber cross section (Most, 1984) (Van Drunen & 

de Wolf, 1967). 
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Parameters which affect hollowness 

Die dimensions may influence hollowness, such as the inner diameter, ID, outer 

diameter, OD, ratio, ID/OD, and thickness, (OD – ID)/2. Increasing the ratio, ID/OD, 

from 0.8 (ID =0.8 mm, OD = 1.0 mm) to 0.85 or 0.9 with constant extrusion area, 

decreased the range of hollowness for 4-C die spun PET fibers (Oh, 2006). However in 

order to keep the extrusion area constant, wall thickness and the inner and outer die 

diameters were changed, so the size of the die, ID or OD, may confound these results. 

Further research is needed into the impact of die dimensions on hollow fiber spinning. 

Hollow fibers tend to solidify faster than solid fibers. The polymer melt cools from 

the surface; heat is conducted from the center of the fiber to the outside (radial heat 

distribution) such that the interior of a solid fiber is hotter than the surface (Ziabicki, 

1976) (Hutchenson, et al., 1984). The quenching rate is proportional to the surface area 

of the fiber, so fibers with larger cross section will have a higher quench rate (Petrulis, 

2004). Thus for similar linear density, wherein a hollow fiber has a larger diameter than 

a solid fiber, it has been shown that PP spun from a hollow 3-C die cools faster than 

that spun from a solid circular die (Oh, et al., 1998). This is likely due to the hollow fiber 

having higher surface area. Fiber outer and inner diameters depend on solidification 

point and draw down (Oh, 2006). 

Solidification rate seems to correlate to hollowness. Increasing the polymer melt 

viscosity decreases the time to quench the fiber which increases hollowness (Yeh & 

Kotek, 1993). Quenching in water at 20 oC gave higher hollowness, 44%, than 

quenching in air, 37%, for PP fibers (Lee & Kim, 2001). Water quench is a conduction 

cooling while air quench is convective cooling. Under forced convective quenching, the 
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quench temperature (14-23 oC) had little effect on the hollowness of PET fibers since 

the change was much smaller than the difference between the polymer melt and the air 

(Oh, 2006). Increasing quench air speed (12 to 30 m/min), increased hollowness of PET 

fibers (constant linear density: 1.7 g/min mass throughput, 500 m/min take-up speed) 

(Oh, 2006). Hollowness remains constant between the die and the maximum die swell 

point and then decreases until the fiber solidifies (Oh, 2006) (Oh, et al., 1998) (Oh, 

2007). The fiber hollowness remains the same between the die and the die swell point; 

the final fiber hollowness develops after the die swell point as a result of the deformation 

along the spin line (Oh, et al., 1998). Hollowness decreases along spin-line to 

asymptote about 20 cm from die face; the fiber diameters continue to decrease to 80 cm 

from die face (Oh, et al., 1998). In other words, the hollowness development stops 

before the final fiber dimensions are set, i.e. before the solidification point. In this way, 

increasing the cooling rate of hollow fibers tends to increase the fiber hollowness.  

Post-Processing Hollowness Improvement  

Researchers have attempted to increase hollowness after spinning through 

drawing, laser thinning and steaming without tension.   

Drawing can be performed as part of post-processing after polymer fibers have 

been spun. It is defined as the ratio of the draw roll speed to the feed roll speed. Key 

variables are the computer controlled draw ratio, feed roll speed, and roll temperature. 

The feed roll speed gives the dwell time for exposure to the temperature, i.e. does the 

fiber have time to soften throughout. Drawing is done to reduce the diameter and 

increase some tensile properties. The degree of attenuation of the fiber diameter is 

determined by the ratio of the take up speed to the fiber supply speed, i.e. the “draw 
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ratio” (Suzuki & Ohnishi, 2006). Draw ratio is limited by the fiber tenacity and elongation 

before break, which are limited by defects and molecular weight of the polymer. 

Diameter reduction creates finer fibers which are desirable for higher surface area and 

softness. The crystallinity and orientation of polymer chains within the fiber increases 

during drawing, resulting in increased strength and reduced susceptibility to shrinkage.  

The effect of drawing on hollowness has only been studied by two research 

groups. Drawing temperature and cooling type can impact the hollowness (Lee & Kim, 

2001). Hollowness depends on the length of deformation zone (spinning frost line) and 

intensity of strain localization (drawing neck) (Lee & Kim, 2001).  The first establishes 

fiber morphology while the second results from the morphology (Lee & Kim, 2001).  For 

example, quenching fibers in 20 oC water bath formed a smectic, mixed noncrystalline 

with 44% hollowness while no forced air quench formed a monoclinic crystalline phase 

with 37% hollowness (Lee & Kim, 2001). When these fibers were drawn at a range of 

temperatures, the warmer draw temperatures gave relative hollowness depending on 

the spun fiber morphology and decreased from the pre-drawn fiber (Lee & Kim, 2001).  

Drawing at 30 oC increased hollowness; significantly more for the monoclinic, air 

quenched drawn fiber (Lee & Kim, 2001). Also, laser-thinned drawn fibers were 

observed to show a similar effect of drawing at room temperature increasing 

hollowness, from 20% to about 34% regardless of draw ratio (Suzuki & Ohnishi, 2006). 

This was due to the outer diameter decreasing much faster than the inner diameter 

(Suzuki & Ohnishi, 2006).   

Steaming, 95 oC water in contact with undrawn hollow fibers for 3 to 75 seconds 

under little to no tension, has resulted in increased hollowness, measured by density 
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method, for PET fiber (Most, 1984) (summarized in Table 2.4). Drawing after the water 

step reduced diameter, but not hollowness, i.e. the wall thickness was decreased (Most, 

1984).  

Table 2.4: Effect of warm water on hollowness for 6-C grooved dies (Most, 1984). 

Example 1 2 
Throughput (450 holes) 720 m/min 914 m/min 

Linear density as-spun 18.8 dtex/filament 7.2 dtex/filament 

%void (as spun) 16% 19% (wall thickness: 
0.0024mm) 

Percent void after water 
treatment (95 oC) 

>51% (60s, no tension) 38.5% (drawn, crimped, 
staple) 
1.5 den 

Percent void after water 
treatment (95 oC) 

44% (60s held at constant length) 38.5% (drawn, crimped, 
staple) 
1.5 den 

22-25% (6s, draw machine) 

 

 

However, there is no consensus for how hollowness improvement should be 

reported. The drawing can be controlled in a way that is not practical for industry 

application , i.e. with a tensile tester (23 oC, 30mm gauge length, and 10mm/min 

elongation rate, DR=2,3, 4, and 5).  (Suzuki & Ohnishi, 2006).  Also, researchers may 

report only the hollowness increase that makes them look the best. In one paper, the 

as-spun fiber had 32% hollowness, after laser thinning it had 20% hollow, and after 

drawing had 34% and the diameter went from 450 to 20.1 to 10.7 micrometers (Suzuki 

& Ohnishi, 2006). Authors reported increase in hollowness from laser-thinning step not 

the overall hollowness increase which was much lower.  

Hollow fiber take up velocity from shape (mass conservation) 

Due to mass conservation (equation (5)) the take up velocity, [m/min], can be 

calculated from the final fiber geometry, [cm], mass throughput (q) [ghm], and melt 

density (𝜌) [g/cm3]:  

𝑣𝑡 =
𝑚𝑎𝑠𝑠 𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡

25∗𝜋𝜌(𝑑𝑜
2−𝑑𝑖

2)
 (13) 
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Where it has been assumed that the mass of polymer extruded per length is 

equal to the product of the die area and the linear rate of extrusion; the mass of polymer 

taken up is equal to the product of the fiber area and take up velocity: 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑑𝑖𝑒 ∗  
𝑚𝑎𝑠𝑠 𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 [

𝑔

ℎ𝑜𝑙𝑒∗𝑚𝑖𝑛
]

𝜌∗𝐴𝑟𝑒𝑎 𝑜𝑓 𝑑𝑖𝑒∗ 
60 𝑠

1 𝑚𝑖𝑛

=  
𝜋

4
(𝑑𝑜

2 − 𝑑𝑖
2) ∗ 𝑣𝑡 ∗

100 𝑐𝑚

60 𝑠
 (14) 

In this way, it is possible to determine the take up speed needed for a particular fiber 

geometry without needing to know the die geometry. In other words, this mass 

conservation is independent of the die. 

Hollow Shape and Regularity 

The shape of the fiber void does not always resemble the die. A triangular die 

shape can result in a circular void: for example a trilobal bicomponent 

polyamide/polypropylene sheath/core fiber with a circular void (Yeh & Kotek, 1993) 

(Kent, et al., 1999 ). Overlapping slit-shaped orifices can vary the final fiber shape such 

that overlaps towards the interior of the die can create more than one hollow (Van 

Drunen & de Wolf, 1967). One cause for this is non-uniform die swell.  

Die swell can change the shape of the hollow since it is not uniform around the 

die perimeter. Die swell has been shown to be higher at the center of the arc rather than 

at the end with the gap (Oh, et al., 1998).  This difference in die swell can distort the 

fiber shape from the shape of the die (Oh, et al., 1998). Coalescing closer to the die 

surface can lead to rounder cross sections (Su, et al., 2011). This may actually be a 

result of lower die swell leading to a shorter fissure length and more uniform cross 

section. The difference in die swell along the fiber circumference may be a result of 

different amounts of stress imposed by the die shape on the melt, i.e. the die wall shear. 

Due to the lower degree of die swell for polycondensate polymers, it is expected that 
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PLA will form hollow fiber more closely resembling the die than PP when both have the 

same viscosity (see section Extrusion). 

Literature has shown spinning temperature, the temperature at the spinneret 

head, is the most important parameter for determining final fiber shape since it impacts 

both surface tension and rheology (die swell, viscosity). Decreasing spinning 

temperature increases the fiber inner and outer diameters (Oh, et al., 1998). For cross 

shaped PLA fibers decreasing the spinning temperature, from 240 to 200 oC, changed 

the fiber cross section from circular to cross shaped while similar changes in 

temperature had no effect on the shape of PP fibers (Prahsarn, et al., 2014). As 

discussed above, the effect of surface tension may be over stated and this may actually 

be a shape change due to die swell. Die swell decreases with increasing temperature; 

most dramatically the die swell in fiber thickness decreases from 2.1 to 1.7 over a 60 oC 

temperature change (190 to 250 oC) (Oh, et al., 1998). Therefore, spinning temperature 

has a large effect on final fiber shape. 

The measurement of hollow shape can be complicated. Fiber images from the 

literature show elliptical cross section or other distortions of the fiber shape due to 

sample preparation (shearing as seen in (Suzuki & Ohnishi, 2006), collapsing as seen 

in (de Rovere & Shambaugh, 2001), soft method swelling fiber as seen in (Lizák & 

Legerská, 2016)),  die swell as seen in (Oh, et al., 1998), fiber size variation as seen in 

(Prahsarn, et al., 2015), non-circular void as seen in (Kim, et al., 2013) and uncoalesced 

fibers as seen in (Aneja, et al., 1996).  
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Section 3. Applications and Properties 

Hollow fibers have been considered for a wide variety of applications including 

moisture transport, thermal and acoustic insulation (Gao, et al., 2007) (Meng, et al., 

2009) (Lee & Kim, 2001; de Rovere, 2000) (de Rovere & Shambaugh, 2001) (Suzuki & 

Ohnishi, 2006), and tissue engineering (PLA (Tuin, et al., 2014)). Natural hollow fibers 

have a long tradition of use in thermal comfort, including goose down (Gao, et al., 

2007), cotton, milkweed (Bakhtiari, et al., 2015) and alpaca wool. Alpaca wool’s hollow 

fibers, “medullated” fibers, can have unbroken, interrupted, or fragmented hollows 

(Davison, n.d.). Cotton has low moisture transport properties making it better suited to 

clothing in drier climates (Bakhtiari, et al., 2015).  

 While a 2017 Web of Science search revealed there are few uses for 

nonwovens with hollow PP or PET fibers (143 total results, h-index =6 in Web of 

Science), the not nonwoven uses were plentiful (1510 total results, h-index= 40 in Web 

of Science). This suggests there is room for growth for nonwoven research. The most 

interesting sub-topics were:  

o Microextraction and capillary electrophoresis 

o Nanofiber reinforced composites 

o Dialysis 

o Absorbent for oil spill clean-up (kapok fiber) 

However, separation or filtration applications require precise control of wall thickness 

and hollowness; in the case of nonwovens, this precise control increases costs due to 

lower productivity (de Rovere & Shambaugh, 2001) (de Rovere, 2000).  

Current patents fall across many application areas summarized in Table 2.5. 
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Table 2.5: Summary of Hollow Fiber Patents. 

Application 
Area 

Examples 

Sound Insulation  
 

Hollow tetrahedron cross section reflects sound waves (Kochetov, 2016) 
PP and hollow terylene short fiber blended nonwoven for sound insulation, shock resistance (higher 
hardness and durability) (Pan & Zhang, 2015) 
Needle punched nonwoven made up of blend of hollow PET, solid PET and PP fiber with low surface 
density for noise reduction as automotive interior trim (Anon., 2011) 

Thermal insulation 
 

Superfine hollow non-woven fibers (Jin, 2010) 
Thermally bonded, needle punched nonwoven  composed of hollow PET with “hollow ratio” of 4-40% 
(SEO, et al., 2012) 
Blend PET hollow fibers with solid fibers, 30-70% hollow. (OSTROUSHKO, 2004) 
Thinsulate® by 3M (Anon., 2008)  

Compression 
Recovery 

Breathair® is a circular hollow PET fiber (high diameter) which is more resistant to compression than solid 
fiber with same density (Toyobo, n.d.)  

Absorbent Nonwoven hollow PP fiber (JENNERGREN, et al., (2003)) 

Battery separator 
 

Unknown type of fiber, hollow multicomponent (pie), short fiber of 8micron diameter and shorter than 25 
microns (TANAKA & KONDO, 2002) 
PP hollow fiber in needle punched nonwoven (ideal = 40wt%, 3denier, 51mm long, inner diameter 
10micron) open-pored sheath structure (YAMAZAKI & HIROOKA, 1986) 

Chemical carrier 
 

Insecticide or aromatic agent contained in PET (Nippon Ester Co, 1996) 
Gas enclosed in hollow PP fiber void (Kanai, 2001) 

Upholstery Mattress - PET (Anon., 2016) 
Fleece - PET 18-30% hollow - soft, fluffy, elastic, insulation (Anon., 2007) 
Night light cloth with multiple hollows in PP (Anon., 2015) 

Clothing 
 

Segmented pie bicomponent fiber with hollow split into microfibers 
Bulk & Stretchability: PE/PP side-by-side hollow conjugate fiber (KIM, et al., 2003)  
Weight-loss garment: hollow PP, woven: moisture wicking, encourages sweating (Anon., 2011) 

Paper 
 

Hollow continuous filament (1-5denier, PET, PP, etc) coated on nonwoven surface and calendered to low 
surface roughness. More than one hollow zone. (Oji Paper, 1993) 

Thermal Binder 
 

PP or PET, hollow conjugate fiber with triangular cross-section, 5-30% hollow ratio, elasticity and 
bulkiness (Kang, et al., 2016) 
Conjugate hollow fiber 3-70% hollow ratio (Teijin, 1988) 
Eccentric conjugate sheath-core hollow fiber leads to high bulk and elastic recovery (high crimp), 5-40% 
hollow (Toyobo, 1996) 

 

Spinning condition related properties 

Coefficient of Friction 

The coefficient of friction of a yarn impacts how it interacts with other yarns, solid 

objects, and even the interaction between individual fibers in a yarn (summarized in 

ASTM G115-10(2013)). Hollow fibers have higher coefficient of friction than solid fibers 

(Oh, et al., 1998). One reason may be the increased surface roughness due to irregular 

cross sections caused during processing of hollow fibers. Unevenness has been shown 

to be higher for PET hollow fibers (1.2%) than solid fibers (0.8%), but the test method is 

light-based, Uster, and so may be influenced by fiber reflectance (Karaca & Ozcelik, 

2007).  
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Geometry Related Properties 

Fiber Weight  

Linear density is used to compare fibers for property assessment. The fineness 

of a fiber in terms of linear density, given either in denier or dtex, does not depend on 

the shape of the fiber cross section.  Linear density during spinning is controlled by the 

take up velocity and mass throughput of polymer. Hollowness can be used to relate the 

linear density and/or cross sectional areas between solid and hollow fibers.  

First, the linear density has to be written in terms of cross sectional area. For a 

solid fiber the area (A) is proportional to the linear density (denier) divided by the 

volumetric density (ρ): 

𝑨 =
𝟏𝟎𝟎𝟎∗𝒅𝒆𝒏𝒊𝒆𝒓 (𝒔𝒐𝒍𝒊𝒅)

𝟗𝝆
 (15) 

For a hollow fiber the linear density is proportional to the “solid area” of the fiber, 

so the void area has to be removed: 

𝑨𝒐 −  𝑨𝒊 =
𝟏𝟎𝟎𝟎∗𝒅𝒆𝒏𝒊𝒆𝒓 (𝒉𝒐𝒍𝒍𝒐𝒘)

𝟗𝝆
(16)  

From these two equations, it is evident that solid and hollow fibers with the same 

outer diameter will not have the same linear density. The opposite is also true, if the 

denier is the same, than the outer diameters will not be the same. So, two cases are 

possible: 1) same outer diameter, or 2) same linear density. For ease of calculation, 

assume the same volumetric density. The volumetric density will only be the same if the 

same polymer was used and both fibers have the same crystallinity, which is not always 

true. 

If the outer diameters are the same, we can say A=𝐴𝑜. Plugging in (8 to 9) and 

multiplying by the form of one (
𝐴𝑜

𝐴𝑜
), gives the following after some rearranging: 
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𝒅𝒆𝒏(𝒉𝒐𝒍𝒍𝒐𝒘) = 𝒅𝒆𝒏 (𝒔𝒐𝒍𝒊𝒅)  ∗ (𝟏 − 𝑯)(17) 

So, when hollowness (H) is 0, either case simplifies to the area or linear density 

equal for both fibers. When hollowness is one, the equations break down, as makes 

sense since H=1 means the fiber is 100% hollow, and therefore has no area or linear 

density.  

If the deniers are the same for solid and hollow fibers, then the equations can be 

equated and rearranged: 

𝑨 = 𝑨𝒐 − 𝑨𝒊 = 𝑨𝒐(𝟏 −  𝑯)         (18) 

In diameter form, that’s (Omeroglu, et al., 2010): 

 𝒅 = √𝒅𝒐
𝟐 − 𝒅𝒊

𝟐 (19) 

Increasing hollowness with the same linear density increases the fiber outer 

diameter, i.e. the bulkiness of the fiber. Several fabric properties result purely from this 

increase in diameter. First, they provide bulk without adding weight (Omeroglu, et al., 

2010) (de Rovere & Shambaugh, 2001). Second, this added bulk decreases the fabric 

porosity (Mahmoud, El-Shenawy, & Ramadan, 2012) (Omeroglu, et al., 2010).  Third, 

air permeability decreases due to the reduction of fabric porosity (ASTM D 4481-92) 

(Mahmoud, El-Shenawy, & Ramadan, 2012). Fourth, crease recovery reduces due to 

the denser fabric having lower fiber mobility (Omeroglu, et al., 2010). In this way, 

increasing the bulk of the fiber has an effect on properties.  

The volumetric density, assumed the same above, controls the possible increase 

in outer diameter from solid to hollow fiber (Petrulis, 2004). If the volumetric density is 

different for the two polymers, then the denser polymer will have a smaller change in 

outer diameter, i.e. smaller hollowness (Petrulis, 2004).  



   

35 

Crystallinity, Orientation and Tensile Properties 

Crystal structure and molecular orientation develop due to processing conditions. 

Solid and hollow fibers will experience different stress concentrations along the spin line 

resulting in different crystallinity and fiber morphology (Karaca & Ozcelik, 2007). Fiber 

morphology and crystallinity effect fiber tensile properties. 

Crystallinity or crystal phases can be determined from wide angle x-ray 

spectrometry, differential scanning calorimetry (DSC), and dynamic mechanical analysis 

(DMA) (Lee & Kim, 2001). DSC can be used to measure thermal properties 

(crystallization, melting, and glass transition temperatures and enthalpies) and to 

calculate crystallinity. The crystallinity, 𝑋𝑐−𝑖𝑛, can be calculated from the melting 

enthalpy, 𝐻𝑚𝑒𝑙𝑡, the cold crystallization enthalpy, 𝐻𝑐𝑜𝑙𝑑 𝑐𝑟𝑦𝑠𝑡𝑎𝑙, and the melting enthalpy 

of perfectly crystalline polymer, 𝐻𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 (Shim, 2016)(Table 2.6):   

𝑋𝑐−𝑖𝑛 = 100 ∗  
𝐻𝑚𝑒𝑙𝑡−𝐻𝑐𝑜𝑙𝑑 𝑐𝑟𝑦𝑠𝑡𝑎𝑙

𝐻𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒
 (20) 

Crystallinity decreases with narrower molecular weight distribution of PP 

(Mazraeh-Shahi & Mojtahedi, 2010) (Bond & Spruiell, 2001). At the same linear density 

(5,500 m/min, 1.914 ghm) hollow and solid PET have similar crystallinity (Karaca & 

Ozcelik, 2007). At the same fiber outer diameter hollow fibers, with hollowness less than 

50%, exhibit higher crystallinity than solid fibers (de Rovere, 2000). 

Table 2.6: Summary of Polymer Densities and Enthalpy. 

Polymer 𝝆𝒄 [g/cm3] 𝝆𝒂[g/cm3] Typical density [g/cm3] 
𝑯𝒄𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒆 (

𝑱

𝒈
) 

PP, Isotactic 0.936-0.946 0.850-0.855 0.90-0.91 165 

PLA  1.290 1.248  93 (Shim, 2016) 

[ref (Mark, 1999)] 

Fiber molecular orientation is changed by viscracking PP, but not by blending PP 

with narrow and broad molecular weight distribution, MWD  (Mazraeh-Shahi & 
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Mojtahedi, 2010) (Kalantari, et al., 2007). Theoretically, spin-line stress is higher for 

hollow fibers than for solid fibers such that hollow fiber molecular orientation should be 

higher (Oh, et al., 1998). At the same linear density (5,500 m/min, 1.914 ghm) hollow 

PET has higher boiling shrinkage than solid PET (Karaca & Ozcelik, 2007). At the same 

fiber outer diameter hollow fibers, with hollowness less than 50%, exhibit higher 

molecular orientation than solid fibers (de Rovere, 2000). 

Tensile properties – tenacity, strain at break, elastic modulus, and strength- 

depend on the molecular orientation and crystal structure of the material. Higher 

molecular weight polymers spin into fibers with higher mechanical performance 

(Ziabicki, 1996). Tenacity and elastic modulus increase as molecular weight distribution 

narrows (Mazraeh-Shahi & Mojtahedi, 2010) (Bond & Spruiell, 2001). At the same linear 

density (5,500 m/min, 1.914 ghm) hollow PET has higher tensile modulus than solid 

PET (Karaca & Ozcelik, 2007). At the same fiber outer diameter hollow fibers, with 

hollowness less than 50%, exhibit higher elastic modulus and tenacity than solid fibers 

(de Rovere, 2000).  

Thermal Properties 

Comfort is a qualitative understanding of the ease with which an item is worn for 

a period of time during specific use conditions; it is personal and difficult to quantify 

(Barker, 2002). One component of thermal comfort is heat insulation, i.e. how well does 

a material prevent the flow of heat from one end to the other. The second component of 

thermal comfort is moisture transport, i.e. how well does the material prevent a “sticky” 

sensation from developing (Bakhtiari, et al., 2015). There are many ways to measure 

either or both properties, including Kawabata System of Evaluation, sweating guard hot 
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plate, gravimetric absorbency test, sweating manikin, wear trials, infrared imagery, and 

controlled oven heating (Barker, 2002) (Banerjee, et al., 2013) (Lizak, et al., 2012) 

(Lizak, et al., 2012) (Netzsch, n.d.). This review will focus on the heat insulation 

component of thermal comfort; specifically, thermal conductivity and thermal insulation. 

Thermal conductivity is the amount of heat conducted through a material and depends 

on material properties as well as fiber geometry.  

Some difficulties of using thermal conductivity as a stand in for thermal comfort 

are, 1) adding hollow fibers to a fabric will change the basis weight, thickness, and/or 

density- all of which effect thermal conductivity, 2) human perception does not way into 

the measurement and so the context of what is a perceptible difference and comparison 

to known quantities are often missing from the report, and 3) bonding technique 

(calendar, thermal press, through-air, needlepunched) may influence the thermal 

conductivity (Lin, et al., 2009). Increasing the hollow area in carded 25 mm thick PET 

fiber webs with similar basis weight decreased thermal conductivity and radiated heat 

resulting in a perceived surface temperature drop of about 0.016 oC per um2 of hollow 

area (Lizak, et al., 2012)(Table 2.7: surface temperature drop is the decrease in 

radiated heat/temperature: measured surface temperature with IR camera of one layer 

of fabric covering skin (34 oC).). It is difficult to isolate the thermal conductivity due 

solely to the hollow in the hollow fiber from the confounding effect of increased 

bulkiness.  
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Table 2.7: Summary of data from Lizak, Murarova, & Mojumdar. 

Number of 
hollows 

Total Hollow 
area (um2) 

Linear 
density 
(dtex) 

Thermal 
Conductivity 
(W/mK) 

Surface 
temperature drop 
(oC) 

0 0 7.2 0.0478 3 

1 60 8.8 0.0470 3.5 

4 85 8.8 0.0468 4.5 

10 160 9.7 0.0466 5.5 

 

 

Bending Rigidity and Compression Response 

Two major components to rigidity and compression response for hollow fibers: 1) 

can the hollow fiber withstand the compressive force without collapsing, 2) can adding 

hollow fibers to a fabric enhance compressive response and recovery.  

Bending rigidity can be described by the second moment of area, i.e. inertia, and 

depends on the fiber cross section (Omeroglu, et al., 2010). Bending rigidity is known to 

differ between solid and hollow fibers (Oh, et al., 1998). Hollowness impacts bending 

rigidity: Hollow fibers have higher bending rigidity than solid fibers with same linear 

density (bending rigidity increasing with hollowness) and lower bending rigidity than 

solid fibers with the same outer diameter (bending rigidity decreasing with hollowness) 

(Aneja, et al., 1996). For large voids, many hollow channels, instead of one, can 

increase the fiber’s resistance to deformation when compared to a single void hollow 

fiber with the same void percent (Dietzsch, 1960). 

Fabric compression and compression recovery depend on the solid volume 

fraction and fiber crimp, shape, and fineness such that coarser fibers, larger diameter, 

require higher pressure to compress than finer fibers (Das & Pourdeyhimi, 2010). This 

agrees with the higher bending rigidity of coarser fibers. Compression tests comparing 

solid to hollow fibers can be performed according to IST 120.4 (same fabric volume) (de 

Rovere & Shambaugh, 2001). Alternatively, compression tests may be performed by 
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measuring the height of loose fiber under compression of different weights where the 

fiber has either a set volume (Gao, et al., 2007) or mass (Lundquist, et al., 2004).  

Woven fabrics made from hollow round PET had significantly more bending 

rigidity and lower drape than fabrics made with round cross-section fibers (Omeroglu, et 

al., 2010). Hollow PET carded webs (29.7% hollow, 300gsm, 100mm thickness, 170 

strokes/min) with different low melt PET binders had lower areal density, higher air 

permeability, and higher hardness/support than PU Foam (Kim, et al., 2013). Increasing 

the hollow area within a hollow fiber increases its compressibility (Lizak, et al., 2012). 

The unique structure of a fiber may enhance fabric compressibility. Hollow fiber 

may collapse in order to allow the fabric structure to compress (Lundquist, et al., 2004).  

The critical volume fraction at which the hollow portion of the fiber collapses so that the 

network may deform was determined by compressing 2D paper and loose 3D networks 

made of short elliptical hollow China reed (~1 mm) in a tube by a plunger controlled by 

an Uster tester (Lundquist, et al., 2004). This volume fraction depends on the relative 

void size; calculated as one-half the sum of the ratios of the long and the short 

diameters of the void to the ellipse (Lundquist, et al., 2004). This void size is not linearly 

related to hollowness. Hollow PVC pipe yielding served as a corollary for hollow China 

reed fiber such that the yield force depends only on relative void size (Lundquist, et al., 

2004). This assumes that the compression of the hollow of any tube does not depend 

on the material properties or relative dimensions of the tube. Down fiber has nodes and 

crotches which disrupt packing when not under pressure and allow for increased 

packing when pressure is applied (Gao, et al., 2007). Compression and compression 

recovery of loose down fiber in plastic cube of set volume (500 cm3) by compressing 
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under weights and measuring height found the fiber structure compresses 60-80% and 

regains nearly 100% of original shape after shaking (Gao, et al., 2007). Bulkiness 

defined as the volume per unit mass or the inverse of density (Gao, et al., 2007).  

Sound Absorption 

Thicker and denser materials absorb more sound energy (Suvari, et al., 2016) 

(Mahmoud, et al., 2012). Sound properties can be evaluated with an impedance tube 

(ASTM E 1050-12), reverberation chamber with Sabine’s equation (OSPR 354), or 

under actual use conditions such as a vehicle test drive (Lee, et al., 2013). Generally, 

sound absorption coefficient increases with basis weight and sound frequency, 

regardless of material. 

For sound wave frequencies above 3000 Hz, there exists a thickness at which a 

sound wave has maximum absorption due to vibrational dissipation and the sound wave 

velocity node (Suvari, et al., 2016). Denser webs can be thinner such that a 350 to 700 

gsm web should be 20 mm thick, a 900 to 1050 gsm web should be 15 mm thick, and a 

1350 to 1575 gsm web can be 10 mm thick (Suvari, et al., 2016).  Samples were 

constructed from solid PP/PET (melt PP as binder) and PET air laid, thermally bonded 

nonwoven layers consolidated into denser, higher basis weight webs by heat and 

pressure (Suvari, et al., 2016). In this way, for high frequency sound absorption, it is not 

necessary to continually increase thickness of the material in order to increase 

absorption. 

Fiber felts of hollow PET (0.5 kg/m3) exhibited similar for sound absorption and 

sound insertion loss as solid PET (1kg/m3) tested in alpha cabin reverberation chamber, 

autoneum APAMA under normal driving, and vehicle test (Lee, et al., 2013)(properties 



   

41 

in Table 2.8: Property overview for PET fibers used by .). The felt thickness was not 

reported. Hollow PET (1200 gsm, 6.41 mm thick, SAC = 0.13) had higher average 

sound absorption coefficient, SAC, (250 to 2000 Hz, impedance tube, 30 mm diameter) 

than solid PET (1500 gsm, 5.55 mm thick, SAC = 0.13) needle-punched nonwovens (Na 

& Cho, 2010). It is unclear if the difference is due to fiber type (hollow versus solid) or 

solid volume fraction.  

Table 2.8: Property overview for PET fibers used by (Lee, et al., 2013). 

Sample Cross Section Radius 
(um) 

Linear Density 
(denier) 

Hollow Ratio 
(%) 

PET Fiber circular 24.8 6 0 

Hollow PET Fiber circular with spiral 
triangular void 

64.3 7 34 

 

Interconnected voids in fabric absorb sound (Mahmoud, et al., 2012). Cross-laid 

nonwoven web blends with Hollow PET fiber and solid fabrics had higher sound 

absorption coefficients with higher blend ratio of hollow fiber as measured by 

impedance tube (Mahmoud, et al., 2012). However, Mahmoud, El-Shenawy, and 

Ramadan only investigated blends up to 45% hollow PET fiber. No study has examined 

blending PP fiber and PP hollow fiber. 

Optical Properties 

Hollow fibers have some optical properties unique to their geometry. PET hollow 

fibers have higher reflectance, before and after dyeing, than solid fibers of the same 

linear density (V hollow fiber/ V solid fiber = 0.87) (82.4 versus 86.6 % reflectance) (Topal, et 

al., 2010).  PP hollow fibers have similar or better opacity when compared to solid fibers 

with the same fiber diameter (de Rovere & Shambaugh, 2001) (Bond & Gorley, 2004). 

The presence of a hollow in the fiber increases the reflectance, making the fabrics 

containing hollow fiber appear more opaque. 
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Section 4. Summarize findings 

• Earlier studies focused on theory and processing conditions (-2006) while later 

studies (2007-2016) focus more on applications.  

• Hollowness primarily calculated by image analysis of fiber cross sections 

o No consensus on best practices for sample preparation/image analysis. 

o Segmented arc die geometry may limit hollowness of fiber. 

o Increased hollowness by drawing at low temperature (30 oC) or exposure 

to hot water/steam (95 oC). 

• Papers in fabric/fiber property section focused on PET exclusively not clear why 

little research exists for hollow PP applications. 

o Insulation (sound and thermal): hollow fibers performed at the level of 

solid fibers or better. Differences seemed to depend on the testing method 

(impedance tube, reverberation chamber, or realistic test scenario). 

o Comfort: hollow fiber mats have lower areal density than solid 

counterparts, but higher bulk and rigidity/hardness. 

Open questions from the literature include: 

1. What causes the coalescing fiber to coalesce (die swell, surface tension, etc)? 

2. What is the effect of die geometry and processing conditions on: 

a. Hollow formation 

b. Properties 

3. What is the maximum amount of hollow fibers that can be added to a web before 

properties begin to suffer (thermal insulation, acoustic absorption)? 
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4. What is the impact of compression on individual fibers? What is the maximum 

amount of pressure that can be exerted before the hollow collapses? 

Do fiber defects (void collapse, breaks, irregular cross section, etc) negatively 

impact fiber properties in webs? 
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CHAPTER 3 

Impact of Quench in Polypropylene Hollow Fiber Formation 

Abstract 

The objective of this research was to explore the effects of processing conditions 

on hollow fiber spinning, specifically to look at how differences in solidification impacted 

hollow and solid fiber structures. Hollow fibers were spun with a four segmented arc die 

(4C). Fiber structure was explored through thermal, geometric, and tensile properties. 

Fiber hollowness depends on all spinning parameters (mass throughput, spinning 

speed, and quench fan speed) so long as a wide range of conditions are used (0.25- 

0.83 grams hole-1 min-1, 500- 2000 m/min, and 5-100% quench fan speed). Increasing 

quench fan speed increases the quenching rate such that the fiber solidifies closer to 

the spinneret. This results in different morphology. When hollow and solid fibers are 

compared at constant quench, the hollow fiber solidifies faster than solid fiber. 

Crystallinity of the fibers remains similar, but the tensile modulus is higher for hollow 

fiber than for solid fiber.  

Introduction 

Hollow fibers have at least one void along their fiber axis, the most basic type 

being a single void with circular cross section. Hollow fibers add bulk without adding 

weight. Hollow fibers have higher crystallinity, molecular orientation, elastic modulus, 

tenacity and opacity than solid fibers with the same outer diameter; they have higher 

amorphous orientation and reflectance than solid fibers with the same linear density ( 

(Karaca & Ozcelik, 2007) (Topal, et al., 2010) (de Rovere, 2000) (de Rovere & 

Shambaugh, 2001)). Hollow fibers have higher moment of inertia than solid fibers with 
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the same linear density leading to higher bending rigidity (Omeroglu, et al., 2010) 

(Aneja, et al., 1996). Hollow fibers are used in insulating and cushions. For use in 

applications, converting hollow fiber to a needle-punched nonwoven requires crimping 

which may alter the hollow fiber geometry depending on the fiber morphology. Of 

interest are differences in shear rate, solidification, fiber size, void size, and fiber 

morphology.  

Fibers cool at a rate proportional to their fiber size, so that hollow fibers solidify 

faster than solid fibers of the same linear density (Petrulis, 2004) (Oh, et al., 1998). 

Cooling rate is proportional to the surface area when the volume of material is the 

same. Solidification impacts the fiber’s molecular orientation and crystallization (Fourne, 

1999) (Ziabicki, 1976). Also, solidification rate impacts the fiber size and void size (Oh, 

2007). 

Prior studies have investigated the effect of processing conditions on shaped 

fibers. A range of mass throughput (0.34 to 0.52 grams hole-1 min-1) was too small to 

measure an effect on cross-shaped fiber (Prahsarn, et al., 2014) while a slightly larger 

change from 1.75 to 2.5 g/min had an impact on PP hollow fiber (Oh, et al., 1998). 

Similarly, spinning speeds have a slight effect on cross-shaped fiber (50, 300, and 500 

m/min (Prahsarn, et al., 2014)) and hollow fiber (50, 150, 250, and 350 m/min (Oh, et 

al., 1998).  

For PET with the same linear density, hollow round fiber has been shown to have 

higher amorphous orientation than solid round fiber (1.91 grams hole-1 min-1, 5500 

m/min) ( (Karaca & Ozcelik, 2007). This was due to higher take-up stress, 36 cN/dtex 

versus 0.19 cN/dtex, resulting from higher surface area (Karaca & Ozcelik, 2007).  
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This study explores the range of processing conditions for which hollow fiber 

production is possible, examines the specific effects of changing quenching rate, and 

compares hollow and solid fibers to see how the difference in geometry impacts 

spinning and resultant fiber morphology. 

Materials and Methods 

 
Figure 3.1: Die used to spin hollow fiber had four segmented arcs, “4C” (Inner diameter = 1 mm, 

Outer diameter = 1.4 mm, thickness = 0.2 mm, gap between segments = 0.15 mm, L/D = 5).  

Fiber Preparation 

On a Hills Multifilament line, fibers were spun at 210 oC from PP 3155 

(ExxonMobil). Hollow fibers were spun with a 4C die (Figure 3.1). Solid fibers were spun 

from a circular die (D = 0.35). Fibers were cooled by forced convection with a Schreiber 

100AC fan with 100% fan capacity of 0.378 m3/s (Spotwelding Consultants Inc.)). 

Spinning conditions are summarized in Table 3.1. The lowest polymer mass throughput 

was selected as the lowest mass throughput at which fiber could be collected at 50% 

quench fan speed and 1000 m/min take-up speed (a.k.a  “spinning speed”). The highest 

achievable polymer mass throughput (0.83 grams hole-1 min-1) was slightly below the 

maximum of the extruder (0.99 grams hole-1 min-1). The winder maximum speed was 

2000 m/min. While it was possible to spin fiber at 2000 m/min by ramping up the 

spinning speed and quench fan speed, 100% quench fan speed was too high to spin 

fibers.  

  

  

    

  

1mm 

0.2 mm 
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Table 3.1: Summary of Spinning Conditions. 

Mass Throughput (g hole-1 min-1) 0.25, 0.50, 0.83 

Spinning Speed (m/min) 500, 1000, 2000 

Quench Fan Speed (%) 5, 50, 100 

 

To explore the effect of quench, hollow fibers were spun with constant linear 

density, polymer throughput of 0.33 g hole-1 min-1 and 1000 m/min collection speed, at 

20, 50, 70, and 100% quench fan speed settings.  

Solid round fibers were spun with the same linear density (polymer throughput of 

0.33 g hole-1 min-1), 50% quench and 1000 m/min spinning speed.  

Solidification 

During fiber melt-spinning, the extruded molten polymer cools by quenching until 

it solidifies at the solidification point. At this point, the “frostline”, the final fiber shape 

including fiber hollowness, are set. The frostline was measured qualitatively by sliding a 

glass rod upwards along the fibers until it began to stick. The frostline is reported as the 

distance from the die to the sticking point in millimeters and is accurate to around 50 

mm.  

Hollowness Measurement 

Hollowness was measured on optical microscopic photographs of fiber 

longitudinal views with NIS Elements software. Longitudinal views were taken along the 

fiber axis by immersing the samples in ImmersolTM 518F refractive index 1.518 oil. Fiber 

diameters were measured on images taken with a Zeiss Polarization microscope with 

25x objective lens. 

For each processing condition, ten fiber inner and outer diameters were 

averaged to calculate hollowness. Hollowness is the ratio of the void volume to the total 
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fiber volume. For circular cross sections, hollowness simplifies to a ratio of the inner 

diameter to outer diameter squared: 

𝐻 =  
𝑣𝑜𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒

𝑓𝑖𝑏𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒
=  

𝐷𝑖
2

𝐷𝑜
2                                   (21) 

Statistical analysis was performed using JMP® Pro 13 by SAS Institute. Analysis 

was a one way analysis of variance (ANOVA). The unequal variance and normal 

distribution assumptions were checked. A Welch test was performed when there was 

significant evidence that variances were unequal. P-values lower than 0.05 suggest 

there is enough evidence to reject the null hypothesis, i.e. reject the no effect 

hypothesis. P-values are reported when below 0.05. 

Differential Scanning Calorimetry (DSC) 

5-10 g samples were heated at 10 oC/min to 200 oC. Two sample repeats were 

performed. Thermal properties – onset melting temperature, peak melting temperature, 

and melting enthalpy (Hmelt) – were measured from the thermograms with TRIOS 

software (TA Instruments). Crystallinity, Xc-in, was calculated from Hmelt with Hcrystalline 

equal to 207 J/g for completely crystalline isotactic PP: 

𝑋𝑐−𝑖𝑛 = 100 ∗ 
𝐻𝑚𝑒𝑙𝑡

𝐻𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒
 (22)  

Tensile Properties 

Tensile tests were performed on Q-test with 10 sample repeats, a gauge length 

of 25.4 mm, 60 mm/min elongation rate, and a 2 N load cell according to ASTM D3822. 

Samples were conditioned overnight. Tensile properties of each fiber type were 

normalized by the fiber’s average cross-sectional area to account for differences in 

geometry.  
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Results and Discussions 

Spinnability and hollow formation was studied by spinning hollow fiber over a 

range of processing conditions (quench fan speed, spinning speed, and mass 

throughput). Increasing the quenching rate of hollow fibers increases hollowness and 

changes fiber morphology. Changing only the fiber geometry, solid versus hollow, 

impacts solidification and fiber morphology.  

Effects of Spinning Conditions on Spinning Behavior and Fiber Hollowness 

The polymer melt is extruded through the die and then solidifies under forced air 

convective cooling, i.e. a fan. This solidification rate impacts the ability to spin and 

collect fibers, “spinnability”, and fiber geometry. For example if the polymer melt has not 

solidified before the first take-up roll then it cannot be threaded or collected. This 

happens at 5% quench fan speed, 500 m/min take-up, with either 0.5 or 0.83 grams 

hole-1 min-1. The fan rate was too low to solidify the large fiber. In terms of geometry, the 

solidification point defines the fiber shape. Hollowness remains the same between the 

die and the  die swell point, but  decreases after the die swell point until the fiber 

solidifies (Oh, et al., 1998) (Oh, 2006) (Lee & Kim, 2001). Solidifying closer to the die 

has been shown to increase hollowness. Two approaches used in the literature were 

decreasing spinning temperature or increasing quench air volume (Oh, et al., 1998) 

(Oh, 2006) (Lee & Kim, 2001). But neither study measured solidification directly. This 

research connects quenching rate, solidification, and hollowness.  

The PP melt solidified closer to the spinneret (shorter frostline) with increasing 

quench fan speed, increasing spinning speed, and decreasing mass throughput (Figure 

3.2). As quench fan speed increases, the quenching rate is increased so that the fibers 
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solidify faster. The length to solidify decreases as spinline stress increases, likely due to 

stress induced orientation of polymer chains and crystallization. Simalarly, the length to 

solidify decreases with decreasing mass throughput, because there is less material to 

cool off.  

 

 
Figure 3.2: Fibers solidify closer to the spinneret with increasing quench fan speed. (a) Spinning 

speed 500 m/min at 0.25 grams hole-1 min-1 (×), 0.50 grams hole-1 min-1 (×), and 0.83 grams 

hole-1 min-1 (×). (b)  Spinning speed 1000 m/min at 0.25 grams hole-1 min-1 (•), 0.50 grams hole-

1min-1 (•), and 0.83 grams hole-1 min-1 (•). (c) Spinning speed 2000 m/min at 0.25 grams hole-1 

min-1 (), 0.50 grams hole-1 min-1 (), and 0.83 grams hole-1 min-1 (). 

Hollowness appears to increase with increasing quench and mass throughput 

(Figure 3.3). The impacts of spinning conditions on hollowness further analyzed with 

3X3X2 3-way ANOVA analysis and summary of analysis are given in Table 3.2 and 

Table 3.3. All main effects, quench, mass throughput, and spinning speed, have a 

significant impact on hollowness, and all first order interactions do not affect hollowness 

significantly (p > 0.05). As a result, the main effects can be considered separately.  
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Figure 3.3: Hollowness increases with quench fan speed (p-value <0.0001) and mass 

throughput (p-value < 0.0001).  (a) Spinning speed 500 m/min at 0.25 grams hole-1 min-1 (×), 

0.50 grams hole-1 min-1 (×), and 0.83 grams hole-1 min-1 (×). (b) Spinning speed 1000 m/min at 

0.25 grams hole-1 min-1 (•), 0.50 grams hole-1 min-1 (•), and 0.83 grams hole-1 min-1 (•). (c) 

Spinning speed 2000 m/min at 0.25 grams hole-1 min-1 (), 0.50 grams hole-1 min-1 (), and 0.83 

grams hole-1 min-1 (). Error bars are standard error. 

 
Table 3.2: Analysis of Variance. 

Source DF Sum of Squares Mean Square F Ratio 

Model 6 1888.9176 314.820 22.3486 

Error 153 2155.2734 14.087 Prob > F 
C. Total 159 4044.1910  <.0001* 

 
Table 3.3: Effect Tests for Main Effects and Interactions.  

Source Nparm DF Sum of 
Squares 

F Ratio Prob > F LogWorth 

Mass Throughput    1 1 321.79566 22.8438 <.0001* 5.388 

Quench Fan Speed (%)    1 1 852.47896 60.5163 <.0001* 11.997 

Mass Throughput*Quench Fan Speed (%)    1 1 12.27674 0.8715 0.3520 0.453 

Spinning Speed (m/min)    1 1 207.50661 14.7306 0.0002* 3.742 

Mass Throughput*Spinning Speed (m/min)    1 1 2.26041 0.1605 0.6893 0.162 

Quench Fan Speed (%)*Spinning Speed 
(m/min) 

   1 1 27.33917 1.9408 0.1656 0.781 
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The impacts of quench, spinning speed and mass throughput on hollowness are 

shown in (Figure 3.4, Figure 3.5, Figure 3.6). The mean diamonds show the mean line 

(center line), overlap (upper and lower lines), and 95% confidence interval (upper and 

lower point of diamond). Hollowness increases with increasing quench fan speed, mass 

throughput, and spinning speed (although only the first two are statistically significant). 

Quench fan speed directly controls solidification, solidifying closer to the spinneret locks 

in more of the die hollowness.  Conversely, increasing mass throughput decreases the 

solidification rate, more material cooling without a proportional increase in surface rate, 

but continues to increase hollowness.  

 
Figure 3.4: Effect of quench fan speed on hollowness. 
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Figure 3.5: Effect of mass throughput on hollowness. 

 

 
Figure 3.6: Effect of spinning speed on hollowness. 

 

Effect of Quench on Hollow Fiber Structures and Tensile properties  

In previous sections, we have found the most influential spinning parameters on 

fiber hollowness is the amount of quench during the spinning process.  In this sections, 

we have further investigate effects of quench on hollow fibers formation to see if there is 
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a trend with quench fan speed. Also, quenching impacts more than just the fiber 

solidification and geometry. Changing the quench to increase hollowness may also 

impact the fiber morphology: crystallinity and molecular orientation. It is known that the 

solidification rate can impact the formation of spherulites, fibrils, and micelles within the 

fiber (Ziabicki, 1976).  

In order to determine the effect of quench on geometry, crystallinity, and tensile 

properties, hollow fibers with the same linear density (0.33 g hole-1 min-1 and 1000 

m/min) were compared.  

Fiber Geometry 

Fiber outer diameter and inner diameter varied with quench fan speed (Figure 

3.7). The change in outer diameter stayed relatively constant, while the inner diameter 

increased (after 20% quench). Hollowness decreased with increase frostline, except for 

the 0% quench fiber (508 mm frostline) (Figure 3.8). Fibers which solidified closer to the 

spinneret had higher inner diameter resulting in higher hollowness.  

  
Figure 3.7: Fiber inner diameter (◼), outer diameter (), and hollowness (•) with quench. Error 

bars are standard error.  
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Figure 3.8: Hollowness decreases with increasing solidification distance from the spinneret. 

Error bars are standard error. 

Thermal Properties and Crystallinity 

 
Figure 3.9: DSC thermograms for Hollow fiber (stacked) in order from top to bottom: 20% 

quench (- - -), 50% quench (---), 70% quench (•••), and 100% quench (____). 0.33 grams hole-1 

min-1, 1000 m/min. 

The thermograms for 20, 50, 70, and 100% quench appear similar (Figure 

3.9).Quench fan speed appears to have a limited impact on crystal properties and no 
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difference in the melting onset or peak temperatures (Table 3.4). Between 20% to 100% 

quench, the hollow fiber crystallinity may increase slightly (39.9% to 43.6%).  

Table 3.4: Hollow Fiber Thermal Properties (0.33 grams hole-1 min-1, 1000 m/min). 

 Onset Melt (oC) Peak Melt (oC) Crystallinity (%) 

20% quench 158.6 ± 0.3 162.9 ± 0.1 39.9 ± 0.2 

50% quench 158.7 ± 0.1 162.3 ± 0.6 42.7 ± 0.4 

70% quench 159.2 ± 0.1 162.4 ± 0.2 41.1 ± 0.0 

100% quench 159.4 ± 0.4 163.1 ± 1.3 43.6 ± 0.5 

 

Tensile Properties 

 
Figure 3.10: Q-test tensile curves comparing hollow fibers with 20% quench (- - -), 50% quench 

(---), 70% quench (•••), and 100% quench (____). 0.33 grams hole-1 min-1, 1000 m/min. 

Stress strain curves are given in Figure 3.10. Stress is normalized by the fiber 

cross sectional area. Hollow fiber tensile properties are summarized in Table 3.5. 

Elastic modulus appears to increase with increasing quench possibly due to more time 
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to develop orientation due to solidifying closer to the die. However, 70% quench has a 

lower elastic modulus than expected, its curve is much lower than the others. The 100% 

quench fiber has much lower tenacity and strain at break than the other fibers. Also the 

toughness, the work required to break the fiber, is much lower (Figure 3.11). This 

quench condition creates weaker fibers. 

Table 3.5: Hollow Fiber Tensile Properties. 

Quench Fan Speed 
(%) 

Elastic Modulus 
(MPa) Tenacity (MPa) Strain at break (%) 

20 0.11 ± 0.01 0.021 ± 0.001 328 ± 10 

50 0.12 ± 0.01 0.022 ± 0.001 306 ± 14 

70 0.09 ± 0.01 0.021 ± 0.002 311 ± 17 

100 0.15 ± 0.01 0.016 ± 0.001 246 ± 14 

 

 

 
Figure 3.11: Decrease in toughness at 100% quench (standard error). 

Properties and structures of Solid and Hollow fibers spun under identical 

spinning conditions 

A comparison between solid and hollow fibers with the same linear density and 

quench was made to determine if hollow fiber spinning, i.e. differences imparted by the 

die, impacted fiber variability, crystallinity and morphology, or tensile properties. 
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Shear Rate Comparison 

The die shear rate effects the polymer viscous response and die swell. This 

research approximated the shear rate at the wall within the circular die according to a 

circular capillary and within the 4C hollow die according to a rectangular slot. The 

Rabinowitch equations were used (Brydson, 1981): 

 (circular: 23) 

 (rectangular: 24). 

A few assumptions were made for this analysis. This calculation assumes that 

pressure of the melt leaving the pump which is measured directly before the die is 

approximately the pressure drop across the die, given the pressure at the die exit is 

zero. Also, it assumes that the pressure is evenly distributed across all holes in the die. 

For both Rabinowich equations Q is the volumetric throughput, and ∆𝑃 is the 

pressure drop. Q and ∆𝑃 were derived from the pump speed (rotations per minute), melt 

pump pressure (PSI), pump metering volume (2.92 cm3/revolution of polymer material), 

and the number of filaments in the spinneret (69) wherein “n” is 1 for solid fiber and 4 for 

hollow fiber (4 arcs per each filament die): 

 𝑄 = 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 (𝑔/𝑚𝑚3)  = 1000 ∗ 𝑃𝑢𝑚𝑝 𝑆𝑝𝑒𝑒𝑑 (𝑅𝑃𝑀) ∗ 2.92/(60 ∗ 69 ∗
𝑛) (25) 

∆𝑃 = 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑝𝑒𝑟 𝑠𝑙𝑖𝑡 (𝑝𝑠𝑖)  =  𝑀𝑒𝑙𝑡 𝑝𝑢𝑚𝑝 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒(𝑃𝑆𝐼)/ 69 ∗ 𝑛 (26) 

In equation 23, R is the radius of the die (0.175 mm). In equation 24, w is the slit 

width (arc length) and H is the slit height (arc wall thickness, 0.2 mm). Assuming the 

gap between the arcs is very small, the slit width (die “size”) was approximated as ¼ of 

the total circumference of the inner radius (R=0.5mm) with the arc equation:  

𝑊 = 𝑆 = 𝜃 ∗ 𝑅 =  
𝜋

2
∗ 𝑅 = 0.785 𝑚𝑚 (27) 

�̇� = −(
1

𝜋𝑅3
) ⌈3𝑄 + ∆𝑃

𝑑𝑄

𝑑∆𝑃
⌉ 

�̇� = −(
2

𝑤𝐻2
) ⌈2𝑄 + ∆𝑃

𝑑𝑄

𝑑∆𝑃
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Change in volumetric throughput with pressure drop was obtained as the slope of 

a linear fit; it was higher for the hollow fiber die than the solid fiber die, suggesting a 

higher dependence on pressure drop for hollow fibers (Table 3.6). In general, the shear 

rate increases with mass throughput and was much higher for solid die than for hollow 

die (Figure 3.12).  

Table 3.6: Summary of the Shear Rate at the Wall Calculation. 

 Hollow Solid 
𝑑𝑄

𝑑∆𝑃
 6.619 3.303 

Linear fit (R2) 0.971 0.995 

Radius (mm) 0.5 0.175 

Extrusion Area 0.628 0.096 

L/D 5 4 
 

 
Figure 3.12: Shear rate at the die wall was much higher for solid fiber () than hollow fiber (•) at 

the same mass throughput. 

  

Solidification  

Regardless of fiber type, increasing quench fan speed solidifies the fiber closer to 

spinneret (Figure 3.13). At constant quench fan speed, the hollow fiber solidifies in the 
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outer diameter. This agrees with the theory that hollow fibers would solidify before solid 

fibers of the same linear density due to the hollow fiber having higher surface area per 

similar volume (Petrulis, 2004) (Oh, et al., 1998). Solid fibers had a higher than 

expected size, possibly as a result of increased die swell from shearing or lower L/D 

ratio (Table 3.7). 

 
Figure 3.13: Frostline as a function of quench fan speed and fiber type: hollow with 0.33 grams 

hole-1 min-1 (), solid with 0.33 grams hole-1 min-1 (■).  

Table 3.7: Fiber Geometry of Hollow and Solid Fibers (standard error). 

 Hollowness 
(%) 

Outer Diameter 
(µm) 

Hollow 22.03 ± 1.05 24.43 ± 0.56 

Solid 0 23.01 ± 0.61 
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Melting Point & Crystallinity 

 
Figure 3.14: DSC Thermograms for solid and hollow fibers. Solid fiber (-) shows a rounder, 

flatter melting curve than hollow fiber (•). (Quench = 50%, Spinning Speed = 1000 m/min). 

 

Differential Scanning Calorimetry (DSC) reveals information about a polymer’s 

thermal behavior and crystallinity. From the thermograms, the hollow PP crystals tended 

to be smaller than those found in solid fiber (weighting of the melting peak towards 

lower temperature) (Figure 3.14). Hollow fiber had a higher onset melting temperature 

than solid (Table 3.8).  

Table 3.8: Onset Melting Temperature, Peak Melting Temperature and Crystallinity of hollow 

and solid fibers (50% quench fan speed, 1000 m/min). 

Fiber type Onset Melt (oC) Peak Melt (oC) Crystallinity (%) 

Hollow  158.7 ± 0.1 162.3 ±  0.6 42.7± 0.4 

Solid  156.3 ± 0.1 163.7 ±  0.0 42.0± 0.4 
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Tensile Properties 

 
Figure 3.15: Q-test tensile curves for solid and hollow fibers. Solid (-) and Hollow (•) fibers with 

same grams hole-1 min-1 (0.33) are parallel. (Quench = 50%, Spinning Speed = 1000 m/min). 

Hollow fibers have higher modulus and tenacity than solid and lower and strain at 

break than solid (Table 3.9)(Figure 3.15). Modulus and tenacity findings agree with 

literature (Karaca & Ozcelik, 2007). Modulus increases with molecular orientation; the 

fiber becomes “stiffer” (Karaca & Ozcelik, 2007). If the shear rate at the die wall impacts 

molecular orientation, then the modulus should be higher for the solid fibers than the 

hollow fiber. Since the reverse is true, the die shear rate does not affect molecular 

orientation. Instead, the fiber modulus was proportional to the inverse of the frostline, 

i.e. the fibers that solidified closer to the die had longer distance between solidification 

and take-up for the polymer chains to align, increasing orientation. Incidentally, modulus 

increases with surface area, as claimed by Karaca and Ozcelik, if the hollow fiber 

interior surface area is included as surface area.  
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Tenacity and strain at break are influenced by the polymer and defects. If the 

strain at is lower and the tenacity is higher than there is no change in the level of 

defects (Shim, 2016). No difference in defects was found.  

Toughness is the work done to break the fiber, i.e. the area under the curve. 

Hollow fiber was tougher than solid fiber.  

Hollow fibers had higher modulus, tenacity, and toughness than solid fibers 

(same linear density or larger outer diameter). They had lower strain at break than solid 

fiber, which may make them more difficult to draw.  

Table 3.9: Fiber Modulus, Tenacity, Strain at Break, and Toughness of Hollow and Solid Fibers 

(50% quench fan speed, 1000 m/min). 

 

Fiber Modulus 
(MPa) 

Tenacity 
(MPa) 

Strain at 
break (%) 

Toughness 
(MPa) 

Hollow  0.12 ± 0.01 0.022 ± 0.001 306 ± 14 0.048 ± 0.004 

Solid  0.06 ± 0.01 0.018 ± 0.001 337 ± 10 0.040 ± 0.004 

 

Summary and Conclusions 

In conclusion, hollow fiber formation depends on fiber solidification which is 

influenced by processing conditions (mass throughput, spinning speed, and quench). 

The quench rate has the most direct impact on hollowness. Quenching also impacts 

crystallinity and tensile properties. Theoretically, the shear rate at the wall was much 

lower for hollow fiber than for solid fiber, but this did not appear to impact the fiber 

modulus. Hollow fiber tended to have higher modulus than solid fiber. Fiber size varies 

with quench fan speed for hollow and solid fibers. Differences imposed by die geometry 

(shear rate at the wall and L/D) appear to impact fiber size through die swell, but do not 

impact orientation or crystallinity. 
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CHAPTER 4 

Hollow fiber formation of PP and PLA polymer via melt spinning: a comparative 

study 

Abstract 

The objective of this research was to see if hollow formation depends on polymer 

type by comparing PP and PLA. Towards this aim the following investigations were 

conducted: thermal and rheological property; spinning behavior at three levels of 

spinning speed, quench, and mass throughput; defects and solidification; hollowness of 

collected fiber and its variation with spinning speed, quench fan speed, mass 

throughput, and polymer type; and a qualitative assessment of void shape.  PP and PLA 

polymer used in study were found that had similar melting temperature, zero shear 

viscosity trend with temperature, and degradation onset temperature. Spinning hollow 

fiber with these grades resulted in PP hollow fiber with higher void area than PLA hollow 

fiber. This difference was likely due to different viscosities during spinning; since 

spinning each at its manufacturer recommended temperature resulted in PLA spun at 

245 oC which had a lower viscosity than PP spun at 210 oC. Spinning PP at higher 

temperature lowered the viscosity and void area. 

Introduction 

Hollow fiber, characterized by at least one void area extending the length of the 

fiber, has drawn attention for two major reasons- the reduction of solid material while 

maintaining bulk (de Rovere & Shambaugh, 2001) and the addition of properties unique 

to hollow fibers such as thermal and acoustic insulation or compressive resistance 

(Bakhtiari, et al., 2015) (Gao, et al., 2007) (Lee, et al., 2013) (Lizak, et al., 2012) 
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(Lundquist, et al., 2004) (Mahmoud, et al., 2012) (Omeroglu, et al., 2010) (de Rovere & 

Shambaugh, 2001). Hollow fiber occurs in nature: cotton, milkweed, alpaca wool. 

Synthetic hollow fiber can be melt spun by either a special annular die with injected gas 

to inflate the hollow or a special segmented arc die with air to keep the fiber from 

collapsing.  

Polymer properties such as viscosity and crystallization may influence the void 

formation in hollow fiber melt-spinning. Polypropylene, PP, occupies a large share of the 

nonwovens market because it is very forgiving to spin. Polylactic acid, PLA, chemical 

structure like a polyester, but can be processed closer to the range of PP in addition to 

coming from renewable resources (Lim, et al., 2008). PP crystallizes more rapidly than 

PLA (Prahsarn, et al., 2014).  

During spinning, pressure increases within the spinneret as a result of melt 

viscosity; the shear rate at the wall of the spinneret can describe what is happening 

inside the die- die swell and the fiber shape can be predicted from normal stresses 

(Han, 1971) (Noh, et al., 1997).  

Where fibers solidify along the spin line can reveal useful information about the 

fiber structure and cooling, i.e. how heat is transferred away from the fiber. 

Prior studies have investigated the effect of processing conditions on shaped 

fibers. Decreasing melt temperature leads to higher viscosity polymer streams which 

solidify to more closely resemble the die (Oh, et al., 1998) (Prahsarn, et al., 2014). PP, 

MFI= 25g/ 10min, maintains shape from 200-240 oC while PLA, MFI=14g/10 min, loses 

shape completely by 220 oC due to higher surface tension (Prahsarn, et al., 2014). 
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Generally, melt temperature had a larger impact on shape than either mass throughput 

or spinning speed.   

One way to characterize change for hollow fibers is through “hollowness”.  

Hollowness is the ratio of the void area to the total fiber cross sectional area, simplified 

to a ratio of the diameters squared for circular fibers (Suzuki & Ohnishi, 2006) (Lee & 

Kim, 2001) (de Rovere & Shambaugh, 2001).  Outer and inner diameter measurements 

are taken from cross section diameters (de Rovere & Shambaugh, 2001) (Suzuki & 

Ohnishi, 2006) (Su, et al., 2011) (Karaca & Ozcelik, 2007) or areas (Oh, et al., 1998). 

The side view method is quicker but does not give the fiber shape.  

Processing conditions can affect fiber hollowness. Changing melt temperature, 

mass throughput, or spinning speed change measured hollowness by 20% (Oh, et al., 

1998). Increases due to mass throughput (1.75 to 2.5 grams hole-1 min-1) and spinning 

speed (50 to 350 m/min) are slight in comparison to the decrease due to melt 

temperature (190 to 250 oC) (Oh, et al., 1998). Increasing melt temperature decreased 

hollowness from about 38% to 32% (16% decrease) (Oh, et al., 1998). Hollowness can 

be increased by changing from relatively slow air quench, 37% hollow, to a faster 20 oC 

water quench, 44% hollow (Lee & Kim, 2001). PET (intrinsic viscosity = 0.63 dl/g) 4C 

die spun hollow fibers hollowness’ is impacted by spinning temperature (275, 280, 285 

and 290 oC), mass throughput (1.2, 1.7, 2.2, 2.7 g/min), spinning speed (250, 500, 750, 

1000 m/min), and quench air speed (12, 18, 24, 30 m/min) (Oh, 2006). Increase quench 

air temperature did not change hollowness because forced air convective cooling is 

independent of the quench temperature (14 to 23 oC) (Oh, 2006). In this way, after melt 
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temperature, quench condition (air flow) seems to have the greatest effect on 

hollowness. 

This study explores how polymer type effects hollow formation.  

Materials & Method 

Polymer used was polypropylene 3155 from ExxonMobil (PP 3155) and 

polylactic acid 6202D from NatureWorks (ExxonMobil, 2018) (NatureWorks, LLC, 2018).  

Thermal Property Assessment 

Differential Scanning Calorimetry (DSC) 

5-10 g samples were heated to 200 oC at 10 oC/min, held at constant 

temperature for 5 min, and then cooled to 10 oC at 10 oC/min (Discovery, TA 

Instrument).   

Thermal gravimetric analysis (TGA)  

Samples were heated to 800 oC at 10 oC/min.  

Rheology 

Steady shear rheology measured with parallel plate geometry (1000 µm gap, 25 

mm plate size) (Discovery HR-3, TA Instruments) with a 0.01 s-1 to 100 s-1 shear rate 

range. Two temperatures were used for PP (190 oC & 230 oC) and PLA (200 oC & 245 

oC). PLA at 185 oC was too viscous.  

Oscillatory shear rheology was performed with linear viscoelastic regime strain 

amplitude (5%) from 0.01 rad/s to 100 rad/s angular frequency range. Performed at 190, 

210, 230, and 250 oC for PP and at 210, 230, and 245 oC for PLA. Cox-Merz rule used 

to convert from angular frequency to shear rate. Points corresponding to a stress slope 

of less than one were not included in the report or analysis. 
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TRIOS software used to analyze thermal data (rheology, TGA, DSC). 

 
Figure 4.1: Die used to spin hollow fiber had four segmented arcs, “4C” (Inner diameter = 1 mm, 

Outer diameter = 1.4 mm, thickness = 0.2 mm, gap between segments = 0.15 mm, L/D = 5).  

Spin fiber 

Fiber was spun on a Hills Multifilament pilot line with a 4-C die geometry (Figure 

4.1). Two polymers were used: PP 3155 (ExxonMobil, spinning temperature 210 oC) 

and PLA6202D (Natureworks, spinning temperature 245 oC). The PLA’s minimum 

possible spinning temperature is 240 oC. The quench fan, Schreiber 100AC fan capacity 

0.378 m3/s, was run at 0, 20, and 50 % of max speed (Spotwelding Consultants Inc.). 

The quench air temperature was between 22 and 29 oC unless stated otherwise. Mass 

throughput was reported in “grams hole-1 min-1”, where “hole” is synonymous with 

“fiber.” Mass throughput range determined at 20% quench fan speed and 2000 m/min 

spinning speed (the winder maximum) for each polymer. This had to be reduced to 

1500 m/min for PP; PP’s lowest throughput, 0.33 grams hole-1 min-1, had a maximum of 

1200 m/min. PLA’s lowest throughput, 0.46 grams hole-1 min-1, could also not be spun 

at the max spinning speed.  

Solidification 

The “frostline” or “solidification point” is the distance from the spinneret to the 

point at which the fibers have solidified. To measure frostline, a glass rod was slid 
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upwards along the fiber bundle until it began to stick. The frostline was reported in “mm” 

and is accurate to around 50 mm.  

Hollowness and Fiber Dimensions 

Hollowness was measured on optical microscope (8x Nikon) images. Fibers were 

immersed in oil to see both inner and outer diameters (ImmersolTM 518F, refractive 

index 1.518). Hollowness was calculated from the below equation, wherein a circular 

void and fiber shape have been assumed. 

𝐻 =  
𝑣𝑜𝑖𝑑 𝑎𝑟𝑒𝑎

𝑓𝑖𝑏𝑒𝑟 𝑎𝑟𝑒𝑎
=  

𝐷𝑖
2

𝐷𝑜
2 (28) 

Fiber quality assessment and diameter measurement photographs were taken 

with Nikon Stereomicroscope (SMZ1000) and camera (Nikon Digital Sight DS-Fi1).  

The temperature effects in-depth study used a Zeiss Polarization microscope 

with 25x objective lens for hollowness assessment. Cross sections were prepared with 

synthetic cork. 

Statistical analysis was performed with JMP Pro 13 software (SAS) and included 

one-way analysis of variance (ANOVA). P-values less than 0.05 are reported and are 

significant. P-values greater than 0.05 are not reported and were insignificant.  

Results 

Polymer Characterization Differential Scanning Calorimetry (DSC) shows 

polymer response to heating and cooling without stress. This provides information for 

the lower bound for spinning (after all the polymer has melted) and for the behavior of 

the polymer post-extrusion (crystallization). PP and PLA had similar melting onset (134 

oC) and peak temperatures (169 oC and 167 oC respectively) (Figure 4.2). On cooling, 

PP crystallization began around 120 oC. No crystallization of PLA occurred on this time 
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scale in agreement with literature (Prahsarn, et al., 2014). Generally, PLA requires more 

time to crystallize.  

 

Figure 4.2: Heating (left) and cooling (right) thermograms: PP ()  and PLA (- - -).  

Thermal gravimetric analysis (TGA) determines thermal degradation by 

measuring weight loss with increasing temperature. This provides an extreme upper 

bound for spinning temperature and degradation of the polymer within the extruder. PP 

and PLA showed similar temperatures for onset of degradation (315 oC and 303 oC 

respectively), but PLA degrades completely over a narrower range of temperatures 

(complete degradation at 384 oC instead of 467 oC) (Figure 4.3).   

120 140 160 180

H
ea

t 
Fl

o
w

-
Ex

o
 U

p

Temperature

PP 3155
PLA 6202

50 100 150

H
ea

t 
Fl

o
w

 -
Ex

o
 U

p
Temperature

PP 3155
PLA 6202



   

71 

 

Figure 4.3: Weight (%) decreases at above 300 oC for both PP ()  and PLA (- - -), but PLA 

degrades faster. 

The rheology of PP and PLA were studied to better understand their flow 

behavior during spinning, i.e. viscosity and die swell. The viscosity of both PP and PLA 

decreased in response to increasing shear rate as expected for power law fluids for 

both steady shear and oscillatory shear rheology (Figure 4.4: oscillatory shear 

transformed by Cox-Merz rule). PP tends to have higher viscosity than PLA, except at 

the highest temperature (250 or 245 oC). 
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Figure 4.4: Viscosity decreases with increasing shear rate: PP () and PLA (- - -) trendlines, 

PP 190 oC (•), PP 210 oC (▲), PP 230 oC (◼), PP 250 oC (×), and PLA 210 oC (•), PLA 230 oC 

(), PLA 245 oC (×).  

Zero shear viscosity was calculated on the oscillatory shear data according to the 

Carreau-Yasuda model. Zero shear viscosity decreases with increasing temperature (as 

expected) such that PLA and PP appear to decrease similarly (Figure 4.5). At the 

manufacturer recommended spinning temperature for PP of 210 oC the viscosity is 

around 400 Pa*s. For PLA at 245 oC the viscosity is around 90 Pa*s.  

 
Figure 4.5: Zero Shear Viscosity (Pa*s) decreases with temperature: PP (•) and PLA (▲). 
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Rheology allows for several ways to consider die swell behavior. This research 

considered the longest relaxation time (the point at which the curve begins to exhibit 

shear thinning during steady shear rheology), characteristic relaxation (the intersection 

of elastic and storage modulus in oscillatory rheology), and first normal stress difference 

(obtained from cox-merz transformed oscillatory rheology). The first two arise from the 

polymer molecular weight distribution.  

From steady shear rheology the relaxation time for the longest polymer chain, the 

longest relaxation time, was compared (Figure 4.6). This relaxation time is the inverse 

of the shear rate at which the Newtonian (flat line) intersects with the shear thinning 

(line with slope = -1) behavior. It gives a qualitative comparison of the polymer’s die 

swell. At time scales above relaxation time (lower strain rate) material responds in 

Newtonian way (lower die swell). At time scales below relaxation time (higher strain 

rate) material responds in shear thinning way (higher die swell). PP switches from 

Newtonian behavior (the flat line) at around 2.0 /s or 5.3 /s as temperature increases; a 

relaxation time of 0.5 to 0.2 s (Figure 4.6). PLA switches over at around 4.0 /s and 20.9 

/s for a relaxation time of 0.25 and 0.05 s. During extrusion, both polymers should fall 

well within the shear thinning regime, but this comparison suggests PP will have higher 

die swell. 
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Figure 4.6: Relaxation time decrease with increasing temperature: PP ()  and PLA (- - -). 

Another way to determine relaxation time considers the intersection of G’ (elastic 

modulus) and G” (loss modulus) over an angular frequency sweep (oscillatory 

rheology)(Figure 4.7). In this case the PLA crossover points were above the range 

studied (> 600 rad/s, < 0.0017 s) for all temperatures. This agrees with the long chain 

relaxation time: PLA relaxation time is shorter than PP’s.   

 
Figure 4.7: PP relaxation time (oscillatory shear modulus intersection point).  

Finally, the first normal stress difference (N1) informs on the relative level of die 

swell under similar conditions. The converted oscillatory data N1 decreases with 

increasing temperature and is much higher for PP than for PLA (Figure 4.8). Both PP 
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and PLA N1 depend on shear rate. This contradicts theory that all polycondensate 

polymers’ N1 is constant with shear rate (Rwei, 2001). 

 

Figure 4.8: PP has higher normal stress: PP () and PLA (- - -) trendlines, PP 190 oC (•), PP 

210 oC (▲), PP 230 oC (◼), PP 250 oC (×), and PLA 210 oC (•), PLA 230 oC (), PLA 245 oC 

(×).  

From the polymer rheology, PP should have higher die swell than PLA under the 

spinning conditions. This may impact the final fiber geometry. 

Spinning Behavior 

Shear Rate at Wall Theory 

Polymers experience shearing at the die wall during melt spinning depending on 

the die dimensions. The shear rate determines the polymer viscosity, die swell, and 

molecular chain orientation. Shear rate through each segment of the 4C die can be 

approximated as a rectangular slot die with the Rabinowitch equation for a rectangular 

slot: 
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 (29) 

 (Brydson, 1981). Where w is 0.785 mm, H is 0.2 mm, Q is volumetric throughput 

in mm3/s, and ∆𝑃 is in PSI. The relative inverse change in pressure with volumetric 

throughput (
𝑑𝑄

𝑑∆𝑃
) was 7.41 (R2 = 0.983) for PP and 6.34 for PLA (R2 = 0.988). According 

to this calculation the estimated pressure drop per die slit is lower for PLA than for PP at 

similar mass throughput, i.e. it is similar at the same volumetric throughput rates which 

occurred in the pairs 0.46 - 0.33, 0.78 - 0.50, and 1.10 - 0.66 grams hole-1 min-1 (Figure 

4.9). The estimated shear rates were the same for one setting: PP at 0.50 grams hole-1 

min-1 and PLA at 0.78 grams hole-1 min-1.  

 
Figure 4.9: Calculated shear rate at the wall increases with polymer throughput and is higher for 

PP than PLA: PP (blue) and PLA (orange).  

 

�̇� = −(
2

𝑤𝐻2
) ⌈2𝑄 + ∆𝑃

𝑑𝑄

𝑑∆𝑃
⌉ 



   

77 

Spinning Conditions and fiber defects 

Aesthetic fiber defects- such as gashes, bulges, compressions- may limit fiber 

drawing by encouraging stress concentrations. However, the defects may have no 

effect on the fiber performance in its end use. For example, breakages decrease 

packing density which may enhance thermal insulation and fabric bulk. In general, the 

hollow fibers had very few defects regardless of spinning condition (about 1 or 2 per 100 

fibers examined). PP had more types of defects at more conditions than PLA (Figure 

4.10, Figure 4.11). PLA had one mass throughput (0.78 grams hole-1 min-1) at which 

fibers had no defects regardless of quench fan speed or spinning speed, PP did not. 

Defects seem to be tied to spinning speed and mass throughput or strain rate.  

“Rippling” was used when irregularities were observed along surface or 

interfaces of fiber. All PP freefall, except for 50% quench fan speed, showed rippling. 

Also, PP fibers showed rippling when spun at high throughput, low spinning speed, and 

low quench. For PLA fiber, it occurred at high throughput, 1.10 grams hole-1 min-1, and 

spinning speed, 2000 m/min, with 0 or 50% quench. This may be a sign of melt fracture 

due to too high of a strain rate. 

“Bulges” and “gashes” suggest fiber structural problems. “Bulge” was used when 

a section of the fiber had a larger diameter, but the void was not disrupted. PP fibers 

spun at high throughput and either 1000m/min or 1500m/min spinning speed had 

bulges. PLA fibers did not have bulges.  “Gash” was used when a section of the fiber 

had a larger diameter and, unlike with a bulge, the void was disrupted. PP fibers at 

lower throughputs and 1000m/min or 1500 m/min spinning speeds showed gashes. 

Likewise, PLA fibers at low throughput, 0.46 grams hole-1 min-1, and high speed, 2000 
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m/min, had gashes, some of which had burst open. In both cases, the appearance of 

gashes suggests there was not enough polymer to form reliable, strong-walled fibers.  

“Neck” was used when a section of fiber had a narrower diameter and the void 

was not disrupted, although it might have a smaller diameter as well. The void is 

irregular. For PP, lower throughputs and the lowest spinning speed showed necked 

fibers; the lowest throughput (50% quench, 0.33 g hole-1 min-1, 1000m/min) may have 

been a twisted fiber. For PLA, there were no necks in the fiber.  

 

Figure 4.10: PP fibers without defects (a – 0.33 grams hole-1 min-1, 20% quench, 1200 m/min) 

compared to those with defects, including ripples (b – 0.66 grams hole-1 min-1 , 0% quench, 

free fall),  bulge (c – 0.66 grams hole-1 min-1, 0% quench, 1500 m/min), gash (d- 0.33 grams 

hole-1 min-1, 20% quench, 1000 m/min) and neck (e – 0.495 grams hole-1 min-1, 0% quench, 

1000 m/min). 
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Figure 4.11: PLA fibers without defects (a- 0.78 grams hole-1 min-1, 0% quench, 1000 m/min) 

compared to those with defects: gash (b- 0.46 grams hole-1 min-1, 0% quench, 2000 m/min), kink 

or twist (c – 0.46 grams hole-1 min-1, 50% quench, 1000 m/min), ripples (d – 1.10 grams hole-1 

min-1, 0% quench, 2000 m/min).  

Solidification 

Solidification point, frostline, tends to decrease with increasing quench fan speed 

and decreasing mass throughput; the fiber solidifies closer to the spinneret (Figure 4.12, 

Figure 4.13). PLA frostline depends on the spinning speed while the PP one does not. 
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Figure 4.12: PLA frostline depends on quench, mass throughput, and spinning speed. Spinning 

speed 1000 m/min at 0.46 grams hole-1 min-1 (•), 0.78 grams hole-1 min-1 (•), and 1.10 grams 

hole-1 min-1 (•); Spinning speed 1500 m/min at 0.46 grams hole-1 min-1 () and 0.78 grams hole-1 

min-1 (), and 1.10 grams hole-1 min-1 (); Spinning speed 2000 m/min at 0.46 grams hole-1 min-1 

(), 0.78 grams hole-1 min-1 (), and 1.10 grams hole-1 min-1 (). 

 

 
Figure 4.13: PP frostline decreases with quench fan speed. Spinning speed 1000 m/min at 0.33 

grams hole-1 min-1 (•), 0.50 grams hole-1 min-1 (•), and 0.66 grams hole-1 min-1 (•); Spinning 

speed 1200 m/min at 0.33 grams hole-1 min-1 () and 1500 m/min at 0.50 grams hole-1 min-1 (), 

and 0.66 grams hole-1 min-1 (). 

 

0

100

200

300

400

500

600

700

800

900

0 10 20 30 40 50

Fr
o

st
 li

n
e 

(m
m

)

Quench Fan Speed (%)

0

200

400

600

800

0 10 20 30 40 50

Fr
o

st
 L

in
e

 (
m

m
)

Quench Fan Speed (%)



   

81 

At similar mass throughput (0.46 grams hole-1 min-1 and 0.50 grams hole-1 min-1 

respectively), PLA tends to solidify closer to spinneret (280 – 356 mm) than PP (305-

800 mm) (Figure 4.14). This is interesting because PLA comes out of the die hotter than 

PP and with lower viscosity. This solidification may be caused be either the increased 

temperature gradient causing faster heat diffusion or differences in specific heat 

capacity effecting heat diffusion rate (Q = m *C *Δ T). Since the specific heat capacity of 

PP is higher than PLA (PLA ~ 0.54 J g-1K-1 (Mark, 1999), PP ~  1.920 J g-1K-1 

(Engineering ToolBox, 2003)), the PP heat diffusion rate should be higher, i.e. PP 

should cool off faster than PLA. This is the opposite of what was seen. Also, the PLA 

frostline tends be less dependent on quench fan speed than the PP frostline. At 50% 

quench fan speed, PP and PLA fiber solidifies at a similar point along the spin-line. 

 

Figure 4.14: PP (blue)  solidifies farther from the die than PLA (orange - - -) for most quench 

fan speeds and similar linear density (0.5 grams hole-1 min-1, 1000 m/min). 

 

 

 

 

0

200

400

600

800

0 10 20 30 40 50 60

Fr
o

st
lin

e
 (

m
m

)

Quench Fan Speed

0.50-1000m/min 0.46-1000m/min



   

82 

Effect of Processing Conditions on geometrical features 

The effect of processing conditions on hollowness for PP (Figure 4.15) and PLA 

(Figure 4.16) differed. They are discussed in-depth in the next three sections. 

 
Figure 4.15: PP fiber hollowness increases with quench fan speed (free fall excluded): (a) 

spinning speed 1000 m/min at 0.33 grams hole-1 min-1 (•), 0.50 grams hole-1 min-1 (•), and 0.66 

grams hole-1 min-1 (•); (b) spinning speed 1200 m/min at 0.33 grams hole-1 min-1 () and 1500 

m/min at 0.50 grams hole-1 min-1 (), and 0.66 grams hole-1 min-1 (). 
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Figure 4.16: PLA fiber hollowness increases with quench fan speed and mass throughput at 

constant spinning speed (free fall excluded): (a) spinning speed 1000 m/min at 0.46 grams hole-

1 min-1 (•), 0.78 grams hole-1 min-1 (•), and 1.10 grams hole-1 min-1 (•); (b) spinning speed 2000 

m/min at 0.46 grams hole-1 min-1 (), 0.78 grams hole-1 min-1 (), and 1.10 grams hole-1 min-1 

(). 

Polymer Mass Throughput 

Polymer mass throughput controls the shear rate during fiber spinning and the 

final fiber mass. Outer and inner fiber diameters increase with increasing mass 

throughput. In the case of PP, the polymer mass throughput did not change the fiber 

hollowness (p>0.05). In the case of PLA, the polymer mass throughput had a significant 

impact on hollowness (p = 0.0004).  

Quench Fan Speed & Solidification 

Quench fan speed controls the quenching rate of the polymer. Hollowness 

decreased with increasing quench for both PP (p = 0.0038) and PLA fibers (p < 0.0001). 
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PLA outer diameter did not change with increasing quench while the inner diameter 

increased with increasing quench (Figure 4.17). Increasing the quench fan speed froze 

the inner diameter closer to the spinneret (it’s larger) which increased the fiber 

hollowness.  

Spinning Speed 

For both PP and PLA the spinning speed was not significant on the fiber 

hollowness (p > 0.05). This finding contradicts literature which assumes decreasing 

diameters will decrease the ratio (Oh, et al., 1998) (Oh, 2007). In this case, while both 

outer and inner diameters decrease due to the extension of melt caused by increasing 

take up speed, they decrease at the same rate so that the hollowness remains constant. 

Polymer Type 

Polymer type was investigated at constant linear density. PLA inner diameter, 

outer diameter, and hollowness were all lower than PP with similar mass throughput 

(0.46 to 0.50 grams hole-1 min-1  ) and spinning speed (1000 m/min and 1500 m/min) 

(Figure 4.17). There are three possible explanations for this behavior, 1) PLA, 

condensation polymer, has fundamentally different hollow formation than PP, vinyl 

polymer, 2) at the same mass throughput, PLA actually has lower volumetric throughput 

than PP due to polymer density, and 3) lower viscosity due to higher spinning 

temperature has caused increased response to surface tension in agreement with 

literature (Prahsarn, et al., 2014).  The second explanation can be eliminated because 

PLA with the same volumetric throughput and shear rate as PP (PLA-0.78 grams hole-1 

min-1 and PP-0.50 grams hole-1 min-1) also has lower fiber size (inner and outer 

diameter) and hollowness than PP (all quench conditions, 1000 m/min). This leaves 
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explanation one and three, i.e. there is a fundamental difference or temperature 

response plays a role.  

 
Figure 4.17: PP fibers are larger than PLA fibers at similar mass throughput (PP= 0.50, PLA 

=0.46)- error bars are standard error. 

When the spinning temperature of PP is increased, the fiber outer diameter 

decreases after 210 oC and the inner diameter decreases from 190 oC onward (Figure 

4.18). This suggests PP experiences the highest die swell at 210 oC. Still, the PLA outer 

and inner diameters are smaller than PP’s at similar temperature. This suggests PP 
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experiences die swell for the full range of spinning temperature. However, PLA’s 

hollowness falls on the line of the PP hollowness temperature trend for similar linear 

density (0.46 grams hole-1 min-1, 1000 m/min, 50% quench) (Figure 4.19). This suggests 

that the difference in PP and PLA hollowness is due to spinning temperature and not a 

fundamental polymer difference. In fact, the difference may be due to viscosity. 

 
Figure 4.18: PP inner (•) and outer (•) diameters decrease with temperatures exceeding 210 oC. 

  
Figure 4.19: Hollowness decreases with increasing temperature such that PLA hollowness fits 

into the PP temperature trend: PP (blue) and PLA (orange). In fact, hollowness may increase 

with zero shear viscosity.  
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Shape 

 
Figure 4.20: PP (top) and PLA (bottom) cross sections show rectangular void shape (1000 

m/min, 50% quench). PP 0.5 hole-1 min-1 from a later trial. 

 

Cross sections of fibers spun with low quench temperature show rectangular void 

shape (Figure 4.20). PLA at 0.78 grams hole-1 min-1 appears to have a rounder void and 

has at least one un-coalesced fiber (quench temperature 16 oC). This disagrees with 

theory that all polycondensate polymers would have non-existent fissure lengths due to 

their low melt elasticity; it should not be possible to have un-coalesced fibers with 

polycondensate polymers (Rwei, 2001). The PLA 1.1 grams hole-1 min-1 shows some 

disruptions in the fiber cross section- fiber and was too brittle to be spun (quench 

temperature 14 oC). Increasing spinning temperature reduced the void size but did not 

make the void shape circular for PP (Figure 4.21). Side-by-side, at similar polymer 
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throughput and spinning temperature, the PLA void appears more rounded (Figure 

4.22). 

 
Figure 4.21: Void size shrinks with increasing spinning temperature but remains rectangular. 

 

 
Figure 4.22: PLA has rounder void shape than PP at similar temperature (different linear 

density). 

 

 



   

89 

Conclusions & Future Work 

The observed difference in hollowness between PP and PLA may be an artefact 

of differences in spinning conditions, i.e. the melt viscosity as determined by the 

spinning temperature, and not due to fundamental differences in polymer melt elasticity. 

The PP and PLA polymers were carefully chosen for this study such that they would 

have similar melt viscosities, melting temperatures and degradation points. PP and PLA 

were spun at the manufacturer recommended temperatures (210 and 245 oC 

respectively). PLA hollowness showed a dependence on mass throughput which was 

not observed for PP. Both PLA and PP hollowness was dependent on the quench fan 

speed (the rate of quenching/solidification). PLA tended to solidify faster than PP. Also, 

PLA had lower diameters (inner and outer) and hollowness than PP fiber with similar 

linear density. PP hollowness depended on spinning temperature such that similar 

spinning temperatures of PP and PLA yielded similar hollowness fibers. However, the 

PLA fibers were still smaller than the PP fibers. Also, there may be a difference in the 

cross sections of PLA and PP fibers such that PLA fibers have a rounder void cross 

section. This difference can cause a measurement error doubling hollowness depending 

on if the square side or diagonal is measured under longitudinal views (hollowness is 

the ratio of side divided by outer diameter squared or two times the ratio squared). PP 

and PLA undergo similar shear rates at the die wall. The major difference may be a 

result of spinning temperature or crystallization behavior; PP crystallizes sooner than 

PLA.  
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CHAPTER 5 

Effect of Die Size on Hollow Formation 

Abstract 

Polypropylene fibers were spun using three different die sizes (Inner diameter = 

0.8, 1, 1.2mm). The spinning behavior and fiber geometry were studied. Fibers spun 

with small die solidified farther from spinneret. Fibers spun with large die tended to have 

higher hollowness.  

Introduction 

Hollow fibers are fibers which have at least one void that extends for the length of 

the fiber axis. Hollow fibers can be spun by eroding unwanted polymer spun with a 

bicomponent die, injecting gas to inflate fibers with an annular die, or by use of a 

segmented-arc die. In the case of annular die hollow fiber spinning, the ratio of void 

volume to total fiber volume, “hollowness”, depends on the relative densities and flow 

rates of both the polymer and gas (de Rovere & Shambaugh, 2001). The segmented 

arc die improves on bicomponent and annular die spinning of hollow fibers by not 

requiring the use of additional materials (polymer or gas respectively). However, the 

process is more difficult to control.  

The shear rate within the die, which influences spinnability and rheology, 

depends on both the die geometry and the pressure drop according to the rectangular 

form of the Rabinowich equation (Brydson, 1981):  

 (30). 

Changing the die geometry by increasing or decreasing the die size changes the 

slit width, w. Increasing the die size by 0.2 mm reduces the shear rate approximately 
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17% while decreasing the die size by 0.2 mm increases the shear rate approximately 

25%. In theory, this change will impact spinning behavior, ability to collect fibers, 

solidification rate, and hollowness trends. Increasing the die hollowness while keeping 

extrusion area constant has been shown to produce fibers with higher hollowness and 

lower variability with processing conditions (Oh, 2006). However, in order to maintain 

die extrusion area, both die inner diameter and wall thickness had to be changed.   

In this study, we keep die wall thickness constant while changing the outer 

diameter and die hollowness (Figure 5.1). Die size was changed by the outer diameter 

(1.6, 1.4 and 1.2 mm) and inner diameter (1.2, 1, and 0.8 mm respectively). Fibers were 

spun and geometrical features, hollowness, assessed. 

 

Figure 5.1: Die Geometries and Schematic. 

Materials and Methods 

Fiber 

On a Hills Multifilament line, fibers were spun at 210 oC from PP 3155 

(ExxonMobil, 2018), with one of three 4C die geometries at quench fan speed of 5, 50, 

and 100 %; mass throughput of low, medium, and high; and a collection speed of free 

fall, 500, 1000, and 1500 m/min. Throughput levels were determined based on the 

lowest possible at 50% quench and highest possible at 50% quench. 

 Inner Diameter 
(um) 

Outer Diameter 
(um) 

Wall Thickness, t 
(um) 

Slit Width, w 
(um) 

Hollowness 
(%) 

Small 0.8 1.2 0.2 0.638 44.44 

Medium 1.0 1.4 0.2 0.785 51.02 

Large 1.2 1.6 0.2 0.942 56.25 
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Spinning behavior 

Frost line was measured by sliding a glass rod up along the fiber axis from below 

the quench box until fiber began to stick. This approximates the distance from spinneret 

at which fibers have mostly solidified. Additionally, fiber breakage or spinning difficulties 

were recorded.  

Hollowness Measurement 

Hollowness was measured on photographs of fiber longitudinal views with NIS 

Elements software under optical microscope. Longitudinal views were taken along the 

fiber axis by immersing the samples in ImmersolTM 518F refractive index 1.518 oil.  

Fiber diameters were measured on images taken with a Zeiss Polarization microscope 

with 25x objective lens. 

For each processing condition, ten fiber inner and outer diameters were 

averaged to calculate hollowness. Hollowness is the ratio of the void volume to the total 

fiber volume. For circular cross sections, hollowness simplifies to a ratio of the inner 

diameter to outer diameter squared: 

𝐻 =  
𝑣𝑜𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒

𝑓𝑖𝑏𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒
=  

𝐷𝑖
2

𝐷𝑜
2 (31) 

Statistical analysis was performed using JMP® Pro 13 by SAS Institute. Analysis 

was a one way analysis of variance (ANOVA). The unequal variance and normal 

distribution assumptions were checked. A Welch test was performed when there was 

significant evidence that variances were unequal. P-values lower than 0.05 suggest 

there is enough evidence to reject the null hypothesis, i.e. reject the no effect 

hypothesis. P-values are reported when below 0.05.  
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Results and Discussion 

Effect of die diameter on the Shear Rate at the wall 

The die shear rate affects the polymer viscous response and die swell. This 

research approximated the shear rate at the wall within each segment of the hollow die 

as a rectangular slit with the rectangular Rabinowich equation (Brydson, 1981) (30). 

A few assumptions were made for this analysis. This calculation assumes that 

pressure of the melt leaving the pump which is measured directly before the die is 

approximately the pressure drop across the die, given the pressure at the die exit is 

zero. Also, it assumes that the pressure is evenly distributed across all holes in the die. 

The Rabinowich equation has pressure dependent and geometry dependent 

components (30). 

In the pressure dependent component: Q is the volumetric throughput, and ∆𝑃 is 

the pressure drop. Q and ∆𝑃 were derived from the pump speed (rotations per minute), 

melt pump pressure (PSI), pump metering volume (2.92 cm3/revolution of polymer 

material), the number of filaments in the spinneret (69), and the number of arcs per 

each filament die (4): 

 𝑄 = 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 (𝑔/𝑚𝑚3)  = 1000 ∗ 𝑃𝑢𝑚𝑝 𝑆𝑝𝑒𝑒𝑑 (𝑅𝑃𝑀) ∗ 2.92/(60 ∗ 69 ∗
4) (32) 

∆𝑃 = 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑝𝑒𝑟 𝑠𝑙𝑖𝑡 (𝑝𝑠𝑖)  =  𝑀𝑒𝑙𝑡 𝑝𝑢𝑚𝑝 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒(𝑃𝑆𝐼)/ 69 ∗ 𝑛 (33) 

In the geometry dependent component: w is the slit width (arc length) and H is 

the slit height (arc wall thickness). Assuming the gap between the arcs is very small, the 

slit width (die “size”) was approximated as ¼ of the total circumference of the inner 

radius (R = 0.4, 0.5, or 0.6 mm) with the arc equation:  

𝑊 = 𝑆 = 𝜃 ∗ 𝑅 =  
𝜋

2
∗ 𝑅 (34) 

Shear rate increases with increasing throughput and die radius (Figure 5.2). 
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Figure 5.2: Shear rate at die wall as a function of throughput and die type: 1.2 mm (•), 1.0 mm 

(•), and 0.8 mm (•). 

Spinline stability 

The ability to collect fiber at a given condition depends on solidification rate 

(quench fan speed), shear rate (mass throughput) and draw down (spinning speed) 

(Figure 5.3). As the mass throughput increases, higher quench (above 5% quench) is 

needed to solidify the fiber before take up. This limits the collection range. Similarly, as 

spinning speed increases with constant mass throughput, there is less material in the 

cross section causing instabilities. Finally, lower quench is needed when drawdown is 

high (1500 m/min), too much quench can cause the fibers to be brittle and break during 

spinning. What is possible depends on the die. The die with 0.8 mm inner diameter had 

a lower maximum mass throughput (0.66 grams hole-1 min-1). The number of conditions 

it was possible to spin fiber at increased with increasing die inner diameter; the 1.2 mm 

inner diameter die had the most. When comparing between dies, only the conditions 

which spun over all inner diameter dies can be included (Figure 5.4). 
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Figure 5.3: Effects of spinning conditions and die diameter on fiber spinnability.  

 
Figure 5.4: Conditions for statistics. 

 

Frostline 

A correlation between the distance required to solidify fibers, the frostline, and 

hollowness has been shown previously. When only conditions that spun on all dies were 

considered the frostline variation with die inner diameter was significant (ANOVA, p = 
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0.0039; Wilcoxon, p = 0.0191) (Figure 5.5). Mean diamonds give the mean (center line), 

overlap (lines above and below center line) and 95% confidence interval (upper and 

lower point of diamond) (SAS, 2015). Specifically, the frostline differed between the 

small die and large dies (mean diamonds, all pairs Turkey-Kramer circles, and dunn all 

pairs method for joint ranking (p = 0.0416)).  As a result, it is expected that fibers from 

the 0.8 mm die will have higher hollowness, but this is not the case. 

 

Figure 5.5: Effects of die size on the frostline for subset of fibers given in Figure 5.4.  

Fiber Geometry 

Within the subset, the fiber inner and outer diameters, wall thickness and 

hollowness dependence on processing conditions and die geometry were considered 

(Figure 5.6, Figure 5.7, Figure 5.8).  

0.8 mm 1.0 mm 1.2 mm 
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Figure 5.6: Inner diameter, outer diameter and hollowness. Legend: Die inner diameter size of 

0.8 (○), 1.0 (+), and 1.2 (◊) mm. Mass throughput of 0.25 (blue) and 0.5 (red) grams hole-1 min-1.  

 

Figure 5.7: Wall thickness of fibers does not change with die (only fibers with similar processing 

conditions shown).  
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Figure 5.8: Hollowness. Die inner diameter size of 500 (○), 1000 (+), and 1500 (◊) mm. Mass 

throughput of 0.25 (blue) and 0.5 (red) grams hole-1 min-1.  

Fiber inner and outer diameters increase with increasing mass throughput (more 

material in cross section) and decreasing spinning speed (lower draw down), as 

expected (Figure 5.6). The die type (shown as color) appears to impact inner diameter 

such that fibers spun with the large die tend to have larger inner diameters. Conversely, 

outer diameter is only impacted by die size at two conditions (500 m/min and 0.5 grams 

hole-1 min-1; 1000 m/min 0.25 grams hole-1 min-1) where the large die spun fibers appear 

to be much larger than the others.  

The wall thickness has a similar dependence on mass throughput and spinning 

speed (Figure 5.7), as expected. However, the die type (shown as color) does not 

appear to impact fiber wall thickness. 
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Hollowness varies with die and processing conditions (Figure 5.8). A four way 

ANOVA with second order interactions shows the importance of both main effects (die 

inner diameter, quench, mass throughput, spinning speed) and interactions (Quench 

(%)*Spinning Speed (m/min), Mass Throughput (grams hole-1 min-1)*Quench (%), and 

Die*Quench (%)) on variation in hollowness (%) (Table 5.1: orange is significant, red 

depends). However, the difference between average fiber hollowness for the three dies 

is only 5 points- 1.2 mm (24.4 ± 0.4), 1.0 mm (20.0 ± 0.4), and 0.8 mm (19.8 ± 0.4). The 

slower to quench die, 0.8 mm, did not produce fibers with that much less hollowness 

than the other dies. Even though there was no difference in frostline between the 1.2 

and 1.0 mm dies, the larger die produced higher hollowness fibers. The variation in 

hollowness may not be significant for practical purposes. In fact, when all collected 

fibers are considered, the retained hollowness from the die was similar regardless of die 

inner diameter size- 1.2 mm (24.7 ± 0.9, 44% retained), 1.0 mm (21.0 ± 0.8, 41% 

retained), and 0.8 mm (19.2 ± 1.0, 43% retained).  
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Table 5.1: 4-way ANOVA with second order interactions (unbalanced) 

 Degrees of 
Freedom 

Sum of 
Squares 

 F Ratio Prob > F LogWorth 

Main Effect       

Die    2 1784.0450  66.4228 <.0001* 24.340 

Mass throughput  
(grams hole-1 
min-1) 

   1 510.6063  38.0214 <.0001* 8.701 

Quench (%)    1 1223.7986  91.1279 <.0001* 18.557 

Spinning Speed 
(m/min) 

   1 197.2572  14.6884 0.0002* 3.821 

Interaction       

Die* Mass 
throughput 
(grams hole-1 
min-1) 

   2 4.3634  0.1625 0.8501 0.071 

Die* Quench (%)    2 118.8072  4.4234 0.0127* 1.896 

Die*Spinning 
Speed (m/min) 

   2 41.3390  1.5391 0.2161 0.665 

Mass throughput 
(grams hole-1 
min-1)* Quench 
(%) 

   1 149.0428  11.0982 0.0010* 3.018 

Mass throughput 
(grams hole-1 
min-1)*Spinning 
Speed (m/min) 

   1 12.4883  0.9299 0.3356 0.475 

Quench 
(%)*Spinning 
Speed (m/min) 

   1 174.8824  13.0223 0.0004* 3.451 

       

Model       
Source Degrees of 

Freedom 
Sum of 
Squares 

Mean 
Square 

F Ratio Prob > F  

Model 14 6491.443 463.674 34.5267 <.0001*  

Error 339 4552.588 13.429    

C. Total 353 11044.031     

 

Conclusions 

Die inner diameter size impacted fiber spinnability and hollowness. Overall, 

quench was necessary to spin fibers, ideally around 50% quench fan speed. The fiber 

frostline differs depending on die size with 0.8 mm die spun fibers solidifying further 

from the die. This may be a result of the much lower volume of air being drawn into the 

hollow fiber center prior to coalescence not cooling off the fiber quite as fast. However, 
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the fiber size was similar between 1.0 and 0.8 mm die spun fibers, so differences in 

cooling due to surface area were likely minor. Wall thickness remained similar between 

the dies. The larger die (1.2 mm) produced fibers with slightly higher hollowness. 

Changing die inner diameter size retained a similar amount of die hollowness.  Overall, 

the effect of die inner diameter size on fiber hollowness was minor. 
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CHAPTER 6 

Hollowness Variation with Die Wall Thickness in Polypropylene Melt-Spinning 

Abstract 

Fibers were spun with one of three 4-C dies and assessed for hollowness. Dies 

varied in die wall thickness and hollowness. Spinnability decreased with decreasing die 

wall thickness (especially at high take-up speeds). This may be due to increasing shear 

rate with decreasing die wall thickness. Die gap lengths varied with wall thickness, 

potentially impacting coalescence. Fibers spun with the thin die wall thickness tended to 

have lower frostline. Fiber hollowness increases with decreasing die wall thickness, 

fibers spun with thin die retained the highest percentage of the die hollowness. Further 

study could look at the effect of gap length on coalescence and decouple die 

hollowness and wall thickness. 

Introduction 

Replacing solid fiber with hollow fiber in applications reduces polymer material, 

lowering weight and saving money. This reduction is proportional to the fiber hollowness 

such that increasing hollowness decreases weight and cost.  

 

 Figure 6.1: 4-C Die Anatomy. 

 

Hollow fiber can be spun with a four segmented arc die, “4-C” (Figure 6.1), which 

is defined by its inner diameter, gap length and wall thickness. The die inner diameter 
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gives the void size. The die wall thickness is half the difference between outer diameter 

and inner diameter. Die wall thickness and die inner diameter define the die size. 

Changing die wall thickness impacts the die shear rate and die swell (L/D). Hollowness 

increases when die inner diameter is increased and die wall thickness is decreased: 10-

15% hollow compared to 5-10% hollow for PET fiber (Oh, 2006). The die capillary, L, 

provides space for the polymer melt to relax before extrusion. With constant hollow area 

and capillary length, decreasing wall thickness results in increased L/D. Increasing L/D 

leads to less variation in hollowness with processing conditions (spinning temp, quench, 

mass throughput, spinning speed) (Oh, 2006). The die gaps are the spaces between 

the segments through which no polymer is extruded. Air flows across the gap and into 

the fiber center and keeps the hollow from collapsing. The hollow fiber is formed by the 

polymer melt closing gap, “coalescing”. Die swell negatively impacts hollow formation by 

increasing the distance below the die at which coalescence happens, a.k.a. the “fissure 

length” (Rwei, 2001).  

Other processing conditions impact fiber geometry and hollowness as well. Mass 

throughput and spinning speed impact shear rate and fiber size. Quenching of fibers 

impacts the fiber spinnability (whether or not fibers could be collected), solidification of 

polymer melt stream, and fiber molecular orientation. The hollowness of spun fibers is 

subject to both processing conditions and die geometry. 

This research keeps die inner diameter constant while changing die wall 

thickness. This change impacts shear rate at the die wall and die swell which may affect 

fiber hollowness. Die swell is reduced by decreasing wall thickness (0.2 mm to 0.1 mm) 

even though the capillary length was shortened as well (1mm to 0.8 mm). Die swell is 
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augmented by increasing the die wall thickness (0.2mm to 0.3mm). Fibers were spun 

and collected at a range of processing conditions in order to determine the effect on 

fiber hollowness. 

Materials and Methods 

Gap Length measurement/ die geometry 

The gap length is the distance the polymer melt must overcome in order to 

coalesce. Gap lengths were measured by images taken with hand held digital 

microscope (Celestron, resolution = 2MP, 1600 x 1200 pixels). Ten different dies were 

measured within each spinneret, each die was measured three times and averaged. 

Fiber Preparation 

Table 6.1: Die Properties. 

 Thin Medium Thick 

Inner Diameter (mm) 1.0 1.0 1.0 

Outer Diameter (mm) 1.2 1.4 1.6 

H, Die Thickness (mm) 0.1 0.2 0.3 

Extrusion Area 0.3 0.7 1.2 

Capillary Length/Die Thickness (L/D) 8 5 3.3 

Die Hollowness (%) 69 51 39 

 

On a Hills Multifilament line, fibers were spun at 210 oC from PP 3155 

(ExxonMobil). Hollow fibers were spun with one of three 4C dies (0.1, 0.2, and 0.3 mm 

wall thickness) (die capillary of 1 mm for 0.3 mm and 0.2 mm die, 0.8mm for 0.1 mm 

die) (Table 6.1). Fibers were cooled by forced convection with a Schreiber 100AC fan 

with a 100% fan capacity of 0.378 m3/s (Spotwelding Consultants Inc.). Spinning 

conditions are summarized in Table 6.2.  

Table 6.2: Summary of Spinning Conditions. 

Mass Throughput (g hole-1 min-1) 0.25, 0.50, 0.83 

Spinning Speed (m/min) 500, 1000, 2000 

Quench Fan Speed (%) 5, 50, 100 
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Mass throughput minimum and maximum were determined at 50% quench and 

1000 m/min take-up speed (a.k.a. “spinning speed”). The fiber was too small and broke 

at the die with throughput below 0.25 g hole-1 min-1 and the extruder was unable to keep 

up with throughput above 0.83 g hole-1 min-1. Spinning pressures for each fiber 

condition were observed.  

Solidification 

During fiber melt-spinning, the extruded molten polymer cools by quenching until 

it solidifies at the solidification point. At this point, a.k.a. the “frostline”, the fiber shape, 

including fiber hollowness, is set. The frostline was measured qualitatively by sliding a 

glass rod upwards along the fibers until it began to stick. The frostline is reported as the 

distance from the die to the sticking point in millimeters and is accurate to around 50 

mm.  

Hollowness Measurement 

Hollowness was measured on optical microscopic photographs of fiber 

longitudinal views with NIS Elements software. Longitudinal views were taken along the 

fiber axis by immersing the samples in ImmersolTM 518F refractive index 1.518 oil. Fiber 

diameters were measured on images taken with a Zeiss Polarization microscope with 

25x objective lens. 

For each processing condition, ten fiber inner and outer diameters were 

averaged to calculate hollowness. Hollowness is the ratio of the void volume to the total 

fiber volume, which simplifies to a ratio of the inner diameter to outer diameter squared 

when circular geometry is assumed: 

𝐻 =  
𝑣𝑜𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒

𝑓𝑖𝑏𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒
=  

𝐷𝑖
2

𝐷𝑜
2 (35) 
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Statistical analysis was a one way analysis of variance (ANOVA) performed with 

JMP® Pro 13 by SAS Institute (SAS, 2015). The unequal variance and normal 

distribution assumptions were checked. A Welch test was performed when there was 

significant evidence that variances were unequal. P-values lower than 0.05 suggest 

there is enough evidence to reject the null hypothesis, i.e. reject the no effect 

hypothesis. P-values are reported when below 0.05. 

Results and Discussions 

Die Geometry 

The die gaps length varies between the dies. A nonparametric Steel-Dwass 

comparison of all pairs shows none of the dies have the same gap length (p<0.0001). 

Turkey-Kramer circles show the same result (Figure 6.2). Die gap increases with die 

wall thickness. The larger gap may lead to a higher proportion of un-coalesced, C-

shaped fibers, with the thicker die (0.3 mm) with low mass throughputs (Figure 6.3).  

 
Figure 6.2: The die gap length is statistically different between the three dies (thin: 0.10 ± 0.02, 

original: 0.15 ± 0.01, thick: 0.21 ± 0.01)(standard deviation) (R2= 0.94). 

 

0.1 mm 0.2 mm 0.3 mm 
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Figure 6.3: Un-coalesced fibers appear at low mass throughput (a: 0.25 grams hole-1 min-1) and 

not high mass throughput (b: 0.83 grams hole-1 min-1) in die with 0.3 mm wall thickness (100% 

quench, 500 m/min).  

 

Shear Rate 

The die shear rate effects the polymer viscous response and die swell. Following 

a procedure published elsewhere, the shear rate at the wall within each segment of the 

hollow die was approximated as a rectangular slit with the rectangular Rabinowitch 

equation (Brydson, 1981): 

 (rectangular: 36). 

A few assumptions were made for this analysis. This calculation assumes that 

pressure of the melt leaving the pump which is measured directly before the die is 

approximately the pressure drop across the die, given the pressure at the die exit is 

zero. Also, it assumes that the pressure is evenly distributed across all holes in the die. 

�̇� = −(
2

𝑤𝐻2
) ⌈2𝑄 + ∆𝑃

𝑑𝑄

𝑑∆𝑃
⌉ 
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The Rabinowich equation has pressure dependent and geometry dependent 

components. 

In the pressure dependent component: Q is the volumetric throughput, and ∆𝑃 is 

the pressure drop. Q and ∆𝑃 were derived from the pump speed (rotations per minute), 

melt pump pressure (PSI), pump metering volume (2.92 cm3/revolution of polymer 

material), the number of filaments in the spinneret (69), and the number of arcs per 

each filament die (4): 

 𝑄 = 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 (𝑔/𝑚𝑚3)  = 1000 ∗ 𝑃𝑢𝑚𝑝 𝑆𝑝𝑒𝑒𝑑 (𝑅𝑃𝑀) ∗ 2.92/(60 ∗ 69 ∗
4) (37) 

∆𝑃 = 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑝𝑒𝑟 𝑠𝑙𝑖𝑡 (𝑝𝑠𝑖)  =  𝑀𝑒𝑙𝑡 𝑝𝑢𝑚𝑝 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒(𝑃𝑆𝐼)/ 69 ∗ 𝑛 (38) 

In the geometry dependent component: w is the slit width (arc length) and H is 

the slit height (arc wall thickness). Assuming the gap between the arcs is very small, the 

slit width (die “size”) was approximated as ¼ of the total circumference of the inner 

radius (R=0.5mm) with the arc equation:  

𝑊 = 𝑆 = 𝜃 ∗ 𝑅 =  
𝜋

2
∗ 𝑅 = 0.785 𝑚𝑚 (39) 

Change in volumetric throughput with pressure drop was obtained as the slope of 

a linear fit; it increases with increasing wall thickness. In general, the shear rate 

increases with increasing mass throughput and decreasing wall thickness (Figure 6.4).  
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Figure 6.4: Calculated shear rate at the wall versus mass throughput for thickness series of 

dies: thin (•), medium (•), thick (•), and solid (•- two points). Solid die from Part I. 

Spinnability 

Spinnability, the ability to spin and collect fibers, depends on the processing 

conditions and die geometry (Figure 6.5). The number of processing conditions for 

which it was possible to collect fiber increased with die thickness- 16 with 0.1 mm, 19 

with 0.2 mm, and 23 with 0.3 mm. 5% quench was too low of quench for the high mass 

throughput (0.83 grams hole-1 min-1) setting; it could not cool off the molten stream fast 

enough to all spinning. Quench affects more than just spinnability. For the medium wall 

thickness die, 0.2 mm, decreasing quench may lead to rounder fiber cross-sections 

(Figure 6.6). For statistics, care must be taken to only use conditions that occur for each 

of the dies (Figure 6.7). 
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Figure 6.5: Summary of collected fiber: Fiber collected (green), no fiber collected (red), fiber 

breaks but was collected (orange), fiber dull and/or unstable but was collected (yellow). 
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Figure 6.6: Progression of quench at 0.5 grams hole-1 min-1, 500 m/min: (a) 5% quench, (b) 

50%, and (c) 100%. Low quench – joined.  
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Figure 6.7: Statistics Set. 
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Effect of Die Dimensions on Solidification  

 
Figure 6.8: Solidification of thin (0.1 mm), medium (0.2 mm), and thick (0.3 mm) dies shown for 

all spun conditions. 0.25 (•), 0.50 (•), and 0.83 (•) g hole-1 min-1.  

From the literature, it is theorized that faster solidification, shorter frostline, 

results in lower decrease in hollowness from the die hollowness (Oh, et al., 1998) (Oh, 

2006). The frostline varies depending on processing conditions (mass throughput, 

quench and spinning speed) (Figure 6.8). 0.1 mm die spun fibers tend to have the 

shortest frostline. From this, the thin die is expected to retain more of the die 

hollowness. 
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Effect of Die Dimensions on Fiber Geometry 

Table 6.3: All Collected Fiber Dimensions. 

  Thin- 0.1mm Medium-0.2mm 
Thick- 0.3 
mm 

Outer Diameter 

Average 37.8 32.81 29.5 

SE 1.50 0.82 0.76 

Upper 95% 40.80 34.43 31.00 

Lower 95% 34.85 31.19 27.99 

Inner Diameter 

Average 24.84 15.28 10.74 

SE 1.18 0.44 0.33 

Upper 95% 27.20 16.14 11.38 

Lower 95% 22.52 14.4 10.10 

Wall Thickness 

Average 6.48 8.77 9.38 

SE 0.19 0.21 0.23 

Upper 95% 6.85 9.18 9.84 

Lower 95% 6.11 8.35 8.92 

 

Fiber dimensions- outer diameter, inner diameter, and wall thickness- of all 

collected fibers are summarized in Table 6.3. All fiber dimensions decrease with 

increasing die wall thickness. The fiber dimensions are impacted by processing 

conditions- quench fan speed, mass throughput and spinning speed- as well (Figure 

6.9, Figure 6.10, Figure 6.11). Even controlling for differences in conditions, Figure 6.7, 

the fiber wall thickness increases with increasing die wall thickness (Figure 6.12). 
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Figure 6.9: Outer diameter, fiber size, impacted by all processing conditions and die geometry 

(error bars: standard error, combine all mass throughputs at that spinning speed). Mass 

Throughout: 0.25 (•), 0.50 (•), and 0.83 (•) g hole-1 min-1. Spinning Speed of 500 (○), 1000 (+), 

and 2000 (◊) mm. 

 



   

116 

 
Figure 6.10: Inner diameter, void size, impacted by all processing conditions and the die 

geometry (error bars: standard error, combine all mass throughputs at that spinning speed). 

Mass Throughout: 0.25 (•), 0.50 (•), and 0.83 (•) g hole-1 min-1. Spinning Speed of 500 (○), 1000 

(+), and 2000 (◊) mm. 
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Figure 6.11: Wall thickness, distribution of solid material, is impacted by all processing 

conditions and the die geometry (error bars: standard error, combine all mass throughputs at 

that spinning speed). Mass Throughout: 0.25 (•), 0.50 (•), and 0.83 (•) g hole-1 min-1. Spinning 

Speed of 500 (○), 1000 (+), and 2000 (◊) mm. 
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Figure 6.12: Fiber wall thickness increases with die wall thickness: thin (•), medium (•), and 

thick (•). Subset of data from Figure 6.7.  

Die thickness appears to have a larger effect than processing conditions on 

hollowness (Figure 6.13). Fiber hollowness decreases with increasing die thickness- 

41.0 ± 0.7 with 0.1 mm die, 21.5 ± 0.4 with 0.2 mm die, 13.1 ± 0.2 with 0.3 mm die. 

Similarly, the average percent of hollowness retained from the die decreases with die 

thickness- 58% with 0.1 mm die, 41% with 0.2 mm die, 33% with 0.3 mm die. Since the 

thinnest die fibers solidified quickest, this agrees with the theory that solidifying fibers 

faster retains more of the die hollowness. The higher hollowness, lower wall thickness, 

spun with the thinnest die may increase the fibers susceptibility to collapse (Figure 

6.14). Processing conditions affect hollowness as well. In fact, for thin die spun fibers 

the hollowness varies dramatically depending on quench and mass throughput (Figure 

6.15).  
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Figure 6.13: Variation in Hollowness with die wall thickness and processing conditions. Mass 

Throughout: 0.25 (•), 0.50 (•), and 0.83 (•) g hole-1 min-1. Spinning Speed of 500 (○), 1000 (+), 

and 2000 (◊) mm.  
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Figure 6.14: Highest hollowness measured for thin die at 100% quench, 500 m/min, 0.83 grams 

hole-1 min-1 (a) thin die, (b) medium die, and (c) thick die.  
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Figure 6.15: Thin die spun fiber hollowness depends on all processing conditions: 0.25 (•), 0.50 

(•), and 0.83 (•) g hole-1 min-1. (Graph includes all collected fiber). 

A 4-way ANOVA with second order interactions was performed on the statistics 

set from Figure 6.7 considering die wall thickness and processing conditions ( 

Table 6.4). Die wall thickness was treated as an ordinal parameter while the 

processing conditions were treated as continuous. Of the main effects, only spinning 

speed was not significant. Of the interactions Die*Mass Throughput is significant, while 

Die*Spinning Speed and Mass Throughput*Quench may be. The die has largest F-ratio 

and the spread of averages is almost 30 points- 40.5 ± 0.4 for 0.1 mm, 21.5 ± 0.4 for 0.2 

mm, 12.9 ± 0.4 for 0.3 mm. This suggests the die thickness may have both a practically 

and statistically significant effect on hollowness. 
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Table 6.4: 4-way ANOVA with second order interactions.  

Main Effect DF Sum of 
Squares 

 F Ratio Prob > F 

Die 2 55730.109  1378.857 <.0001* 

Mass Throughput 1 1270.547  62.8709 <.0001* 

Quench 1 1015.062  50.2287 <.0001* 

Spinning Speed 1 12.166  0.6020 0.4383 

Interactions      

Die*Mass Throughput 2 503.183  12.4496 <.0001* 

Die*Quench 2 9.602  0.2376 0.7887 

Die*Spinning Speed 2 152.839  3.7815 0.0236* 

Mass Throughput*Quench 1 120.702  5.9727 0.0150* 

Mass Throughput*Spinning Speed 1 0.012  0.0006 0.9807 

Quench*Spinning Speed 1 1.880  0.0930 0.7605 

      
Model      

Source DF Sum of 
Squares 

Mean 
Square 

F Ratio Prob > F 

Model 14 62776.730 4484.05 221.8860 <.0001* 

Error 405 8184.567 20.21   

C. Total 419 70961.297    

 

If just the die thickness is considered, assuming effect of interactions are small 

relative to the die effect, there is a correlation between die thickness and fiber 

hollowness (p<0.0001, R2 = 0.79) (Figure 6.16).  The mean diamonds give the mean 

(center line), overlap (upper and lower lines), and 95% confidence interval (upper and 

lower point of diamond) (SAS, 2015). The diamonds not overlapping confirms that there 

is a significant difference between each die wall thickness level. The thin die spun fibers 

have significantly higher hollowness than those from the other dies. So, is this an effect 

of die wall thickness? Unfortunately, the thinnest die is also the die with the highest 

hollowness, so it is impossible to answer this question. Average fiber hollowness 

increases with die wall thickness and die hollowness (Figure 6.17).  
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Figure 6.16: Oneway ANOVA for subset of conditions which spun on all dies (controlling for 

mass throughput, quench, and spinning speed variation). 

 
Figure 6.17: Die hollowness is an indicator for fiber hollowness (statistics set conditions).  

Summary and Conclusions 

Processing conditions have a large impact on OD, ID, and wall thickness, but the 

die geometry has the largest impact on spun fiber hollowness. The thin die spun fibers 

had the highest hollowness, but the die shows reduced spinnability especially for high 

spinning speed. The thin die imparts higher shear rate which may lower spinning 

stability for long spinning times. The thin die spun fibers retained the highest percentage 
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of die hollowness. One reason for this may be the higher relaxation time in the thin die 

(longer L/D) which reduces die swell. Another reason for this may be the shorter 

frostline for thin die spun fibers which locks in the die dimensions earlier as seen in the 

larger inner and outer diameters achieved with the thin die.  
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CHAPTER 7 

Impact of hollow fiber blend ratio on acoustic and thermal properties of 

polypropylene needle-punched nonwovens 

Abstract 

Needle-punched nonwovens are used for acoustic and thermal insulation, but 

what effect does substituting hollow fiber have on properties? We fabricated 5 low 

density needle-punched nonwovens (5 blend ratios, 1 basis weight) and 15 high density 

needle-punched nonwovens (5 blend ratios, 3 basis weights) from commercially 

available polypropylene staple fiber. The low density webs show a peak acoustic 

absorption at 50% blend ratio, but this result may have been confounded by thickness 

and basis weight variation. Also, the 300 gsm low density webs have no difference in 

thermal conductivity between the needle-punched nonwovens containing hollow fiber. 

However, the web without hollow fiber was too thin to undergo thermal testing. The high 

density webs show higher acoustic absorption and thermal conductivity with increasing 

hollow fibers in the blend. The thermal differences are quite small.    

Introduction 

Fabrics are composed of three different materials for heat or sound energy to 

interact with: fibers (solid material), entrapped air (within fiber or closed pores in 

structure), and interfaces (where air contacts solid). Insulating materials do not transmit 

energy. Solid material adds weight to the fabric. Air does not absorb thermal energy, but 

it transmits sound. Interfaces reduce solid material and increase potential for wave 

reflection. 
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Sound travels through matter as a compression wave. Sound waves are 

attenuated as they attempt to vibrate the atoms, converting the sound wave into thermal 

energy (Suvari, et al., 2016) (Lee, et al., 2013). Acoustic absorption increases with 

material density and sample thickness (Suvari, et al., 2016) (Mahmoud, et al., 2012). 

Although denser webs can be thinner for absorbing high frequency sound waves: a 350 

to 700 gsm web can be 20 mm thick, a 900 to 1050 gsm web can be 15 mm thick, and a 

1350 to 1575 gsm web can be 10 mm thick (Suvari, et al., 2016).  For high frequency 

sound absorption, it is not necessary to continually increase thickness of the material in 

order to increase absorption. 

There has been some research into hollow fiber webs for acoustic absorption. 

Interconnected voids in fabric absorb sound (Mahmoud, et al., 2012). Increasing the 

portion of hollow fiber in thermally-bonded PET blends from 0/100 to 25/75 to 45/55 can 

increase the coefficient of acoustic absorption (Mahmoud, et al., 2012).  Also, when a 

1000 gsm solid PET felt is replaced with a 500 gsm hollow PET felt (34% hollowness) in 

a dash isolation pad, there is no change in acoustic absorption, although weight has 

been reduced (Lee, et al., 2013). Hollow PET (1200 gsm, 6.41 mm thick, SAC = 0.13) 

had higher average sound absorption coefficient, SAC, (250 to 2000 Hz, impedance 

tube, 30 mm diameter) than solid PET (1500 gsm, 5.55 mm thick, SAC = 0.13) needle-

punched nonwovens (Na & Cho, 2010). But, the solid volume fraction was not held 

constant so this may be a difference in amount of material.  

Thermal energy travels by way of conduction (contact), convection (air flow), and 

radiation. Thermal energy travels from hot to cold. Materials can conduct thermal 

energy or insulate, so thermal conductivity is one way of comparing material behavior. 
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For example, the thermal conductivities of air (0.0262 W/mK) and polypropylene (0.1-

0.22 W/mK) versus stainless steel (7-26 W/mK) at room temperature show the 

difference between insulators and conductors (Engineering Toolbox, 2003). In addition 

to density and sample thickness, heat transfer depends on the thermal conductance 

and heat capacity of the material as seen in Fourier’s heat conduction equation. In a 

PET nonwoven, thermal conductivity and heat radiation were reduced when the number 

of hollows (i.e. the hollow area) was increased (Lizak, et al., 2012).  

Hollow fiber blends have a couple drawbacks. First it is difficult to precisely 

control the sample thickness and number of fibers in the webs. In order to maintain the 

same basis weight, additional hollow fibers have to be added into the blend which 

increases the sample thickness. Sample thickness is often not reported, even though it 

impacts both acoustic and thermal insulation. Second, needling may rupture the hollow 

fiber, reducing its ability to insulate (releasing the trapped air and compressing the 

structure).  

Materials and Methods 

Sample creation 

Polypropylene hollow fibers with 7D linear density and circular cross section were 

obtained from FiberVisions. Control fibers were 6D solid circular polypropylene fibers. 

Five low density and fifteen high density needle-punched nonwovens were created at 

the Nonwovens Institute according to Table 7.1. They had blend ratios of 0/100, 25/75, 

50/50, 75/25, and 100/0 (hollow/sold); basis weights of 300, 600, 900, and 1200 gsm; 

and needle density of 50 or 120 needles/cm2. The needle density was increased in 

order to maintain bonding throughout the thickness of the needle-punched nonwovens. 
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Table 7.1: Design of Experiments for Needle-punched Nonwovens. 

Blend (% Solid/ %Hollow) Basis Weight 
(g/m2) 

Needlepunch Density 
(1/cm2) 

100/0 300 50 

100/0 600 120 

100/0 900 120 

100/0 1200 120 

75/25 300 50 

75/25 600 120 

75/25 900 120 

75/25 1200 120 

50/50 300 50 

50/50 600 120 

50/50 900 120 

50/50 1200 120 

25/75 300 50 

25/75 600 120 

25/75 900 120 

25/75 1200 120 

0/100 300 50 

0/100 600 120 

0/100 900 120 

0/100 1200 120 

 

For the 300 gsm low density needle-punched nonwovens the hollow and solid 

fibers had similar fiber sizes (Figure 7.1). For the 600, 900, and 1200 gsm high density 

needle-punched nonwovens the hollow and solid fibers had significantly different fiber 

sizes (Figure 7.2). Practically speaking, all of the fibers used had an outer diameter of 

about 30 µm and all of the hollow fibers had about 10% hollowness.  
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Figure 7.1: Similar solid and hollow fiber size for 300 gsm (Solid fiber diameter of 31.33 ± 1.54 

µm, hollow fiber diameter of 31.29 ± 0.38 µm with hollowness = 10%). 

 
 

Figure 7.2: Solid fiber has lower outer diameter than hollow fiber (28.2 ± 0.9 versus 33.4 ± 0.9 

µm and 8.3% hollow). 

Characterization 

Acoustic 

Coefficients of absorption over a range of frequencies were measured with a 

small Kundt impedance tube, sample diameter of 29 mm, and a normal reduction 
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coefficient (NRC) and sound absorption average (SAA) were calculated (ASTM 

International, 2017) (Figure 7.3). NRC is the average of absorption coefficient at 

approximately 248, 504, 1000, and 2000 hz rounded to nearest 0.05. SAA is the 

average of absorption coefficient at 200, 264, 336, 400, 536, 664, 800, 1064, 1336, 

1600, 2136, and 2496 Hz, each rounded to nearest 0.01. Pressure 1013.25 hPa, 

Temperature, 20.00 °C, and relative humidity, 80.00%. Two measurements were 

averaged per sample. For the higher basis weight samples, due to difficulties with 

sample preparation the coefficients of absorption were measured with a large Kundt 

impedance tube with sample diameter of 100 mm.  

 
Figure 7.3: Kundt tube set up for coefficient of acoustic absorption measurement. 

Thermal 

Thermal conductivity (W/mK) and thermal resistance (m2K/W) were measured 

with Q Lab NETZSCH model HFM 436. 𝜆 = 𝑁𝑉
Δ𝑥

Δ𝑇
 , where N = calibration factor, V = 

volts, Δ𝑥=thickness, Δ𝑇=temperature drop (ISO 8301, ASTM C518) (Netzsch, n.d.).  
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Sample size was 12”x12” with a minimum thickness of 6 mm. Thickness was measured 

before test using a hand held digital micrometer. Two measurements were averaged 

per sample. Samples rested after cutting and before testing under no compression 

overnight. 

Statistical Analysis 

Statistical analysis was performed using JMP® Pro 13 by SAS Institute. Analysis 

was a one way analysis of variance (ANOVA). The unequal variance and normal 

distribution assumptions were checked. A Welch test was performed when there was 

significant evidence that variances were unequal. P-values lower than 0.05 suggest 

there is enough evidence to reject the null hypothesis, i.e. reject the no effect 

hypothesis. P-values are reported when below 0.05. 

Results and Discussions 

300 gsm Fabric Properties 

The web properties are summarized in Table 7.2 with all averages and standard 

errors rounded to the nearest decimal of accuracy for the device. The Digimatic 

thickness measurements were the average of two samples. Same trend between 

thickness measurements, but the Digimatic thickness is about 1.5mm larger than the 

micrometer reading for all samples. This might be a sign that the fabrics were stored 

under compression or a difference in measurement device. The thickness and basis 

weight was higher for blends containing hollow fibers, but the density of the 100% solid 

web was much higher.  Thermal conductivity and NRC will be discussed in more depth 

in the following sections. 
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Table 7.2: Summary of Web Properties. 

Blend 
(Hollow/Solid) 

Digimatic 
Thickness (mm) 

Thickness 
(mm) 

Basis 
Weight 
(gsm) 

Density 
(kg/m3) 

Thermal 
Conductivity 
(W/m*K) 

NRC 
(SAA) 

0/100 6.587+/- 0.202 5.10+/- 0.08 
283+/- 3 

55.55 NA 0.05 
(0.07) 

25/75 6.912+/- 0.066 5.57+/- 0.15 
293+/- 7 

52.6 0.0367 0.10 
(0.08) 

50/50 7.978+/- 0.0 6.52+/- 0.18 
315+/- 6 

48.33 0.0362 0.10 
(0.08) 

75/25 7.935+/- 0.059 6.40+/- 0.15 
304+/- 6 

47.5 0.0372 0.10 
(0.08) 

100/0 8.148+/- 0.058 6.88+/- 0.36 
301+/- 3 

43.7 0.0371 0.10 
(0.08) 

NRC: Round to nearest 0.05, SAA: Round to nearest 0.01 

 

Acoustic 

The average absorption coefficient by blend ratio as a function of frequency 

shows acoustic absorption of the materials increases with the frequency of the sound 

wave as expected (Figure 7.4). The lowest was 0/100 solid circular PP 6D web while 

highest was 50/50 hollow fiber blend. There was a low frequency absorption peak for all 

samples at about 1040 Hz and 3200Hz (broad peak), and an inverse peak around 

5100Hz. The difference between absorption coefficient for blends with hollow fibers 

appears around 1600 Hz and increases with higher frequencies. Trend for average 

absorption coefficient follows the same progression as basis weight (0, 25, 100, 75, 50). 

Not the same trend as density or thickness. This may suggest the basis weight and 

thickness was too small to see hollowness trend; literature tends to treat 300 gsm as a 

minimum. Otherwise, it is possible that this is the trade-off point between losing solid 

mass and increasing interfaces and air in the structure.  
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Figure 7.4: Average Absorption Coefficient as a function of sound wave frequency. 

Does basis weight or thickness difference explain the difference in absorption 

coefficient, NRC, SAA (see Table 7.2)?  

• Samples too thin – small differences even at high frequency 

• At high frequency, absorption coefficient increases with average basis 

weight, but these values of basis weight overlap when standard error is 

considered.   

• When average absorption coefficient is normalized by thickness, 75/25 

and 100/0 are far below the other values.  

Normal Reduction Coefficient and Sound Absorption Coefficient were calculated 

from the average absorption coefficient at specific frequencies (ASTM International, 

2017) (Table 7.3)(Table 7.4). NRC weights toward lower frequencies, SAA weights 

towards low frequencies, but includes higher frequencies in average. NRC and SAA the 
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same for all hollow blends (only the pure solid fiber fabric had a different NRC or SAA). 

Does the one-point difference have significance? ASTM C423-17 analysis method is 

technically only for reverberation chamber, so this is just to get a sense of data and not 

for comparison with published data.  

Table 7.3: Calculation of Normal Reduction Coefficient (NRC). 

 

 

 

 
 

 
Table 7.4: Calculation of Sound Absorption Average (SAA). 

 200 264 336 400 536 664 800 1064 1336 1600 2136 2496 SAA 

0/100 0.02 0.03 0.04 0.04 0.05 0.06 0.07 0.11 0.10 0.10 0.12 0.14 0.07 
25/75 0.03 0.03 0.04 0.05 0.06 0.07 0.08 0.11 0.11 0.11 0.13 0.15 0.08 
50/50 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.11 0.11 0.12 0.15 0.17 0.08 
75/25 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.11 0.11 0.12 0.14 0.16 0.08 
100/0 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.11 0.11 0.11 0.14 0.15 0.08 

 

The inclusion of hollow fibers did not negatively impact thermal insulation 

properties at 300 gsm and 50 needles/cm2 needling. Also, there may be a maximum 

blend ratio 50/50 for acoustic properties, after which the loss of solid mass reduces 

acoustic absorption. However, these results may have been influenced by sample 

thickness, so webs with higher basis weight and needle-punch density were produced in 

order to see in more detail the effects of blending hollow PP fiber into needle-punched 

non-wovens. 

Thermal 

Thermal resistance and conductivity are shown as a function of portion of blend 

that is hollow fiber (Figure 7.5). The 100% solid fiber web was too thin for test (error 

Blend Ratio 248 504 1000 2000 AVG - NRC NRC 
0/100 0.02 0.05 0.10 0.12 0.072 0.05 

25/75 0.03 0.06 0.10 0.13 0.080 0.10 

50/50 0.03 0.05 0.10 0.14 0.081 0.10 

75/25 0.03 0.05 0.10 0.13 0.079 0.10 

100/0 0.03 0.05 0.10 0.13 0.077 0.10 
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message and appeared to have air layer) which suggests the actual minimum thickness 

is greater than 5.1 mm. 

 
Figure 7.5: Q Lab results for thermal resistance and conductivity. 

Thermal resistance appears to increases slightly with percent hollow fiber in 

blend. However, a closer examination of thermal resistance vs. sample thickness 

reveals that this increase can be explained entirely by the sample thickness (linear fit 

R2= 0.9832 thermal resistance = 0.2652* (thickness in cm) + 0.0041) (Figure 7.6). So, 

increasing sample thickness from ~0.5-0.7 cm to 1 cm should more than double the 

thermal resistance. From this line, a thermal conductivity of 0.0377 can be predicted 

(inverse of slope) which is slightly higher than was measured.  The higher blend ratios 

are below the line (75/25 and 100/0) while the lower blend ratios are above the line 

(25/75 and 50/50) suggesting there might be a slight effect on thermal resistance due to 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0 25 50 75 100

Portion of Blend that is Hollow Fiber (x/100)

Thermal Conductivity (W/m*K) Thermal resistance (m^2K/W)



   

136 

the presence of hollow fibers, i.e. adding hollow fibers may slightly decrease the thermal 

resistance of the fiber mats.  

 

Figure 7.6: Thermal properties by sample thickness. 

 

Thermal conductivity stays mostly constant with thickness and blend ratio, about 

0.0359 W/mK. For comparison, felt insulation and cotton have higher conductivity of 

about 0.04 while feathers, kapok, and styrofoam have lower conductivity of about 0.034 

(Engineering Toolbox, 2003). 

Higher Basis Weight Fabric Properties 

Acoustic Absorption 

Due to production/bonding issues could not cut cylindrical samples for testing on 

larger basis weights (Figure 7.7). Two possible explanations are 1) the belt moved too 

fast, so needles puled against the web’s forward motion imparting a shear, or 2) the 

needles did not penetrate far enough into the sample to bond through the entire 

thickness, so the fabric has more motion under compression. Either way, as a result 

only 600 gsm samples were studied with the small impendence tube for NRC and SAA 
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ratings. A large impedance tube (100 mm diameter) was used to give a sense of 

acoustic absorption at lower frequency for higher basis weight webs. 

 
Figure 7.7: Example of sheared cut (100% hollow fiber, 1200 gsm, 29 mm diameter). 

The web properties are summarized in Table 7.5. The basis weight and thickness 

tends to increase with increasing hollow fiber in the blend. Note, even with a lower web 

density, the 100% hollow fiber web has higher acoustic absorption than the solid fiber 

web (NRC and SAA).  

Table 7.5: Web Properties for Needle-punched Nonwovens – Acoustic. 

% Hollow 
Fiber 

Target Basis 
Weight (g/m2) n 

Thickness 
(mm) 

Basis 
Weight 
(g/m2) 

Density 
(kg/m3) 

NRC SAA 

0 600 3 8.0 ± 0.1 586 ± 7 74 0.10 0.10 

0 900 3 10.1 ± 0.2 884 ± 11 87   

0 1200 2 11.9 ± 0.1 1171 ± 6 99   

25 600 3 9.7 ± 0.1 620 ± 3 64 0.10 0.12 

25 900 3 11.9 ± 0.2 917 ± 12 77   

25 1200 3 13.6 ± 0.1 1241 ± 12 91   

50 600 3 9.6 ± 0.2 564 ± 3 59 0.10 0.11 

50 900 2 12.0 ± 0.2 924 ± 6 77   

50 1200 3 14.6 ± 0.4 1197 ± 5 82   

75 600 3 10.4 ± 0.1 616 ± 8 59 0.10 0.13 

75 900 3 12.9 ± 0.1 905 ± 7 70   

75 1200 3 14.3 ± 0.0 1173 ± 13 82   

100 600 3 10.6 ± 0.3 651 ± 1 62 0.15 0.13 

100 900 3 12.6 ± 0.5 907 ± 14 72   

100 1200 3 15.5 ± 0.5 1154 ± 3 74   

 

Looking for trends, maximum or minimum for acoustic absorption in terms of 

blend ratio or basis weight. At 600 gsm, the acoustic absorption was higher for webs 

which contained hollow fiber and no maximum amount of hollow fiber was seen (Figure 
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7.8). Both NRC and SAA were higher for hollow fiber blends than for completely solid 

fiber webs (Table 7.6). NRC and SAA highest for 100% hollow fiber needle-punched 

nonwoven. 

 

 
Figure 7.8: 600 gsm coefficient of absorption increases with sound frequency and blend ratio. 

Table 7.6: NRC for 600 gsm Blends. 

NRC 0 25 50 75 100 

248 0.028793 0.033152 0.032921 0.037598 0.037915 

504 0.051659 0.061896 0.063743 0.072084 0.074443 

1000 0.10844 0.128015 0.128665 0.142065 0.14639 

2000 0.18792 0.232555 0.219335 0.24717 0.257155 

Avg 0.09 0.11 0.11 0.12 0.13 

NRC 0.1 0.1 0.1 0.1 0.15 
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Table 7.7: SAA for 600 gsm Blends. 

SAA 0 25 50 75 100 

200 0.022915 0.02617 0.025207 0.029706 0.031502 

264 0.02746 0.032356 0.032271 0.037462 0.038316 

336 0.035567 0.041674 0.042993 0.048164 0.049263 

400 0.033653 0.040299 0.041015 0.047682 0.050063 

536 0.057642 0.068766 0.070257 0.078872 0.080846 

664 0.069798 0.083271 0.08383 0.094542 0.097225 

800 0.084065 0.101688 0.100206 0.11449 0.1174 

1064 0.119025 0.142175 0.141825 0.15537 0.157265 

1336 0.130525 0.15912 0.15473 0.172915 0.178495 

1600 0.15291 0.1885 0.179665 0.20238 0.208105 

2136 0.200435 0.24738 0.23282 0.261375 0.27387 

2496 0.235455 0.29168 0.272655 0.305415 0.31984 

SAA 0.10 0.12 0.11 0.13 0.13 

 

Large impedance tube 

For the high basis weight needle-punched nonwovens, increasing hollowness 

increases coefficient of acoustic absorption (Figure 7.11, Figure 7.10, Figure 7.11). As 

basis weight increases, the coefficient of acoustic absorption increases as well 

especially above 500 Hz (Figure 7.12).  
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Figure 7.9: At 600 gsm 100% hollow fiber web has highest absorption and 0% solid fiber web 

has lowest. Relative positions of interior points change. 
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Figure 7.10: At 900 gsm 100% hollow fiber web has highest absorption and 0% solid fiber web 

has lowest. Relative positions of interior points change. 
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Figure 7.11: At 1200 gsm 100% hollow fiber web has highest absorption and 0% solid fiber web 

has lowest. Relative positions of interior points change. 
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Figure 7.12: Acoustic absorption increases with increasing basis weight (shown for solid fiber 

needle-punched nonwoven). 

Thermal Insulation 

Values measured specifically on samples used in thermal testing differ slightly 

from those measured on acoustic samples (Table 7.8). The acoustic samples were 

precision cut while the thermal samples were cut by hand. This is most evident in the 

measured basis weights of the thermal samples tending to be higher. Thermal 

conductivity appears to increase with basis weight (Figure 7.13). Also, the 75% and 

100% hollow have some difference from the lower blend ratio 600 and 1200 gsm webs. 

Thermal conductivity tends to increase with sample thickness regardless of percent 

hollow fiber, although 14.53 mm 100% hollow sample (target basis weight 1200 g/m2) 

has lower than expected thermal conductivity (Figure 7.14). For similar sample density, 

samples with higher percent hollow fiber tend to have higher thermal conductivity 

(Figure 7.15). For hollow fiber webs to have same mass, basis weight, as solid fiber 
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webs, they need to contain more fibers (since the outer diameter is nearly the same). 

This is seen in an increase in web thickness. So, hollow fiber webs tended to more 

conductivity, i.e. less insulating, than the solid fiber webs. With that said, the differences 

in thermal conductivity were quite small (min = 0.0371, max = 0.0394, mean = 0.0385 ± 

0.0001) across all samples.  

Table 7.8: Web Properties for Needle-punched Nonwovens – Thermal. 

% Hollow 
Fiber 

Target Basis 
Weight (g/m2) 

Thickness (mm) Basis Weight 
(g/m2) 

Density 
(kg/m3) 

Thermal conductivity 
(W/m*K) 

0 600 7.685 ± 0.025 600 ± 3 78 ± 0 0.0373 ± 0.0001 

0 900 10.245 ± 0.405 924 ± 6 90 ± 3 0.0384 ± 0.0001 

0 1200 13.015 ± 0.305 1209 ± 5 93 ± 2 0.0391 ± 0.0002 

25 600 9.265 ± 0.395 653 ± 9 71 ± 2 0.0376 ± 0.0004 

25 900 12.200 ± 0.080 937 ± 12 77 ± 0 0.0387 ± 0.0002 

25 1200 14.870 ± 1.060 1271 ± 23 86 ± 8 0.0392 ± 0.0001 

50 600 9.000 ± 0.190 586 ± 0 65 ± 1 0.0376 ± 0.0001 

50 900 12.355 ± 0.125 954 ± 6 77 ± 0 0.0387 ± 0.0001 

50 1200 14.675 ± 0.015 1260 ± 26 86 ± 2 0.0394 ± 0.0000 

75 600 10.815 ± 0.095 636 ± 8 59 ± 1 0.0385 ± 0.0001 

75 900 12.875 ± 0.325 943 ± 10 73 ± 1 0.0388 ± 0.0001 

75 1200 15.155 ± 0.285 1239 ± 6 82 ± 1 0.0392 ± 0.0001 

100 600 10.380 ± 0.080 660 ± 9 64 ± 0 0.0383 ± 0.0001 

100 900 13.330 ± 0.040 950 ± 3 71 ± 0 0.0387 ± 0.0001 

100 1200 14.880 ± 0.350 1195 ± 9 80 ± 3 0.0382 ± 0.0011 
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Figure 7.13: Thermal conductivity. 

 
Figure 7.14: Thermal Conductivity by Thickness for each sample. 
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Figure 7.15: Trends with sample density may be specific to percent hollow fiber in blend. 

Summary and Conclusions 

Using hollow fibers in needlepunched nonwovens did not appreciably negatively 

impact acoustic or thermal insulation properties. In fact, it may have increased acoustic 

insulation while slightly decreasing thermal insulation. Increasing basis weight and 

needle-punch density did not make the differences between the webs due to blend ratio 

more noticeable.   
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CHAPTER 8 

Conclusions 

Die geometry, specifically the die wall thickness or die hollowness, is the most 

important variable for determining final fiber hollowness. Decreasing the die wall 

thickness increased the amount of die hollowness that was retained in the final fiber. 

Processing conditions and polymer type can have a significant impact as well, but the 

effect was much smaller than the effect due to changing wall thickness. Blending hollow 

fiber with solid fiber in needlepunched nonwovens, did not negatively impact thermal 

and acoustic properties.  

Future research could explore hollow fiber formation or end use properties. 

Hollow fiber formation future work could include 1) the affect of drawing, crimping or 

other post-processing on hollowness, 2) thermal infrared imaging to “see” temperature 

change along spinline for a less qualitative solidification point, 3) the impact of 

increasing viscosity on hollowness and tensile properties within one polymer type 

(polypropylene, etc), 4) farther work on viscosity with different polymer types to see if 

relationship holds true (polyethylene, nylon, etc), and 5) attempt other die geometries to 

decouple die wall thickness and hollowness or to see if processing range improves 

(larger inner diameter with thinner walls). Hollow fiber property future work could include 

1) thermal and acoustic insulation as a function of fiber hollowness, 2) breaking stress 

under compression, and 3) compression resistance and recovery of hollow fiber 

containing webs. 
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Appendix A 

Spinning Speeds 

Table 8.1: PP Max Spinning Speeds. 

50% Quench 1200* 
 

1500* 1500* 

20% Quench 1200 1200 1700 1500* 

0% Quench 1200* 
 

1500* 1500* 

 
0.330 ghm 0.396 ghm 0.495 ghm 0.660 ghm 

 

Table 8.2: PLA Max Spinning Speeds. 

50% Quench 1500 <2000 2000* 2000* 2000* 

20% Quench 1500 2000*  2000* 2000* 

0% Quench 2000*   2000* 2000* 

 
0.457 ghm 0.594 ghm 0.686 ghm 0.777 ghm 1.097 ghm 

 

 

Web Formation 

Additional Processing on Size and Hollowness  

Drawing reduced fiber size as expected (Figure 8.1). Fiber size reduction was 

highest for the 100% quench fiber. However, the staple fiber processing- cut and crimp 

drawn filament- farther reduced the 50% quench fiber size. Reduction appears similar 

for two pairs (0% and 20% quench, 70% and 100% quench). The drawn staple fiber has 

a parabolic shape with quench fan speed. The biggest change between filament and 

staple was for 50% quench fan speed condition.  
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Figure 8.1: Fiber size reduction with drawing (shown for hollow fibers only). 

Similarly, hollowness changed the most for the 50% quench fiber (Figure 8.2). At 

this setting, the hollowness appears to increase with drawing and then decrease after 

cutting and crimping. ANOVA shows enough evidence to reject null hypothesize (P-

value =0.0128, unequal variances P-value < 0.0001, Welch P-Value = 0.0499); Turkey-

Kramer HSD shows the staple fiber has significantly different hollowness from the 

filament fiber (drawn and un-drawn) (Figure 8.3). 

 

 
Figure 8.2: Hollowness change between filament, drawn filament and drawn, cut and crimped 

staple fibers. 
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Figure 8.3: Compare average hollowness between filaments, drawn filament and drawn, cut and 

crimped staple fibers. 

 

Table 8.3: Effect of processing on fiber dimensions. 

 
Specifically in the case of the 50% quench hollow fiber, the hollowness of the fibers appears to 

increase with drawing and then decrease after cutting and crimping (. 

 

Table 8.3). This may have been a result of the steam used in the crimping 

process inducing shrinkage in the 50% quench hollow fibers. The decrease of 
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hollowness due to steaming disagrees with literature which found hollowness increased 

on undrawn PET fibers after steaming (Most, 1984). 

 

A summary of the web formation properties, i.e. crimp, tenacity and carding 

results are contained in Table 8.4. The void in the drawn staple fibers changes width 

along the fiber axis and has interruptions, possibly as a result of void rupture (Figure 

8.4). In Table 8.4, the hollow fibers have lower tenacity than solid fibers, which is 

unexpected given the higher shear rate they experience during spinning. Perhaps this is 

due to void interruptions undermining the strength of the fibers by providing places for 

cracks to grow into breaks. All of the fibers increased tenacity from the filament to staple 

fiber stage. The actual crimp frequency reported was much higher than the requested 

with a range of 15.2 crimps/inch and standard deviation of 5.22 crimps/inch between the 

depending on quench fan speed and fiber type (solid/hollow). All but the Hollow- 0% 

quench fibers could not be carded because they loaded on the card. This suggests that 

the cohesion was too low with less than 30.1 crimps/inch. 

Table 8.4: Summary of web formation properties. 
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Figure 8.4: Hollow- 0% quench, zoomed in on interrupted voids shows lots of defects in staple 

fibers. 
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Appendix B 

 
Figure 8.5: Average fiber hollowness increases with die hollowness (all collected fibers). 

 

Retained average fiber hollowness varies with die (Table 8.5). Changing die size 

resulted in similar retained hollowness (41-44%) while changing die wall thickness 

resulted in larger variation in retained hollowness (34 – 59 %). Might be because thin 

die spun fibers tended to be highly elliptical (Figure 8.6). 

Table 8.5: Retained hollowness varies with die. 

Die 
Retained Hollowness 
(%) 

Thin 58.5 

Large 43.9 

Medium 41.1 

Small 43.1 

Thick 33.6 

 

y = 0.0146x2 - 0.7318x + 20.565
R² = 0.9824
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Figure 8.6: (a) thin, (b) large, (c) medium, (d) small, and (e) thick @ 100% quench, 0.25 ghm, 

500 m/min. 


