
ABSTRACT 

PHALAK, SUMIT KAMLAKAR. Controlling Barrier Property of Polypropylene Meltblown 
Nonwoven. (Under the direction of Dr. Behnam Pourdeyhimi). 
 
Barrier property of a fabric is extremely important as it protects the wearer from external 

contamination through microbiological agents or others. These contaminants are usually 

present in body fluids such as blood, perspiration or in other liquids such as alcohol, iodine etc. 

Hence to protect the wearer, the fabric should be resistant to these liquids. In this research two 

important nonwoven fabric properties; hydrostatic head and air permeability are studied. 

Hydrostatic head is the resistance to the penetration of water and air permeability is the rate at 

which air will flow through a fabric. These properties are affected by numerous factors but 

fiber diameter, solid volume fraction and pore size are the important ones. The first aim was 

to understand the meltblowing process and its effect on fabric structure and the effect of fabric 

structure on the hydrostatic head and air permeability. The approach was to form a membrane-

like structure directly through meltblowing (without online/offline bonding). For this, the 

secondary air supply was removed which prevented the filaments from cooling and didn’t 

allow them to solidify. Second aim was to compare the hydrostatic head of the meltblown 

fabric with a spunbond-meltblown laminate. The spunbond layer failed the hydrostatic head 

test but the hydrostatic head value for the laminate increased by a large number compared to 

the single meltblown layer, especially for those which had membrane-like meltblown 

structures. The investigation revealed that such membrane-like structure can be formed at 

lower DCD’s.  Another aim of this study was to compare various mean pore size models with 

obtained experimental results because predicting pore size is very important in designing a 

nonwoven but is very difficult due to its random and complex structure. The mean pore size 

models were in good agreement with the experimental data.   
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1 INTRODUCTION 

 

Nonwovens precedes thousands of years to felted material produced from animal fibers but in 

last century processes were invented to produce nonwoven fabric from synthetic polymers 

(Shailer, 1959). Nonwovens are made in a form of web from directionally or randomly oriented 

fibers and polymers, bonded by cohesion/adhesion, friction. They are manufactured from high 

speed i.e. higher production rate and at lower processing cost (Russell, 2007). The first 

commercial use of nonwovens was to replace the expensive woven filters in automotive 

industry (Shailer, 1959). Today, nonwovens have wide applications and are prominently used 

in our daily lives. The most common nonwoven products listed by INDA, North America’s 

Association of Nonwoven Industry include: sanitary napkins, sterile wraps, caps, gowns, 

wipes, apparel interlinings, padding and backing, wall and agricultural coverings, seed strips, 

automotive headliners and upholstery, filters, envelopes, tags, labels, insulation, house wraps, 

roofing products, and geotextiles (Russell, 2007). Nonwovens on the basis of usage life time 

can be classified as disposable and durable or wetlaid, airlaid, or spunlaid on the basis of 

manufacturing process (Hassan, 2013). 

Protection and comfort are two of the most important attributes in the textile garment. Hence, 

this research provides fundamental understanding of barrier property of meltblown nonwoven 

which has wide application in nonwoven industry, one such application is in medical textiles 

such as in protective, healthcare and hygienic products. Medical textiles also known as 

biomedical textiles are used for medical and biological uses e.g. first aid, clinical, or hygienic 

purposes (Mather, 2006). They can be divided in disposable products and reusable products 
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which are made from nonwovens materials and woven, knitted fabrics respectively. These 

applications require the products to perform 100% of the time (Ziegenfus, 2005). Their low 

cost, freshness quality and easy to replace-ability are few of the main reasons hospitals and 

operating rooms prefers nonwovens (Hailey, 2003). The acceptability of these disposable 

products has resulted from the significant improvements made in properties and cost of 

material (Amir, 2006).  

 

 

Figure 1 Barrier and breathable properties in a nonwoven composite (Fabric Technology, 

2016) 

 

The properties of the nonwovens depend on its structure hence the structure-property 

relationship will provide a device to control the nonwovens structure to achieve required 

performance of the product by manifesting appropriate process parameters. In this work we 

investigate the relationship between processing conditions, nonwoven’s structure and its 

properties in meltblowing. This study will provide a detail understanding of meltblowing 
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process, its effect on fabric structure and on barrier properties. Barrier property is extremely 

important because it protects the wearer from external contamination. Liquid barrier is one of 

the important functional property of a fabric used in nonwoven industry. It protects the wearer 

from liquid which may carry infectious matter. Hence the aim is to investigate the effect of 

fiber diameter (which will control the pore size) and solid volume fraction because these 

parameters affect the pore size which is directly related to the barrier effectiveness of the fabric. 

To achieve small pore diameter, the secondary air is removed during meltblowing to prevent 

the filaments from solidifying and to form a micro-porous membrane-like structure. These 

micro-porous membranes will provide the passage of fluid through ‘capillary-like pores’.  

Air permeability and hydrostatic head plays a vital role in nonwoven’s applications. These 

properties are defined by the structure of the nonwoven and by flow and viscosity of fluid. 

Being able to predict and control its properties is important while planning and manufacturing 

nonwoven. There are quite a few theories available in literature predicting the pore size of a 

fabric and choosing one is difficult. One of the purpose of this research is to analyze different 

ways of predicting pore size and to determine which method/methods are most appropriate to 

use in meltblown nonwovens. The following chapters, chapter 2 contains a literature review of 

nonwovens, air permeability and hydrostatic head including factors affecting them and 

theoretical models for predicting pore size. Chapter 3 is the objective and approach for this 

research, chapter 4 is the experimental work, chapter 5 contains the result and discussion, the 

experimental mean pore size is also compared to the theoretical models in this section, chapter 

6 contains the conclusion and recommendation for possible future work. 
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2 LITERATURE REVIEW 

 

2.1 Nonwoven 

EDANA (the European disposables and nonwovens association) defines nonwovens as a 

manufactured sheet, web or a batt of directionally or randomly oriented fibers, bonded by 

friction, and/or cohesion and /or adhesion. INDA North America’s association of the 

nonwoven fabric industry, describes nonwoven fabric as ‘sheet or web structures bonded 

together by entangling fibers or filaments, by various mechanical, thermal and/or chemical 

processes. They are directly made from fibers or from molten plastic or plastic films (Russell, 

2007). Nonwovens can be broken down into two processes, web formation and web bonding 

methods (Broughton Jr. & Brady, 1995). Generally, web formation is of three types, dry-laid, 

wet-laid and spun-laid. Dry-laid (carding, air-laid) processes and wet-laid uses staple fibers 

where as spunlaid (spunbond & meltblown) processes uses polymers. Nonwovens bonding 

process can be mechanical (needling or hydroentangling), chemical (saturating, spraying, 

printing, foaming, or powdering) or thermal (calendaring, through-air, infrared, or ultrasonic). 

The degree of bonding is one of the important factors in determining fabric mechanical 

properties, porosity, softness, flexibility, density (loft, thickness). Every single web formation 

and web bonding process will have effect on structural characteristics such as fiber diameter, 

porosity, fiber orientation, texture (Shim, 2002-2013). These nonwovens can be highly dense 

and strong or can be very porous and compressible (Pourdeyhimi et al.,2006) due to this they 

are used in many functional end-uses. Nonwovens are used in wide range of applications 

including filters, insulations hygiene products, wipes, barrier fabrics, absorbents products.  
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2.2 Meltblowing 

Carlton Francis in 1939 pictured a spray gun as a process in which microfibers can be 

developed. In 1956, the meltblown concept was first introduced by Wente in Naval Research 

Laboratory’s project to produce filters of microfibers to collect radioactive particles from 

atmosphere during early years of cold war (Lee et al., 2007). In Meltblowing process polymer 

melt is extruded from a row of fine capillaries along the center of the die and are attenuated by 

very high velocity heated air before depositing on the conveyor belt to form a web (Begenir, 

2008). The drag force caused by the high speed air jets attenuates the fiber rapidly and reduces 

the diameter by hundred times from the nozzle diameter (Malkan, 1995). The diameter of fibers 

produced from meltblown process are from 0.5-10 micron (Hassan, 2013). The web properties 

depend on the process parameters and the die configuration. The degree of fiber solidification 

will depend on the die to collector distance (DCD) and crystallization behavior of material. 

this process produces self-bonding nonwoven structures that derives strength from fiber to 

fiber contact (Lee, 1992). 

Wente in 1950’s introduced a method to produce finer fibers from thermoplastic materials 

(Wente, 1956). It is one of the fasted growing process for nonwoven production and has 

become an important industrial technique to produce microfiber fabric structures (Sun & 

Zhang, 1998). Meltblown nonwovens are produced directly from powder, granules or pellets 

of thermoplastic polymers (Lee & Wadsworth, 1990). This solid polymer is added into a 

hopper and is melted in the heated barrel called as extruder due to the movement of the screw, 

the polymer is further pushed into the meltblown die which consists of number of small 

capillaries through a metering pump (Ellision et al., 2007). A metering pump is a positive 
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displacement constant volume device which is used to uniformly deliver polymer melt to the 

die assembly (Malkan & Wadsworth, 1993). It is composed of two interlocking wheels which 

rotates in opposite direction (Yesil & Bhat 2016). The design of the coat hanger die geometry 

is very important in meltblowing (Sun & Zhang, 1998). The air-gap and set back determine 

the angle and length of time the air hits the polymer stream (Ellison et al., 2007) (Dutton, 

2008). Different air gap and setback leads to different web quality. The die geometry is 

normally adjusted for air gap and setback in the range of 0.2-2.5mm but mostly used in the 

range of 0.5-2.0mm. Finer fibers can be produced at 0.8mm/1 mm die geometry for mono 

polypropylene (Zhang et al., 2003). The manifold is located on the sides of the die tip; an air 

compressor is used to generate high velocity hot air which considerably decreases polymer 

melt viscosity (the air is hotter than polymer to hold the polymer in a liquid state). Meltblown 

fabric is known for its high surface area per unit weight and high barrier properties hence most 

of the fiber membranes in nonwoven industry are made through meltblowing technology 

(Hassan et al, 2013). These properties make meltblown fabrics an excellent applicant for 

making filters, medical garments, diapers where fluid barrier is extremely important.  

 

 

Figure 2.1 Schematic diagram of Meltblown Process (Hassan, 2013) 
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Figure 2.2 Schematic of a screw extruder (Rodriguez et al., 2014)          

 

 

Figure 2.3 Schematic of the metering pump (Malkan & Wadsworth, 1993) 

 

In meltblowing, the process parameters are chosen to determine process windows that will 

produce fibers with finer diameters. These parameters include, throughput, melt temperature, 

hot air flow rate, hot air temperature, secondary air flow rate, die to collector distance (DCD), 

conveyor belt speed. It is well known in literature that throughput, melt temperature, air flow 

rate and its temperature affects fiber diameter, DCD affects the thickness whereas, secondary 

air affects web uniformity. The belt or collector speed affects the basis weight of the nonwoven 

fabric. The secondary air jets are used to delay the interaction of primary air jets and the 
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polymer streams with ambient air temperature i.e. it acts as a shield to the primary air flow. 

The secondary air maintains the polymer filaments temperature about 40-800C higher 

compared to no secondary air (Hassan, 2013). Along with the operating parameters, the 

polymer properties such as its melting temperature, melt flow index, density play a very 

important role during processing and on fabric structure. To produce uniform meltblown 

nonwoven, the polymer should have low molecular weight and a narrow molecular weight 

distribution (Malkan & Wadsworth, 1993). The molecular weight is related directly to the melt 

viscosity and is inversely related to the melt flow rate or index (MFR). At higher throughputs, 

higher MFR polymers can be used at lower processing temperature. Wide range of MFR 

polymers can be used in meltblowing but polypropylene is the main resin to be used in industry. 

Using higher MFR during meltblowing leads to finer fiber production but also lead to loss in 

tenacity and busting strength but as it reduces the processing temperature the products cost is 

also reduced. Apart from this, it also increases softness, increase web porosity, reduce shot 

size, increase strength to weight ratio (Velu, 2004). 

These processing parameters with polymer material and its properties affects the fabric 

structure.  The properties of the nonwoven depend on the structure of the material hence it is 

important to understand the structural parameters such as fiber diameter, SVF, fiber 

orientation, pore size. During meltblowing the fiber dimeter is either reduced or increased. It 

is reduced by aerodynamic drag and by fiber entanglement or contact. It is increased by fiber 

fusion and by fiber shrinkage. Near the die the air velocity is maximum so high drag force 

elongates the extruded fibers along its path. The fiber attenuation is greatest near the die. The 

contacts between the fibers affects their velocity and acceleration thus producing elongational 
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forces which reduces the fiber diameter if the fiber is hot enough for deformable (Yin et al., 

1999) (Yin et al., 2000). Literature shows that fiber temperature remains hot until the fibers 

laydown on the collector belt. It is also shown that fiber orientation varies substantially 

throughout the time and space. Two or more fibers at high temperature when contact each other 

can fuse together and forms one structure (Bresee, 2003). Meltblowing process is called self-

bonding process because the fibers are hot enough after their laydown which results in fiber 

fusion. It is also observed that polypropylene fibers crystallize after their laydown. Fiber 

shrinkage occurs when fibers are hot i.e. molecular relaxation time is short, after molecular 

orientation has occurred but crystallization is not occurred. The fibers can shrink during their 

travel or after laydown, this increases the fiber diameter. Web shrinkage is also observed by 

some of the researchers (Bresee, 2006). 
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2.3 Darcy’s Law 

Darcy’s law is a mathematical relationship that governs the flow of groundwater through 

granular media or the flow of other fluids through permeable materials such as petroleum 

through sandstone or limestone. There are many theories that are derived from this relation and 

it has become the foundation for quantitative work in the field of fluid flow (Darcy’s law, 

2016).  

In a report on the construction of the municipal water system in Dijon, France, Henry Gaspard 

Darcy (1803-1858) in 1856 published a relationship for flow rate of water in sand filters 

(Hassan, 2013). It is applicable for a steady state, laminar flow of an incompressible fluid for 

a homogeneous and an isotropic media. This law relates the amount of flow, the viscosity of 

the fluid, the difference in the pressure, the distance and the permeability of the two specific 

points.  

 

 

Figure 2.4 Schematic diagram showing definition and directions for Darcy’s Law 

 

𝑄
𝐴 =

𝑘∆𝑝
𝜂𝑙  
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Q is volumetric fluid flow rate (m3/s), A is the area of porous media (m2), k is specific 

permeability of the material (m2), ∆𝑝 is pressure difference (Pa), 𝜂 is the fluid viscosity (Pa.s), 

l is thickness (m).  

This law was originally derived on the study of flow through ground water but it has been 

found valid for any Newtonian fluid. It is important in determining the specific permeability 

(k) of the fabric from the pressure drop and air flow rate. ∆𝑝 is the capillary driving pressure 

which gives the rate of liquid absorption (Malkan, 1995). The Darcy’s Law is based on 

following assumptions,  

1. Interaction between fluid and the porous medium does not exist. 

2. The fluid is homogenous or single phase. 

3. Flow rate is within the laminar flow regime. 

Most of the literature provides Darcy as the unit of permeability, 

 

1	𝑑𝑎𝑟𝑐𝑦 =
1 𝑐𝑚1

𝑠𝑒𝑐
1 𝑐𝑚4 ∗

1(𝑐𝑃)

1(𝑎𝑡𝑚𝑐𝑚 )
 

 

Hence a medium with a permeability of 1 darcy allow flow of 1 cm3/sec of fluid with viscosity 

of 1cP under a pressure gradient of 1atm/cm acting across an area of 1 cm2. 
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2.4 Air Permeability 

Permeability was originally measured to provide information about the breathability of the 

clothing. It is a means of evaluating whether a fabric will make a cool or warm garment. Today 

it is widely used in paper, nonwovens and textile industries to characterize important attributes 

and their changes (Mao & Russell, 2003). Air permeability is one of the important performance 

characteristics of fibrous porous media (Pradhan et al., 2016). It can be defined as the volume 

of air which passes in unit time through unit area of fabric at constant pressure difference. It is 

a measurement of how good air can pass through a media. It is represented by K and is 

measurement of lack of resistance to air flow through nonwoven (Moore IV, 2015). 

Nonwovens with higher air permeability or higher K will have less resistance to air compared 

to lower permeability or lower K. Air permeability is affected by the structure of the nonwoven, 

rate of air flow, air viscosity and air flow pressure. It is governed by the nonwoven’s 

microstructural parameters such as fiber size, solid volume fraction and fiber arrangement 

(Jackson & James, 1986). Depending on the end application the air permeability is a key factor.  

Air permeability is very important to the function of the product whereas it is insignificant to 

its application. The prominent application for air permeability is in filtration, where the 

pressure drops or air permeability is one of the most important parameter used to evaluate the 

filter’s performance (Lawrence & Liu, 2006). The air permeability or pressure drop is related 

to the energy consumption as filter will low air permeability or higher pressure drop requires 

more energy in turn requires more money and vice-versa. Hence an ideal filter should have 

high air permeability and higher filtration efficiency. Air permeability is important in garments 

such as, apparels, medical gowns, engineered suits. It is also important in wound dressing, 
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where high air exchange prevents overheating and reduces seals bacterial growth which helps 

in healing process (Ajmeri & Joshi, 2011). Air permeability is directly related to sound 

absorption of the fabric; it is used for sound dampening in automotive industry. Decrease in 

air permeability will increase the resistance of air flow which will increase sound absorption 

(Jayaraman, 2005). It is also important in agro-textile i.e. the fabric used in agricultural fields. 

It is used to cover the plant from high temperatures, insects, birds and also provide adequate 

ventilation. It is also important in sports textiles and outdoors such as mosquito nets, 

parachutes, sails. Air permeability can be measured using wide range of instruments Figure 

2.5 shows lab air permeability tester from textest instruments. 

 

 

Figure 2.5 Lab air permeability (FX-3300) tester 

 

The concept of air permeability generally leads to inaccuracies because that value may vary 

with fluid properties and flow mechanism. Hence, the specific permeability is more helpful 
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because it is not dependent on fluid properties and flow mechanism. Darcy and meter2 are the 

two main units to represent permeability (1 darcy = 10-12 m2). Many researchers have 

previously worked on air permeability of nonwoven experimentally and analytically. Basically 

hydraulic radius theory and drag theory are used to predict the air permeability (Zhu et al., 

2015)  

Several theoretical models are published on predicting air permeability of a porous medium 

since last few decades. These models can be divided into two main categories, 

1. Drag force theory 

2. Capillary channel theory 

In drag theory it was assumed that the flow resistivity of all random fiber distribution per unit 

volume does not differ. The pressure drop was measured by assuming that the fabric has an 

isotropic and uniform structure; it was also assumed that number of fibers in each axis is equal 

and one of the axes is along the macroscopic flow direction. Many researchers such as 

Emersleben, Brinkman, Iberall, Happel, Kuwabara, Cox, Sangani & Acrivos have models 

based on drag theory. It is applicable to highly porous fibrous media. In capillary channel 

theory or the hydraulic radius theory, the flow through a nonwoven is considered as a flow 

between cylindrical capillary tubes. Many models are based on capillary theory including, 

Kozeny, Carman, Davies, Piekaar & Clarenburg, Dent (Russell, 2007). 
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2.5 Hydrostatic Head 

It is the resistance of a fabric to the penetration of water under hydrostatic head pressure. A 

fabric sample is placed in a hydrostatic head tester and water pressure is increased at a constant 

rate. The pressure at which water penetrates through the sample in three locations is water 

penetration pressure and is measured in centimeters of water gauge. It can also be performed 

at constant hydrostatic head and the time until penetration is recorded. Standard AATCC 127 

is used to measure resistance of fabric to the water penetration under hydrostatic pressure 

(Tyner, 2007). The water pressure can be applied from below or above the test sample and the 

applied pressure should be uniform across the fabric surface. As the height of the column of 

water increases the pressure increases. In the hydrostatic head test apparatus, the pressure 

difference across the fabric is mainly due to the water column. As the water in the column is 

stationary, the resulting pressure obtained is hydrostatic (Tyner, 2007). 

A fabric with higher hydrostatic head value indicates it has higher barrier to liquid penetration. 

It is extremely important for nonwoven products used as protective clothing such as medical 

textiles including surgical gowns, drapes, hygiene textiles such as diapers. It is also important 

in outdoors such tent fabrics, groundsheets, tarps. It is used in garments such as jackets. It is 

also used in marine applications. The phenomena of water transfer through the fabric is 

affected by its structure, which includes porosity, pore size and its distribution and tortuosity. 

The pore size is affected by fiber diameter and the solid volume fraction i.e. compactness of 

the fabric. Considering the structure has two pores, one smaller and other larger which are in 

contact with the liquid at rest. The larger one may not be able to raise the liquid to the full 

height of the nonwoven as the gravitational force of the rising liquid balances the capillary 
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force. The maximum height up to which a liquid can be raised in a closed pore is discussed in 

following sections (Chatterjee & Gupta, 2002). 

A very large pore may not raise the liquid or will raise it to a certain limit, causing it to be 

dormant.  The surface pores are open and exert low capillary pressure and raising liquid to a 

half of the height that in closed pores (Rengasamy et al., 2011). But in hydrostatic head test 

water penetrates through the pores i.e. water will easily penetrate through larger pore because 

the water is pressured through the fabric. Water resistance depends on the repellency of fibers 

and the fabric construction. Barrier resistance to penetration of liquid may be expressed as 

follows, 

 

𝐿𝑖𝑞𝑢𝑖𝑑	𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑖𝑠	𝑎	𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛	𝑜𝑓

=
𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝑇𝑒𝑛𝑠𝑖𝑜𝑛, 𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦, 𝐶𝑜𝑛𝑡𝑎𝑐𝑡	𝐴𝑛𝑔𝑙𝑒,𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙	𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑇𝑖𝑚𝑒, 𝑃𝑜𝑟𝑒	𝑅𝑎𝑑𝑖𝑢𝑠	𝑜𝑓	𝑀𝑎𝑡𝑒𝑖𝑎𝑙  

 

This suggests that fabric’s resistance to penetration of a liquid increases with increase in its 

surface tension, viscosity and the contact angle formed with the material and an increase in 

fabric thickness, whereas the resistance of the fabric decreases with increase in time and 

pressure of the liquid and the radius of the pore (Olderman, 1984). 

Wetting and Wicking behavior of fibers is important to describe fluid transport in fibrous 

medium. Wicking is the spontaneous transport of liquid into a porous medium by capillary 

forces. As capillary forces area caused by wetting; wicking is a spontaneous wetting in 

capillary system. 
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Figure 2.6 Hydrostatic head (FX-3000) tester 

 

2.5.1 Wetting  

In a fibrous medium the liquid must wet the fiber surfaces before being transported through 

the pores by capillary action. The interactions of molecules in the liquid bulk are balanced by 

an equal attractive force in all directions whereas the molecules on the surface of the liquid 

experience an imbalance of forces which leading to the presence of free energy at the liquid 

surface. This excess energy is called as surface free energy (usually termed as surface tension 

or force per unit length, mN/m), it keeps the surface area of liquid to a minimum and restricts 

the advancement the liquid over the solid surface. The liquid will wet the solid when the solid 

surface with sufficient surface energy overcomes the free surface energy of the liquid.  

According to Young-Dupre’s equation, 

 

𝛾KL−	𝛾KN = 	𝛾NL𝑐𝑜𝑠𝜃 
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Where 𝛾 is the interfacial surface tension between solid, vapor and liquid and 𝜃 is the contact 

angle. This equation is widely used for a water drop resting in equilibrium on a smooth, 

homogeneous, impermeable and non-deformable surface. The contact angle 𝜃	is the angle 

between the tangent to the liquid vapor interface and the solid-liquid interface (Miller & 

Young, 1975) (Miller, 1977). 

 

  

Figure 2.7 Schematic diagram of liquid drop showing the Young’s quantities (Tyner, 2007) 

 

The cosine of the contact angle is often used to represent the wettability of a medium and work 

of adhesion and surface free energy are useful parameters to understand wetting of the solid. 

Increasing wettability decreases the contact angle i.e. when contact angle tends to zero 

wettability is maximum whereas a higher contact angle will allow the water to run off the 

surface (Miller & Young, 1975) (Saville, 1999). 
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Figure 2.8 Different contact angle formed by a drop on a surface  

 

A contact angle of less than 900 favors wetting of the surface and allow the liquid to spread on 

the surface. To indicate the wetting is unfavorable, the contact angle must me at least 900 for a 

surface to be hydrophobic. Whereas when the contact angle is 1500 or more, the surface is said 

to be super-hydrophobic, there is no contact between the liquid drop and the surface. This 

phenomenon is called as lotus effect (Davis, 2010) (Lee & Michielsen, 2006) (Tyner, 2007) 

(Somasundaran, 2006). 

A SEM image of lotus is shown below. A water droplet cannot wet the entire lotus leaf because 

the micro-structure spaces do not get wet which allows the air to remain inside the surface 

texture, causing a heterogeneous surface composed of air and solid. Hence, the adhesive forces 

between the water and solid surface are very low which allows the water to roll off easily 

(Darmanin & Guittard, 2014). 
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Figure 2.9 SEM image of a lotus leaf (Wei, 2009) 

 

Wetting of the fabric with the liquids are classified into two categories: flow in the plane of 

the fabric and flow through the fabric in direction normal to the plane whereas studies of forced 

liquid flow through the fabric are studied in two ways, the liquid is forced at a constant velocity 

and the resistance to flow is measured or the liquid is forced by a controlled pressure gradient 

and the resultant flow rate is measured (in this case the driving pressure remains constant and 

it is systematically increased with time).  

 

2.5.2 Wicking 

Wicking can only occur when a liquid wets fiber in a fabric with capillary spaces between 

them. It can be described as a spontaneous flow of a liquid through a capillary accompanied 

by a spontaneous diffusion into the interior of the fibers (De Boer, 1980). Liquid can penetrate 

into the capillary through limited or unlimited water reservoir. Immersion, trans planar and 

longitudinal wicking takes place in unlimited liquid reservoir. The liquid spreading on the 

porous medium is involved with the attractive forces due to their influence on contact angle. 
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Once the medium is wetted the attractive forces doesn’t influence the liquid transport through 

the medium. The wicking process can be divided into four categories according to the fiber-

liquid interactions (Pan & Gibson, 2006),  

1. Capillary penetration only 

2. Simultaneous capillary penetration and diffusion of the liquid into the interior of the fibers 

3. Capillary penetration and adsorption of a surfactant on fibers. 

4. Adsorption of surfactant on fibers.  

Capillary pressure is a basic parameter in the study of the liquid transport into a porous 

medium. The capillary phenomenon is resulted from the forces acting on the liquid surface 

boundary and these forces originates from cohesive and adhesive attractions. In a single 

capillary tube, the capillary pressure is the pressure increment between the concave and convex 

side of meniscus (Dullien, 1992). According to Young-Laplace equation, 

 

𝑃P−𝑃4 = 𝛾(
1
𝑟P
+
1
𝑟4
) 

 

𝑃P	and	𝑃4 is the pressure across the concave and convex sides and 𝛾 is the surface tension of 

the liquid. The capillary pressure is the differential pressure across the liquid-air interface due 

to the meniscus curvature in the capillary pore (Chatterjee & Gupta, 2002) hence for a capillary 

with circular cross-section where the two principal radii are equal, the Laplace’s equation 

becomes, 

∆𝑃 =
2𝛾
𝑟 	 
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Lower the pore radius higher is the magnitude of capillary pressure. Hence the wicking 

phenomena occurs more spontaneously in the structure with smaller pores. When the capillary 

rise is reached maximum or stopped, the capillary pressure must be equal to the hydrostatic 

drop in the liquid column due to gravity, 

 

∆𝑃 = ∆𝜌𝑔ℎ = 𝜌𝑔ℎ 

 

where ∆𝜌 is the difference in the liquid and vapor densities. Therefore, the maximum height 

(h) reached by the liquid in a capillary is, 

ℎ =
2𝛾𝑐𝑜𝑠𝜃
𝑟𝜌𝑔  

 

If capillary pressure is higher than zero spontaneous water transport takes place through the 

pores when contact angle (i.e. 𝜃) is lower than 900C and if the contact angle i.e. 𝜃 is higher 

than 900C the capillary pressure is negative and fluid cannot intrude spontaneously through the 

medium.  

 

Figure 2.10 Schematic diagram of positive capillary pressure for a wetting liquid (right) and 

negative capillary pressure for a non-wetting liquid (left) 
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2.6 Importance of Barrier 

 Materials used in healthcare environment should function as protective barrier against the 

transfer of microorganisms, particulate and fluids to reduce their penetration and should also 

provide comfort. Due to the increase in human immunodeficiency virus (HIV), hepatitis B and 

C viruses within the health care industry, there is a need to prevent the health care workers 

from these hazards which can be caused by contacting or exchanging the body fluids. Even 

though how knowledgeable they are, these heath care workers are often at risk in blood-

exposure situations. Since surgical procedures frequently involves splashing, leaning at 

varying pressure, the protective barrier is required to prevent infection transmission (Cao, 

2007). 

Nonwovens are widely used in hospitals which acts as shield to protect professionals providing 

healthcare to the infected patients (Gosavi et al., 1994). These clothing fabrics should provide 

protection from environmental hazards and the degree of protection is dependent on the barrier 

effectiveness characteristics of the fabric. In a medical industry, the primary purpose is to 

protect from microbial invasion. In operating theaters, body fluids such as blood, perspiration 

from doctors or patients and other liquids such as alcohol, iodine in the surgical theaters can 

carry and transport microbiological contamination through the fabric. These fabrics are wetted 

by these liquids in the surgical environment hence to prevent the transmission of the bacteria 

and other infection carriers it is important to consider the barrier effectiveness of these fabrics 

(Cao, 2007). The function of barrier is to keep environmental fluids or particulates from 

penetrating a garment to reach the wearer (Bryner, 2014). These barrier fabrics should have 

antimicrobial properties as well as liquid barrier properties.  
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The rule of occupational safety and health administration’s (OSHA) on effective barrier 

performance clothing is that the garments must be designed to protect healthcare professionals 

against harm from exposure to blood borne pathogens. Two basic requirement of a protective 

garment is to prevent infection and to last longer. Protective coverings consist of surgical 

apparel and accessories, breathable membranes and barrier products. Applications include 

surgical products such as operating gowns, drapes, head covering, face mask, scrub apparel, 

central supply room (CSR) wrap, shoe covering and hygiene products. These products must be 

fluid proof and must provide comfort. Spunbond/meltblown/spunbond is the most popular 

method to produce these products because they offer an excellent barrier to liquid penetration. 

SMS is sandwich nonwoven fabric made of one or more meltblown layers in between two 

spunbond layers. But they are also made up of plastic-reinforced materials, woven polyester 

gowns, cotton/ polyester gowns, spunlaced polyester/wood pulp (Cao, 2007). 

 

 

Figure 2.11 Schematic diagram showing meltblown layer acting as a barrier  
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For many years ASTM F1670 or ASTM F 1671 was used to measure the fabric’s liquid/viral 

protection ability but these tests failed to meet the required standard. Hence, a new standard 

ASTM F2407, ‘Specification for surgical gowns intended for use in healthcare facilities’ was 

developed to facilitate the gown-selection process under the American Standards Institute 

(ANSI) and the Association for the Advancement of Medical Instrumentation (AAMI). 

 

2.7 Barrier Standard 

In 1978, The association for the advancement of medical instrumentation (AAMI) on the basis 

of liquid barrier performance established a system of classification for protective apparels used 

in medical and healthcare industry. It specified test methods for determining the compliance 

of protective apparel with the barrier properties for surgical gowns, single use and multiple use 

isolation gowns and other garments. These standards were published and accepted by the FDA 

in 2004 and were revised in 2009 and 2012 (AAMI, 2003). This standard includes four tests to 

evaluate the liquid barrier effectiveness at different levels of the protective fabrics. The test 

methods are as follows, 

Impact penetration Test: It measures the resistance of the fabric to penetration of water by 

spray impact, as measured by weight gain of a blotter paper. A lower number indicates higher 

resistance. 

Hydrostatic head: It measures the resistance of fabric to penetration of water under constantly 

increasing hydrostatic pressure, measured as hydrostatic resistance. A higher number indicates 

higher resistance.  
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Synthetic blood penetration resistance: It is used to evaluate the resistance of material to 

penetration of synthetic blood under continuous liquid contact. This test is only applied to 

surgical drapes. The test results are reported on the basis of pass or fail.   

Blood borne pathogens penetration resistance: It measures the resistance of fabric to the 

penetration of blood borne pathogens using a surrogate microbe.  

Four level of barrier performance are defined on the basis of these standardized test methods. 

One being the lowest level of protection and four being the highest level of protection (AAMI, 

2005). The four levels are reported below, 

 

Table 2.1 Specification for Surgical Gowns intended for use in Healthcare Facilities (Cao, 

2007) (Midha et al., 2012) 

Level Test Challenge with Results 

1 Spray impact penetration test (AATCC 42) Water ≤ 4.5g 

2 Spray impact penetration test (AATCC 42) 

Hydrostatic head test (AATCC 127) 

Water ≤ 1g 

≥ 20cm 

3 Spray impact penetration test (AATCC 42) 

Hydrostatic head test (AATCC 127) 

Water ≤ 1g 

≥ 50cm 

4 Synthetic blood test (ASTM F1670) 

Bacteriophage test (ASTM F1671) 

Surrogate blood 

Bacteriophage 

Phi-X174 

Pass 

Pass 
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Level 1 fabric provides the lowest barrier resistance by passing only AATCC 42 water impact 

penetration test with blotter paper weighing less than or equal to 4.5g. For passing Level 2 

mark the fabric has to undergo two tests, the spray impact test in which the blotter paper weight 

should be less than or equal to 1g and in hydrostatic head test in which the fabric must 

withstand the pressure of 20 cm or mbar water column. The fabric undergoes the same tests 

methods to determine the Level 3 barrier resistance but this time the Hydrostatic head value 

should be more than or equal to 50 cm and the blotter paper must weigh less than or equal to 

1g. Level 4 fabrics must meet the pass or fail criteria to the viral penetration tests. 

Different types of materials are classified based on the level of protection they provide (Ajmeri 

& Joshi, 2011) 

Level 1: Lightweight materials - Spunbond (S) Polypropylene and Spunlace PET/ Woodpulp.  

Level 2: Medium weight materials -  SMS and Spunlace PET/ Woodpulp. 

Level 3: Heavy weight materials - SMS (or different combinations of S & M). 

Level 4: Coated materials - SMS PP, Spunlace PET/ Woodpulp coated with Polyethylene (PE).  

To increase the functionality of these fabrics, antimicrobial, plasma, fluoro-chemical finish can 

provide a good barrier against blood, water and microbes. 

 

2.8 Factors Affecting Air Permeability and Hydrostatic Head 

The air permeability and hydrostatic head of the nonwoven is affected by the properties of the 

fabric i.e. fabric structure, or properties of fluid passing through the fabric. The fabric 

characteristics play an important role in determining the fluid flow through it and the fluid 

properties determine the extent to which the fabric affects the air flow.  
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2.8.1 Fabric Factors 

 

2.8.1.1 Fiber Diameter 

Fiber diameter is one of the important factors to affect the fluid flow through the fabric. Fiber 

diameter is one of the key factors to determine the structure and pore geometry of the fabric 

(Mao & Russell, 2003).  Fabrics produced with finer fibers have a larger surface area to mass 

ratio which results in a higher drag resistance and lower permeability compared to coarser 

fibers. Fiber diameter also affects the packing density and pore size of the fabric; fabric with 

finer fibers results in smaller pores ad more tortuous and longer flow paths resulting in lower 

permeability. For a given fabric density and structure, smaller fibers provide smaller pores and 

provide better barrier properties in filtration (Kim & Pourdeyhimi, 2000) (Velu, 2004). 

Meltblowing produces finer fibers with broader distribution of the diameters (Xu, 1996). It 

affects the fabric structure, hand and the mechanical properties. The fact that meltblowing 

produces softer feel is due to the very small fiber diameters. 

 

2.8.1.2 Fiber Cross-Section and Crimp 

The fluid flow through a fabric is affected by fiber cross-section shape as it has effect on fiber 

diameter and surface area. But there is little effect of cross section shape on resistance to the 

fluid flow through fiber mats when the aspect ratio of the fibers was below 3:1. But as fiber 

cross-section aspect ratio increased above 3:1 the air permeability decreased. (Labrecque, 

1967).  
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Fiber crimp is the waviness of the fiber which is expressed as waves or crimps per unit length. 

It is also defined as the difference between the lengths of the straightened and crimped fiber. 

Crimp has the ability to affect the fluid flow as it affects the structure. Increase in fiber crimp 

causes smaller pore diameter. Increase in crimp leads to an increase in number of crossovers 

mainly in the direction perpendicular to fiber axis. Whereas, on keeping number of crossovers 

constant, the increase in fiber crimp has no significant effect on pore size (Kim & Pourdeyhimi, 

2000). 

 

2.8.1.3 Solid Volume Fraction 

Solid volume fraction (SVF) is one of the most significant factor affecting fluid flow through 

the fabric medium. Solid volume fraction is the total volume of fibers to the bulk volume of 

fabric. It’s the percent of the fabric made up by solids or fibers whereas, porosity being the 

opposite of solid volume fraction is the percent of volume made up of air (solid volume fraction 

= 1 - porosity). Solid volume fraction is also referred as packing density of the fabric. If fiber 

diameter kept constant pressure drop across the fabric increases by increase in solid volume 

fraction (Wang et al., 2007). It means denser the fabric higher is the solid volume fraction 

because more fibers are there to resist the fluid flow through the fabric. Hence increase in solid 

volume fraction decreases the air permeability and decreases the hydrostatic head and vice-

versa.  

 

𝑆𝑉𝐹 =
𝐹𝑎𝑏𝑟𝑖𝑐	𝑑𝑒𝑛𝑠𝑖𝑡𝑦	 𝜌YZ[\]^
𝐹𝑖𝑏𝑒𝑟	𝑑𝑒𝑛𝑠𝑖𝑡𝑦	 𝜌Y][_\
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=
𝐵

𝑇 ∗ 𝜌Y][_\
 

𝑆𝑉𝐹	% =
𝜌YZ[\]^
𝜌Y][_\

100 

 

where Basis weight (B) is in g/m2, Thickness (T) is in m, Fiber density (𝜌Y][_\) is in g/m3 

 

2.8.1.4 Fabric Uniformity 

Uniformity is the consistency of the fabric across its width. Uniformity does not really decrease 

the air permeability but it does increase it. A uniform fabric should have consistent air flow 

through-out the width and a non-uniform fabric’s air permeability varies across the width. This 

variation of the flow results in higher air permeability if compared with a uniform fabric 

(Jackson & James, 1986) (Higdon & Ford, 1996). Similar is for hydrostatic head, increase in 

uniformity won’t affect the hydrostatic head value but a non-uniform fabric will have lower 

hydrostatic head. 

 

2.8.1.5 Fiber Orientation 

The meltblown nonwoven have preferential fiber arrangement direction due to the continuous 

movement of the conveyor belt. From industrial point of view the fabric should have same 

properties in all directions, hence the fiber distribution is an important structural feature which 

significantly affects the fabric’s physical and mechanical properties (Velu, 2004). Fiber 

orientation also affects the fluid flow as it determines fabric’s structural properties. According 

to nonwoven production methods, fibers are oriented in X and Y directions and there is limited 
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orientation in Z- directions (perpendicular to the plane). It is a major factor influencing the 

anisotropy of permeability and increase in anisotropy increases air permeability (Mao & 

Russell, 2000). Fiber orientation in Z-direction results in higher transverse permeability as 

there is lower pressure drop across the fabric because fibers are aligned parallel with the air 

flow and offers less resistance to the flow. Orientation of fibers affects the drag offered to the 

fluid flow. Nonwoven microstructure can be classified in three groups; Unidirectional structure 

(fiber axis are oriented perpendicular or parallel to the flow direction) (Chen & Papathanasiou, 

2006), layered structure (fiber axis lie randomly in the plane perpendicular to the fluid flow) 

(Maze el al., 2007) (Maze et al 2007), random structure (fiber axis can be arranged randomly 

in any spatial direction) (Tomandakis & Robertson, 2005). The fiber orientation in nonwoven 

is governed by the way in which the fabric has been produced i.e. the way the fibers are laid 

(Hearle & Stevenson, 1963). 

 

 

Figure 2.12 Fibrous structure classification based on fiber orientation a) Unidirectional 

b) Layered c) Random microstructure (Jaganathan, 2008) 
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2.8.1.6 Basis Weight 

It is obvious that basis weight will affect the fluid flow through a nonwoven. According to 

Kothari and Newton (1976), fabric weight per unit area is the one factor which is closely related 

to the air permeability. They found out that air permeability was directly proportional to the 

reciprocal of the fabric weight per unit area. But Dent (1976), contradicted Kothari and Newton 

by proving that basis weight was an important factor but its importance was affected by 

thickness and density of the web. Basis weight has effect on solid volume fraction hence it 

influences air permeability (Kothari & Newton, 1974) (Kothari & Newton, 1976). 

 

2.8.1.7 Thickness 

Thickness affects the mean flow length through the fabric hence influencing air permeability 

as well as hydrostatic head. Fluid flow through a nonwoven fabric depends secondly on fabric 

density (Kothari & Newton, 1976) which is function of thickness. Thicker fabrics results in 

more fibers causing more tortuous and longer pore channel connecting pores across the fabric 

(Vallabh et al., 2010). Thickness has ability to affect the solid volume fraction or porosity of a 

fabric. 

 

2.8.1.8 Pore Size and its Distribution 

Pore structure of a porous material distinguishes it from other solid materials. These porous 

medium is internally connected by three-dimensional network of capillary channels of non-

uniform dimensions. The non-solid phase is called as pores or voids (Dullien, 1979) (Bear, 

1988). The pore structure plays a key role in performance of nonwoven media for many 
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applications making it a most important structural feature (Xu, 196). Various types of 

porosimetry techniques like Mercury intrusion porosimetry, capillary flow porometer, liquid 

extrusion porosimetry are used to characterize the pore structure of fibrous medium (Miller & 

Tyomkin, 1994). 

There are three kinds of pores present in a nonwoven fabric; closed pores, through pores and 

blind pores. Through pores are open and allow the fluid flow through the nonwoven. Closed 

pores are not accessible and hence does not allow fluid to flow through them. The blind pores 

do not allow the flow of fluid through the medium as they terminate inside the fabric. The 

important pore structure characteristics are the smallest pore diameter, the largest pore 

diameter (bubble point pore diameter) and the mean pore diameter. Mean flow pore diameter 

is defined as half of the flow through the pores having diameter greater than mean flow pore 

diameter and the half of the flow through the pores having diameter smaller than mean flow 

pore diameter. In nonwovens, the pores have different cross-sections which makes the pore 

characterization more complex. Pore structure in a fibrous medium is affected by fiber 

orientation, fiber diameter, fiber crimp, porosity (Dullien, 1979) (Jena & Gupta 2002). 

 

 

Figure 2.13 Different pore types in a porous material (Jena & Gupta 2002) (Hutten, 2007) 
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2.8.1.9 Tortuosity 

The actual microscopic path followed by fluid during its flow through a void space is 

complicated due to the complex structure of a nonwoven and is quantified by the parameter, 

tortuosity. Tortuosity is the ratio of a true fluid flow path to the actual straight line distance 

between inflow and out flow. As the flow itself may change its path tortuosity is a kinematic 

quantity (Patnaik et al., 2006). Higher value of tortuosity indicates longer and complicated 

flow paths which results in higher resistance to fluid flow (Vallabh, 2010). 

 

Figure 2.14 Tortuosity, A- Actual flow path, B-schematic flow path (O’Connell, 2010) 

 

𝜉 =
𝐿
𝑋 

 

Some of the authors have also defined tortuosity as the square of the ration of effective length 

and characteristic length of the medium (Fogiel, 1984) (Brewser, 1992). 

 

𝜉 =
𝐿
𝑋

4
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2.8.2 Fluid Factors 

 

2.8.2.1 Fluid Characteristics  

Viscosity, density and compressibility are the fluid properties that affect its flow through a 

medium. Viscosity is the amount of internal friction or resistance of the flow. It can also be 

defined as the thickness or consistency of the fluid. Air for example is less viscous compared 

to water, hence it flows more easily through the fabric. The viscosity is also affected by the 

temperature of the fluid. Surface tension is another important fluid characteristic because, it is 

a contractile force caused by intermolecular attractions on the surface of the droplet which 

pulls it into its most stable shape (Cao, 2007). 

 

2.8.2.2 Fluid Velocity 

Velocity of the fluid plays a key role in determining the fluid permeability of the fabric. At 

lower air velocity air flow around the fibers and through open pore than at higher velocity. As 

the velocity increases the closed pores are forcefully opened, which results in increase in 

permeability. A sudden increase in air velocity will reduce the fabrics ability of resistance to 

the flow and hence will increase the flow. 

 

2.8.3 Manufacturing Process 

The manufacturing process plays a very important role on the flow of fluid through the fabrics 

as different manufacturing processes produce different fabric structures. Different web 

formation processes such as dry-laid, spun-laid, wet-laid have different impact on fiber 
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orientation, fiber diameter, web thickness and web uniformity. For example, in spun-laid 

process the web uniformity, fiber diameter, depends greatly on processing conditions whereas 

web uniformity, web thickness and fiber orientation in carded fabric depends on cross-lapping. 

Different bonding processes such as calendar bonding, chemical bonding, hydro-entangling, 

thermal, through-air bonding, needle punching also affects the web structure.  For example, 

thermal calendar bonding decreases the web thickness, whereas needle punching makes 

through-pores in the web by passing needles which increases air permeability (Padhan, 2016).  

 

2.9 Theoretical Mean Pore Models 

 

2.9.1 Wrotnowski 

Wrotnowski developed a mathematical model for calculating pore size for a fibrous mass 

which is made up of fibers that are circular in cross-section, straight, parallel, equidistant and 

arranged in square pattern. According to Wrotnowski, fiber diameter is the only variable to 

which pore size is related and the circular pore diameter developed between four fibers is given 

by, 

 

𝑑e =

42.5	 𝐹
𝜌Y

cos 45 −	𝑑Y 

 

where F is fiber linear density(denier), 𝜌Y is fabric/material density, 𝑑Yis fiber diameter. He 
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devised a method to measure the effective pore size and to check the above equation. In this 

test, special shaped fly ash particles were diluted with water to form slurry. This slurry was 

filtered on the fabric samples and the filtrate was run through a Millipore septum to collect all 

particles and the largest particles passing through the felt were measured using microscope 

with 900*magnification. 

 

 

Figure 2.15 Wrotnowski’s model for pore size (Russell, 2007) (Wrotnowski, 1962) 

 

2.9.5 Goeminne 

Goeminne showed the relationship between largest pore size, fiber diameter and fabric solid 

volume fraction as, 

 

𝑑e =
𝑑Y
𝑎  

 

He also showed the relation between mean pore size, fiber diameter and fabric solid volume 
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fraction for porosity less than 0.9 [2] [96] as, 

 

𝑑e =
𝑑Y
2𝑎 

 

In fluid dynamics pore size for cylindrical tubes can also be calculated using Hagen 

Poiseuille’s law, 

𝑟 =
8𝑘
p

m
 

where k is specific permeability (m2) (Russell, 2007). 

 

2.9.2 Tsai 

In a porous medium, if fibers are transverse to the flow direction, the air flow through the fabric 

obeys Darcy’s law, 

 

∆𝑝𝐴𝑅4

𝜇𝑄ℎ = 𝑓(𝑎) 

 

where a is the packing density, A is the fabric cross-sectional area, R is the mean fiber radius, 

Q is the air flow rate and h is the thickness. Davies provided a relation between packing density 

(between 0.006 < a < 0.3), 
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∆𝑝𝐴𝑅4

𝜇𝑄ℎ = 16𝑎P.p(1 + 56𝑎1) 

 

Darcy’s law becomes Hagen-Poiseuille’s law for the fluid flowing inside a circular pipe,  

 

∆𝑝
𝐿 =

32𝜇𝑣
𝐷4  

 

Together with the modification of the fluid flow, tortuosity (T), porosity (𝜀) or SVF (a) and 

web thickness (z) above equation becomes, 

 

𝐷4 =
32𝜇𝑣𝑧𝑇
∆𝑝(1 − 𝑎) 

 

by combining above equations, Tsai obtained the relation between pore size, SVF and fiber 

diameter, 

 

𝑑e = 𝑑Y
1

2 1 − 𝑎 4 𝑎 P.p 1 + 56a1
v.p

 

 

His results showed good agreement with values obtained by the coulter porometer II (Tsai, 

1999) 
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2.9.3 Neckar and Ibrahim 

Neckar and Ibrahim treated the pores between the fibers as air fibers surrounded by fictional 

borders. They assumed the pore surface area of fiber medium is equal to the area of contact 

between the fibers and air i.e. fiber surface area as the areas of contact are very small. Assuming 

the total pore length is independent of the packing density (a), the following equation must be 

valid, 

𝐿e =
1 + 𝑞 4

𝑘4 𝐿 

 

where Lp is total pore length, L is fiber length, q is cross-sectional shape factor of a fiber (𝑞 =

e
wx
− 1),	p is fiber circumference, d is fiber diameter and k is constant. Hence equivalent pore 

diameter can be,  

𝑑e =
𝑘

1 + 𝑞 (
1 − 𝑎
𝑎 )𝑑 

 

To simplify they assumed the fibers are regularly packed in a hexagonal structure and the 

segments connecting the fiber surface are considered as pore fictive borders. These pores will 

create an imaginary tubes and their lengths will be same as the length of fiber assembly. Further 

the number of pores is twice as the number of fibers, Lp/L= 2. Hence the equivalent pore 

diameter can be found out using following equation (Neckar & Ibrahim, 2003), 

 

𝑑e =
𝑑
2
(
1 − 𝑎
𝑎 ) 
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Figure 2.16 Pores in a hexagonal structure (Neckar & Ibrahim, 2003) 

 

2.9.6 Lifshutz 

Lifshutz modeled a nonwoven fibrous media as a planar stochastic array of straight lines 

forming multiple polygons assuming that the fibers are effectively infinite (Lifshutz, 2005). 

He derived a statistical correlation between mean flow pore diameter as measured using an 

automated capillary flow porometer, total fiber length per unit area and fiber diameter. He 

showed that that mean flow diameter can be simple multiple of mean hydraulic radius. He also 

concluded that a stochastic model of the medium leads to an exponential distribution of 

hydraulic diameter of the pores resulting from the mean flow pore diameter (Simmonds et al., 

2007). A pore in the planar model is not a capillary tube and it might be considered as orifice 

(Lifshutz, 2005). So depending on whether one assumes that pores in a nonwoven are in the 

form of capillary or orifice, the relationship between mean hydraulic pore diameter and the 

mean pore diameter for an orifice model is, 

 

𝑑e = 1.337𝑑z 

And for the capillary model, 
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𝑑e = 2.336𝑑z 

 

The correlation made by Lifshutz between modelled results and experimental data on a 

nonwoven fabric indicated that the total effective length of fiber determining the mean flow 

pore diameter is one to two magnitude smaller than the total length of fiber in the web. This 

means that mean pore diameter is determined by a very thin downstream layer of the fabric 

and it depends only on the fiber diameter and basis length of the fabric and he defined the basis 

length as the total length of fibers per unit area. 

 

Λ =
4𝐺
𝜋𝑑Y4𝜌

 

 

Where G is the mass per unit area (basis weight of fabric), df is fiber diameter, 𝜌 is fiber density.  

According to Lifshutz mean flow pore diameter is independent of porosity as long as the fabric 

remains highly porous and it is given by following relationship, 

 

𝑑e = 32.26𝑑Yv.41p~
4𝐺

𝜋𝜌Y𝑑Y4
�v.p4�

 

 

This model was compared against the data obtained for a range of wet laid glass microfiber 

hand sheet and electrospun nanofiber webs (Lifshutz, 2005). 
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2.9.4 Bryner 

Bryner’s approach is based on the notion that fiber deposition during fabric formation process 

is a Poisson process. The approach was to first determine the open pore area and the total 

number of pores. From that mean pore area was determined. The pores in nonwovens are 

polygons with sides formed by the free length of fibers between crossings, as the polygons 

characteristics are known the number and length of the sides were used to determine the 

average wetted perimeter of a pore. The mean perimeter and the pore area were used to 

determine the pore hydraulic radius, which was used to determine mean pore size.  

Bryner’s modeling shows that the mean pore size is directly proportional to fiber diameter and 

inversely proportional to the fiber/solid volume fraction. It also shows that maximum pore 

diameter is approximately three times the mean pore diameter. For straight stiff fibers, layer to 

layer interactions will be minimum and the number of elemental planes which were taken into 

account to describe the three-dimensional pore structure were 2. The mean pore size was as 

follows (Simmonds et al., 2007), 

 

𝑑e =
𝜋𝑑Y
8𝑎  

 

This model also came up with approximating maximum pore diameter. The approximate size 

of the largest pore (𝐷e) is three times the mean pore diameter. 

 

𝐷e	@	3𝑑e 
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2.9.7 Kiyak 

Kiyak developed a model under the assumptions that fibers are cylindrical and have equal 

density and size, fibers are randomly oriented on elemental plane of the nonwoven, and the 

liquid can flow only in a vertical direction. He followed the approach of Bryner to develop his 

unified model. In this model, fiber to fiber junctions were neglected to calculate mean pore 

perimeter because fiber to fiber crossover increases as SVF increases. This model is more 

useful for nonwovens with lower solid volume fraction. 𝜀 is percolation threshold (0.33), 𝜎	= 

0.65 and m = 0.19 are constants (Kiyak, 2016). 

 

𝑑e =
1 + 𝜎𝑎

1 − 𝑎 − 𝜀e
�

2𝑎 	𝑑Y 

 

This model predicted pore diameter larger than measured when fiber sizes were bigger than 10 

µm.  
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Table 2.2 Summarized Mean Pore Size Models 

Reference Model Equation 

Wrotnowski 

 

 

Goeminne  

Tsai 

 

Neckar & Ibrahim  

Bryner  

Lifshutz  

Bryner  

Kiyak  

𝑑p - mean pore size (µ), 𝑑f  - fiber diameter (µ), 𝜌fabric - fabric density (g/cm3), 

F - fiber linear density (denier), a - solid volume fraction, G - Basis Weight 

(g/m2), 𝜌𝑓 - Fiber density (g/cm3). 

 

 

 

 

𝑑e =

42.5	� 𝐹
𝜌YZ[\]^

cos 45
− 	𝑑Y 

𝑑e =
𝑑
√2

(
√1 − 𝑎
𝑎

) 

𝑑𝑝 = 𝑑𝑓 �
1

2(1 − 𝑎)2(𝑎)1.5(1 + 56a3)�
0.5

 

𝑑e =
𝑑Y
2𝑎

 

𝑑𝑝 = 32.26𝑑𝑓
0.2354 �

4𝐺

𝜋𝜌𝑓𝑑𝑓
2�

−0.526

 

𝑑𝑝	=
P� ��

��������
�

4Z
	𝑑Y 

𝑑e =
𝜋𝑑Y
8𝑎

 

𝑑e =
𝜋𝑑Y
8𝑎
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3 OBJECTIVE & APPROACH 

 

3.1 Objective 

The first objective is to study the effect of process parameters on fiber diameter and solid 

volume fraction. Fiber diameter and solid volume fraction are the most influential structural 

parameters which controls the pore size of nonwoven fabric. This study will examine how pore 

size can be controlled in nonwovens by forming a membrane-like structure during processing 

stage itself. The interest is in how we control pore size by controlling process parameter such 

as through-put, air flow rate and DCD which controls structural properties such as fiber 

diameter, solid volume fraction and basis weight during manufacturing. Another objective is 

to investigate the effective of spunbond on a meltblown nonwoven to control the hydrostatic 

head i.e. to study the difference in meltblown and spun-melt laminate.  

Pore size is predicted by many theories and models and choosing the right one for the 

nonwoven fabric is complicated. These models have been proven accurate by their 

authors/researchers as they come with specific conditions or assumptions only in which they 

are accurate. In actual they have been only situationally proven accurate.  Choosing a model 

for the prediction of pore size for a nonwoven fabric is complicated because of its complex 

and irregular structure. The inconsistency of these nonwoven structures leads to different pore 

sizes for different samples taken from different location of same fabric. This variability 

confines the theoretical ability to predict exact property of nonwoven fabric. Hence the final 

objective is to compare these pore size models with the experimental results which will be 

helpful in designing a meltblown nonwoven with required pore size in future. 
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3.2 Approach 

Pore size is one of the most critical parameter of a nonwoven medium to determine its barrier 

property. The literature revealed that pore size is a function of fiber diameter and solid volume 

fraction. Hence it is important to reduce the pore diameter to make the fabric highly barrier to 

fluid penetration. To achieve so a membrane-like structure has to formed during meltblowing 

by removing the secondary air while processing itself. The secondary air is usually at room or 

ambient temperature and its function is to quench the extruded filaments. The purpose behind 

removing the secondary air blowers is to fuse the filaments together before they solidify. So, a 

series of meltblown fabrics are produced at varied processing parameters and the relationship 

between processing conditions, structure and end properties are investigated. Another set of 

samples were made by depositing meltblown filaments on spunbond fabric to understand the 

role the spunbond plays in barrier property. 

Polypropylene (C3H6)n is chosen as a raw material as it is widely used in nonwoven industry 

because of its low price, low processing temperature, availability in wide range of melt flow 

index and its ease of recyclability. This study mainly focuses on nonwoven’s barrier property 

such as Hydrostatic head, which have not addressed in detail in literature and on air 

permeability. The fiber diameter and solid volume fraction of the nonwovens were investigated 

to get a fundamental understanding of the working and limitation of the various models with 

nonwoven fabrics. This research compares various theoretical models that uses fiber diameter 

and solid volume fraction/porosity of the nonwoven fabric to predict pore size with the 

experimental results of nonwovens produced through meltblowing. The purpose is to analyze 

the number of ways in which meltblown nonwoven’s properties can be predicted.  
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4 EXPERIMENTAL WORK 

 

This chapter presents the experimental work performed during this study. This includes the 

material, web formation and testing equipment. 

 

4.1 Material 

Polypropylene (PP) was used as a raw material. It is an extremely versatile polymer and it 

belongs to the category of polyolefinic polymers which are thermoplastic and have 𝐻4𝐶 =

𝐶𝐻 − 𝐶𝐻4 as a basic monomer structure. PP homopolymer is semi-crystalline in nature and its 

degree of crystallinity is dependent on the tacticity of the chains. PP has three tactic forms, 

istactic, syndiotactic and atactic. In isotactic chain, the methyl groups are located on the same 

side of the chain backbone. In syndiotactic chain, the methyl groups have alternate positions 

along the chain. Whereas in atactic chain, the methyl groups are randomly placed along the 

chain. PP is manufactured from the monomer propylene using Ziegler-Natta polymerization or 

Metallocene catalysis polymerization (Carraher Jr., 2010) 

 

 

Figure 4.1 Different tacticities of polypropylene (Paul, 2009) 

 
Isotactic 
 
 
Syndiotactic 
 
 
Atactic 
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 It was procured from Exxon Mobil (Achieve 6936G2, MFR ~1550). Polypropylene is widely 

used polymer for meltblown nonwoven production as it is relatively inexpensive and provides 

the highest yield (Albercht et al., 2006). Apart from its low cost, it is easy to process, good 

mechanical properties, lack of heat shrinkage, chemical inertness and its ability to be drawn 

into very fine fibers.  

 

 

Figure 4.2 Propylene polymerization  

 

MFR is widely used to describe the fluidity of a polymer melt. It is a flow value of amount of 

material (2.16 kg for polypropylene) extruded at a standardized temperature (2300 C for 

polypropylene) through a die under pressure from a set mass over a period of 10 min (Meyer 

et al., 1992). It is expressed in grams of polymer per 10 minutes of duration of the test. 

 

4.2 Web Formation 

In this research two set of fabrics were produced on Reifenhauser ReicofilTM meltblown pilot 

line. The width of the ReicofilTM meltblown die was 1 meter with 35 capillary holes per inch 



 

50 

for polymer extrusion with air gap/set back of 1mm/1mm. The secondary air blowers were 

removed during processing.  

In the first set, meltblown fabrics were produced using Exxon Mobil’s Achieve 6936G2 

(MFR~1550). In the second set, meltblown filaments produced from the same Exxon Mobil’s 

Achieve 6936G2 (~1550 MFR) polymer were deposited on a spunbond fabric (2-beam 

Calendar bonded, Reicofil-4) procured from AVINTIV (now Berry Plastics).  

Fabrics were produced using different process parameters at different levels such as throughput 

at 3 levels (0.2, 0.4, 0.6 ghm), air flow rate at 4 levels (600, 750, 900, 1100, 1300 m3/h/m), 

DCD was at 3 levels (100, 125, 150 mm) and also basis weight at 2 levels (10, 20gsm). Same 

processing profile was maintained for first and second set samples. A full factorial 

experimental design (Table 4.2) was developed to systematically evaluate the effect of process 

on the structural properties using the temperature profile shown in Table 4.1. 

 

Table 4.1 Meltblowing processing temperature profile 

Throughput 

(ghm) 

Extruder 

Temperature 

(0C) 

Connector 

Temperature 

(0C) 

Die 

Temperature 

(0C) 

Primary Air 

Temperature 

(0C) 

Suction 

(Pa) 

0.2 180-235 235 235 240 4000-5000 

0.4 180-220 220 220 225 4000-5000 

0.6 180-220 205 205 205 4000-5000 
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Table 4.2 Full factorial experimental design (as per planned) 

Basis 

weight 

(g/m2) 

 

Air flow 

rate 

(m3/h/m) 

 

Throughput 

(ghm) 

 

 

m) 

 

0.2 0.4 0.6 

DCD (mm) 125 150 175 125 150 175 125 150 175 

10 600  X X X X X X X X X 

750 X X X X X X X X X 

900 X X X X X X X X X 

1100 X X X X X X X X X 

1300 X X X X X X X X X 

20 600 X X X X X X X X X 

750 X X X X X X X X X 

900 X X X X X X X X X 

1100 X X X X X X X X X 

1300 X X X X X X X X X 

 

But due to fly and shot generation, all samples weren’t produced. Fly is one of the major defects 

that occur in meltblowing, it is composed of very small and very fine microfibers which are 

not trapped on the belt even with the help of suction but instead contaminate the surrounding. 

These are those fibers which are broken and released from the fiber stream during meltblowing 

and are released when the drag force is strong enough to break the fibers and/or the fiber 

entanglement is insufficient to retain broken filaments within the web formation (Bryner, 

2014). Shot is a particle of polymer which is larger than fibers and is formed by the elastic 
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‘snap back’ of the fiber ends upon breaking (Russell, 2007). This hot polymer particle creates 

a hole with a solid particle when it falls on a web, this defect is very serious in production of 

barrier fabric because a single shot will leak water and the hydrostatic head value will drop. 

Shots are also defined as groupings of the molten polymer materials or fibers through 

entangling and thermal bonding (Meyer et al., 105). Some researchers suggest that shots are 

not formed due to the broken filaments that snap back but are formed only if the filaments 

touch each other near the die (Butin & Lohkamp, 1973). 

The following table contains the processing parameters for actual fabric produced (X- sample 

made, X- sample not made intentionally, X- samples not made due to defect generation) 
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Table 4.3 Actually performed experiments (X- sample made, X- sample not made 

intentionally, X- sample not made due to defect generation) 

Basis 

weight 

(g/m2) 

Air flow 

rate 

(m3/h*m) 

Throughput 

(ghm) 

0.2 0.4 0.6 

  DCD (mm) 125 150 175 125 150 175 125 150 175 

10 600  X X X X X X X X X 

750 X X X X X X X X X 

900 X X X X X X X X X 

1100 X X X X X X X X X 

1300 X X X X X X X X X 

20 600 X X X X X X X X X 

750 X X X X X X X X X 

900 X X X X X X X X X 

1100 X X X X X X X X X 

1300 X X X X X X X X X 

 

The fabric characterization includes basis weight, thickness, fiber diameter, mean pore 

diameter, SVF calculations. 
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Table 4.4 Meltblown characterization (Set 1) 

Trail no. 

Basis 

Weight 

(g/m2) 

Thickness 

(micron) 

 

Fiber 

Diameter 

(micron) 

SVF 

 

Mean Pore 

Diameter 

(micron) 

Specific 

Permeability 

(k) (m2) 

Hydrostatic 

Head (cm) 

1 10.0 105.0 2.97±1.878 0.11 16.54 5.44*10-10 28.50 

3 20.0 189.7 2.72±1.735 0.12 12.60 17.38*10-10 54.50 

5 9.5 106.7 3.11±1.146 0.10 18.23 6.76*10-10 27.38 

7 18.5 183.1 2.84±1.194 0.11 14.26 4.92*10-10 53.25 

9 9.5 109.4 3.07±1.743 0.10 20.69 6.47*10-10 29.63 

11 19.0 180.8 2.94±1.844 0.12 13.44 5.07*10-10 43.88 

17 10.5 126.1 2.79±1.431 0.09 14.74 6.57*10-10 18.88 

19 20.0 166.5 4.01±1.781 0.13 11.57 2.79*10-10 61.09 

21 9.5 116.2 2.92±1.519 0.09 14.70 6.66*10-10 49.00 

23 19.5 171.1 2.58±1.188 0.13 11.47 3.25*10-10 39.50 

33 10.0 105.2 2.70±1.302 0.11 11.12 4.18*10-10 34.25 

35 20.0 196.7 2.54±1.204 0.11 13.67 5.36*10-10 52.00 

37 8.5 164.9 4.10±1.525 0.06 39.81 25.02*10-10 16.25 

39 18.0 318.1 4.64±1.7 0.06 16.89 15.11*10-10 38.75 

41 9.0 153.2 5.28±1.995 0.07 28.62 22.85*10-10 16.13 

43 18.0 298.2 3.91±1.394 0.07 20.44 18.01*10-10 25.00 

45 9.5 148.0 4.85±1.659 0.07 31.03 24.13*10-10 9.75 
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Table 4.4 Continued 

47 18.0 309.5 3.46±1.611 0.07 23.22 23.95*10-10 19.63 

51 19.0 288.1 3.75±1.397 0.07 N/A 9.64*10-10 51.00 

53 9.5 124.6 4.29±1.667 0.09 28.99 14.43*10-10 21.95 

55 17.3 248.8 3.70±1.212 0.08 16.70 9.46*10-10 50.00 

57 9.5 120.4 3.75±1.387 0.09 N/A 11.26*10-10 25.75 

59 18.5 205.4 3.44±1.784 0.10 N/A 8.03*10-10 44.38 

61 8.0 108.2 3.78±1.497 0.08 13.04 3.31*10-10 32.38 

63 18.0 202.5 3.48±1.765 0.10 N/A 5.46*10-10 55.63 

65 9.5 108.4 3.34±1.316 0.10 21.55 8.43*10-10 25.13 

67 18.0 177.9 3.21±1.558 0.11 12.15 6.54*10-10 75.25 

69 9.0 110.8 6.98±2.343 0.09 N/A 9.19*10-10 25.50 

73 10.5 328.5 7.96±2.998 0.04 N/A 101.48*10-10 5.38 

75 21.0 586.1 6.98±2.45 0.04 46.10 93.05*10-10 12.38 

77 10.5 280.2 8.20±2.554 0.04 N/A 102.25*10-10 5.13 

79 19.5 375.2 7.92±2.102 0.06 N/A 54.76*10-10 11.38 

81 23.5 371.1 7.12±2.788 0.07 N/A 71.70*10-10 4.13 

83 19.0 385.3 6.43±2.424 0.06 N/A 68.11*10-10 11.75 

85 10.5 245.0 6.98±2.49 0.05 N/A 52.94*10-10 9.38 

87 18.0 367.2 5.84±2.394 0.06 31.42 35.56*10-10 21.25 

89 11.5 248.2 6.69±2.514 0.05 N/A 62.70*10-10 8.88 
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Table 4.4 Continued 

91 34.5 477.0 5.78±1.789 0.08 40.54 31.18*10-10 17.65 

109 11.5 191.3 4.92±2.302 0.07 33.92 30.54*10-10 13.25 

111 21.5 323.1 4.44±1.884 0.07 19.02 21.55*10-10 26.63 

113 11.5 164.6 4.44±2.448 0.08 22.29 13.12*10-10 27.38 

115 21.0 254.9 4.14±1.837 0.09 16.09 9.12*10-10 49.00 

117 11.5 157.3 4.05±1.586 0.08 22.72 15.28*10-10 26.63 

119 20.5 248.4 4.39±1.889 0.09 18.34 11.18*10-10 38.63 

(N/A-Porosity too high to be measured by PMI, ± Standard deviation) 

 

4.3 Fabric Characterization 

 

4.3.1 Basis Weight Measurement 

Basis weight was measured according to ASTM D3776 standard using James Heal’s 

instrument. Basis weight of four circular samples of at least 13cm2 area were taken. It was 

calculated using, 

 

𝑤 =
𝑚
𝐴  

 

Where, m is the mass of the sample and A is the area of sample. The results were expressed as 

average of the four readings. 
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4.3.2 Thickness Measurement 

Thickness is a vertical distance between the two parallel surface of the medium. It was 

measured according to ASTM D1777 standard using Precision Thickness Gauge by Hanatek 

Instruments. The web is placed under the presser foot of thickness guage which is 

automatically operated and thickness is measured when the foot presser comes to rest on the 

web surface. Four samples were taken in units of micrometer (µm). The results were expressed 

as average of the four readings. 

 

4.3.3 Pore Size Measurement 

Pore structure of the meltblown nonwoven was analyzed based on the liquid extrusion 

porometry technique using capillary flow porometer, CFP-1100-AEL by Porous Material, Inc. 

In this experiment the fabric is filled with a wetting solution (GalwickTM) with known surface 

tension of 15.9 dynes/cm, and is subjected to gas pressure. The sample is completely wetted 

using the wetting solution making the contact angle 00. This technique provides pore throat 

diameter, average pore diameter and largest pore (bubble point). Pore size was measured 

according to the following equation (Jena & Gupta, 2002) (Jena & Gupta, 2005), 

 

𝑑e =
4g𝑐𝑜𝑠q
𝑝  

 

𝑑e is the pore diameter, g is the surface tension of the wetting liquid, q is the contact angle of 

the wetting liquid and p is the extrusion pressure. Two specimens of each nonwoven fabric 
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were tested and their average value was reported in this study. This technique is based on the 

principle of removing fluid using gas pressure from the pores, which is there because of the 

attractive forces and lower surface tension. The sample is wetted and the same procedure is 

applied on the dry sample. Along the pore path, the gas pressure required to displace the 

wetting solution in the pore is different at different locations. The largest through-pore throat 

diameter is the largest of the other pore diameters. This largest pore is the first pore to be 

emptied by the increasing gas pressure. The differential pressure required to start gas flow 

through the wet sample is the bubble point, as at this pressure the first air bubble forms. The 

bubble point pore diameter is measured from the bubble point pressure. The pore diameter is 

smallest at the pore throat hence; it requires highest amount of pressure to displace the wetting 

liquid. The mean flow pressure is the pressure at which the half dry curve and the wet curve 

has the same flow, from which mean pore diameter is computed. The calculation of the pore 

size is based on the equilibrium of the forces as, 

 

𝜋𝑑e𝛾𝐵𝑐𝑜𝑠𝜃 =
𝜋
4 𝑑e

4𝑝 

 

where 𝑑e is the pore diameter, 𝛾 is the surface tension, P is the pressure, B is the capillary 

constant. The left side of the equation is the resistance of the forces whereas the right side is 

the force that occurs due to applied pressure times the area of pore (Kopitar et al., 108). Hence,  

 

𝑑e =
4𝛾𝐵𝑐𝑜𝑠𝜃

𝑝  
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4.3.4 Fiber Diameter Measurement 

Scanning microscopy (SEM) images were obtained for each meltblown fabric. In this 

technique, the nonwoven samples were coated with a thin layer of gold and were analyzed 

using SEM (Phenom ProX) to study the finer morphology. The fiber diameter is defined as the 

length of the longest chord which is perpendicular to the longest distance that stretches through 

the center of the fiber (Uppal et al., 2013) The fiber diameter was measured using Image J 

software and 50 diameter measurements were obtained for each sample. The results were 

expressed as average of the 50 measurements and the ± indicates the standard deviations.  

 

4.3.5 Air Permeability Measurement 

Air permeability is a measure of air flow through a specific area of a nonwoven at a specific 

pressure drop. There are different methods which fixes the air flow rate and measure the 

pressure drop across the fabric, but measuring the air flow rate at constant pressure drop is 

widely followed. The air permeability was measured by following standard test method ASTM 

D737-04 using Fx-3300 LabAir by Textest instrument. The FX-3300 measures the air 

permeability of all kinds of flat materials as well as foam cubes by means of fixed pressure 

differential from 20 to 2000 Pa. In this research air permeability was measured under a pressure 

drop of 125 Pa.  

 

4.3.6 Hydrostatic Head Measurement 

The measure of the liquid barrier properties of a fabric is the Hydrostatic head test. The 

Hydrostatic head was measured following test standard AATCC-127 using FX-3000 by 
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Textest instrument. It measures the resistance of plastic foils, coated and uncoated fabrics and 

nonwovens to water penetration by means of the dynamic, static and program test method. 

This test determines the height of water which the fabric will support before three water 

droplets penetrate through it. The sample was placed on the test reservoir head and was 

subjected to standardized water pressure, increased at constant rate until leakage was observed 

on the outer surface of the sample. This test was repeated for four specimen of same samples. 

The average of the four measurements were reported. The test results are either reported in 

centimeter or in mbar, where 1 mbar is equal to 0.98 centimeters of water column height 

(Snowden, 2004). 
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5 RESULTS & DISCUSSION 

 

The samples were manufactured shots free. But in some cases, the water leakage was seen at 

certain points during hydrostatic head testing. This means though the samples were shots free, 

there is a small chance that shots might be present in some fabrics. In a barrier nonwoven 

fabric, not only the mean pore diameter is important but also the largest pore i.e. bubble point 

is equally important because, water and air will easily penetrate through a largest pore. Hence 

the effect of process on largest pore and the effect of largest pore on properties is also provided 

here.  

 

4.4 Effect of Process Parameters on Nonwoven’s Structure and Pore Size 

According to the pore size models, the mean pore size is a function of fiber size (diameter or 

denier), SVF and basis weight. This means that, fabric’s structural characteristics determine its 

pore size. Hence, controlling the fiber diameter and solid volume fraction will control the 

fabric’s pore diameter. The following sections shows the effect of process parameters such as 

throughput, air flow rate, DCD on fiber dimeter, solid volume fraction and pore size. 

 

5.1.1 Throughput 

Polymer throughput affects the fiber and web characteristics. Mean fiber diameter increases as 

throughput increases because same drag force from the hot air stream was experienced by the 

fiber at higher throughput. Similarly increase in throughput decreases the SVF because the 

coarser fibers reduce the fabric compactness. which means the finer fibers results in increases 
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in fabric compactness. Fig. 5.1 shows the SEM images of the nonwoven produced at different 

throughputs.  

Increase in throughout will increase the mean pore size because increase in throughput 

increases the mean fiber diameter which leads to less fibers per unit area thus, increasing pore 

size. Similar is the effect on bubble point i.e. the largest pore, increase in throughput increases 

the bubble point. Figure 5.2 and Figure 5.3 shows the effect on throughput on fabric structure. 

 

   
Throughput (ghm)-0.2 

Air flow rate (m3/h/m)-750 

DCD (mm)-150 

Fiber diameter (µm)- 2.79 

SVF (%)-9.36 

MPD (µm)-14.74 

BP (µm)-28.24 

 

 

Throughput (ghm)-0.4 

Air flow rate (m3/h/m)-750 

DCD (mm)-150 

Fiber diameter (µm)- 4.29 

SVF (%)-8.57 

MPD (µm)- 28.99 

BP (µm)-77.13 

 

Throughput (ghm)-0.6 

Air flow rate (m3/h/m)-750 

DCD (mm)-150 

Fiber diameter (µm)- 6.69 

SVF (%)-5.21 

MPD (µm)-N/A 

BP(µm)-N/A 

 

 

 

 

  (N/A- pore size too large to be measured) 

Figure 5.1 SEM images of samples with varying throughput 

 

 



 

63 

 

 

Figure 5.2 Effect of throughput on fiber diameter and SVF 

 

 

 

 

Figure 5.3 Effect of throughput on pore size 
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5.1.2 Air Flow Rate 

This Section shows the effect of air flow rate on fiber diameter and SVF. During the 

meltblowing process hot air breaks the polymer stream into fibers and attenuates them. 

Mean fiber diameter decreases with increase in air flow rate because increase in air flow 

rate increases the drag near the die which decreases the fiber diameter. The increase in drag 

force by the air attenuates the fibers. A fiber in this system is highly dynamic and is 

continuously in whip motion across the air flow as it exits the die towards the collector 

belt. This fiber whip motion creates a momentary drag force from air flowing normal to 

and down the axis of the fiber which also decreases the fiber diameter. Other extensional 

forces may arise due to fiber-fiber contact which results in fiber elongation. Similarly, 

increase in air flow rate increases the SVF because finer fibers increase the compactness 

of the fabric. Figure 5.4 shows the SEM images of the nonwoven produced at different air 

flow rates. 

Increase in air flow decreases the pore size because increase in air flow rate decreases the 

fiber diameter which decreases the pore size. The increase in air flow rate also reduces the 

number of pores because there are more number of fibers per unit area. Therefore, 

decreasing the air flow rate results in larger pore diameters. Similar is the effect on bubble 

point. Figure 5.5 and Figure 5.6 shows the effect of air flow rate on fabric structure. 
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Throughput (ghm)-0.6 

Air flow rate (m3/h/m)-600 

DCD (mm)-175 

Fiber diameter (µm)- 7.12 

SVF (%)-7.12 

MPD (µm)-N/A 

BP (µm)-N/A 

Throughput (ghm)-0.6 

Air flow rate (m3/h/m)-950 

DCD (mm)-175 

Fiber diameter (µm)- 4.92 

SVF (%)-6.75 

MPD (µm)-33.92 

BP (µm)-120.94 

Throughput (ghm)-0.6 

Air flow rate (m3/h/m)-1300 

DCD (mm)-175 

Fiber diameter (µm)- 4.05 

SVF (%)-8.21 

MPD (µm)-22.72 

BP (µm)-66.17 

(N/A- pore size too large to be measured) 

Figure 5.4 SEM images of samples with varying air flow rates 
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Figure 5.5 Effect of air flow rates on fiber diameter and SVF 

 

 

 

 

Figure 5.6 Effect of air flow rates on pore size  
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5.1.3 Die to Collector Distance (DCD) 

In this research DCD is quite low but still its effect on fiber diameter is not significant.  The 

fiber attenuation continued to occur at larger DCD this means, the temperature of the fibers 

was still hot enough for fiber elongation. With the normal aerodynamic drag, the change in 

fiber diameter is also caused by the fiber entanglement or fiber contact. But the effect of DCD 

was not significant compared to effect of other process parameters on fiber diameter. Increase 

in DCD decreases the SVF because it increases the fabric thickness. Increase in SVF can also 

be explained as decrease in fiber diameter i.e. more fibers are there in per unit area which 

increases the SVF. Finer fibers results in a higher surface area which increases the covering 

power of the fabric, increasing the SVF. 

In literatures, it is shown that increase in DCD increases the pores size since increase in DCD 

increases the SVF, the total pore volume in unit area decreases. Similar results were obtained 

here. Figure 5.7 shows the SEM images of the nonwoven produced at different DCD’s. Figure 

5.8 and Figure 5.9 shows the effect of DCD on fabric structure.  

 

 

 

 



 

68 

   
Throughput (ghm)-0.4 

Air flow rate (m3/h/m)-950 

DCD (mm)-125  

Fiber diameter (µm)-4.1 

SVF (%)-5.79 

MPD (µm)-37 

BP (µm)-86.4 

 

Throughput (ghm)-0.4 

Air flow rate (m3/h/m)-950 

DCD (mm)-150  

Fiber diameter (µm)-5.28 

SVF (%)-6.60 

MPD (µm)-41 

BP (µm)-90 

 

Throughput (ghm)-0.4 

Air flow rate (m3/h/m)-950 

DCD (mm)-175 

Fiber diameter (µm)-4.85 

SVF (%)-7.21 

MPD (µm)-45 

BP (µm)-88 

  

Figure 5.7 SEM images of sample at varying DCD’s. 
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Figure 5.8 Effect of DCD on fiber diameter 

  

 

 

 

Figure 5.9 Effect of DCD on pore size  
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5.1.4 Effect of Basis Weight  

Figure 5.10 shows the effect of basis weight on fiber diameter and SVF. It can be seen that 

increase in basis weight decreases the fiber diameter but this fiber diameter change is very 

small. It can be concluded that basis weight has no significant effect on fiber diameter because 

basis weight can be changed through the conveyor belt speed only (keeping the throughput 

constant). It can also be seen that increase in basis weight increases the SVF because at lower 

speed (i.e. higher basis weight) more number of fibers are laid down on the conveyor belt per 

unit area (i.e. increasing compactness). 

Figure 5.11 shows the effect of basis weight on pore size. It was observed that increase in basis 

weight decreased pore size. As the SVF of the fabric is increased with increase in basis weight 

it decreases the pore size.  

 

 

Figure 5.10 Effect of basis weight on fiber diameter and SVF 
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Figure 5.11 Effect of basis weight on pore size  
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increases the SVF hence reducing the air permeability. Changing fiber diameter and SVF 

played a very important role on the air permeability of the meltblown nonwovens. Increase in 

fiber diameter increased the air permeability and it was increased by lowering the SVF. This 
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shows SEM images of samples at varying air permeability. Figure 5.13 - Figure 5.16 shows 

the effect of fabric structural parameters on specific permeability. Figure 5.17 - Figure 5.19 

shows the effect of process parameters on specific permeability. 

 

   
Throughput (ghm)-0.4 

Air flow rate (m3/h/m)-950 

DCD (cm)-125 

Fiber diameter (µm)- 3.776 

SVF (%)-8.3 

MPD (µm)-13.07 

BP (µm)-29.02 

Air Permeability (cfm)- 69.2 

Basis Weight (gsm)- 10 

 

 

Throughput (ghm)-0.6 

Air flow rate (m3/h/m)-1100 

DCD (cm)-175 

Fiber diameter (µm)- 4.05 

SVF (%)-8.21 

MPD (µm)-22.17 

BP (µm)-66.17 

Air Permeability (cfm)- 220 

Basis Weight (gsm)-10 

 

Throughput (ghm)-0.6 

Air flow rate (m3/h/m)-600 

DCD (cm)-150 

Fiber diameter (µm)- 8.204 

SVF (%)-4.21 

MPD (µm)-N/A 

BP (µm)-N/A 

Air Permeability (cfm)-826.25 

Basis Weight (gsm)-10 

 

Figure 5.12 SEM images of samples at varying air permeability 
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Figure 5.13 Effect of fiber diameter on specific permeability  

 

 

 

 

Figure 5.14 Effect of SVF on specific permeability  
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Figure 5.15 Effect of mean pore diameter on specific permeability  

 

 

 

 

Figure 5.16 Effect of bubble point on specific permeability  
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Figure 5.17 Effect of throughput on specific permeability  

 

 

 

 

Figure 5.18 Effect of air flow rate on specific permeability  
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Figure 5.19 Effect of DCD on specific permeability  
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fibers which results in a higher water resistance. Similarly increase in SVF increases the 

hydrostatic head because it creates few paths for the air to flow through and more fibers per 

unit area resists the air through the fabric. Decrease in fiber diameter results in formation of 

tighter and compact web structure. Figure 5.20 SEM image of samples with varying hydrostatic 

head. Figure 21 - Figure 24 shows the effect of structural properties on hydrostatic head. Figure 

25 - Figure 27 shows the effect of processing parameters on hydrostatic head. 

 

   
Throughput (ghm)-0.2 

Air flow rate (m3/h/m)-950 

DCD (cm)-175 

Fiber diameter (µm)- 2.92 

SVF (%)-9.19 

MPD (µm)-14.7 

BP (µm)-25.97 

HH (cm)-49 

BW- 10gsm 

 

 

Throughput (ghm)-0.2 

Air flow rate (m3/h/m)-1100 

DCD (cm)-175 

Fiber diameter (µm)- 2.7 

SVF (%)-10.68 

MPD (µm)-11.12 

BP (µm)-18.03 

HH (cm)- 34.25 

BW- 10gsm 

 

Throughput (ghm)-0.2 

Air flow rate (m3/h/m)-750 

DCD (cm)-150 

Fiber diameter (µm)- 3.78 

SVF (%)-8.31 

MPD (µm)-13.04 

BP (µm)-29.02 

HH (cm)-32.37 

BW- 10gsm 

 
 

Figure 5.20 SEM image of samples with varying hydrostatic head 
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Figure 5.21 Effect of fiber diameter on hydrostatic head  

 

 

 

Figure 5.22 Effect of SVF on hydrostatic head 
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Figure 5.23 Effect of mean pore diameter on hydrostatic head 

 

 

 

 

 

Figure 5.24 Effect of bubble point on hydrostatic head  
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Figure 5.25 Effect of throughput on hydrostatic head  

 

 

 

 

Figure 5.26 Effect of air flow rate on hydrostatic head  
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Figure 5.27 Effect of DCD on hydrostatic head  
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hydrostatic head value for spunbond samples were very low and for most of them it failed. 

Hence spunbond fabric does not act as a barrier to water penetration. 

The reason of this substantial increase of hydrostatic head is that, the spunbond layer increases 

the strength of the laminates. As the laminates used to break during increase in water pressure, 

the spunbond layer provides an additional strength to the meltblown layer which helps it to 

withstand higher water pressure. 

Hydrostatic head for a 10 gsm Meltblown layer is compared with a 35 gsm Spunbond-

Meltblown at different DCD’s. In Fig. 5.28 (a), attaching a spunbond layer has increased the 

hydrostatic head in the range from 91-142%, In Fig. 5.28 (b), it is increased in the range of 42-

102%. In 5.28 (c), it is increased in the range of 33-85% In Fig. 5.28 (d), it is increased in the 

range of 234-324%. In Fig. 5. 5.28 (e), it is increased in the range of 14-45%. 

 

 

Figure 5.28 (a) Effect of DCD on hydrostatic head (T/P-0.2 ghm, AFR-600 m3/h/m) 
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Figure 5.28 (b) Effect of DCD on hydrostatic head (T/P-0.4 ghm, AFR-600 m3/h/m) 

 

 

 

 

Figure 5.28 (c) Effect of DCD on hydrostatic head (T/P-0.4 ghm, AFR-950 m3/h/m) 
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Figure 5.28 (d) Effect of DCD on hydrostatic head (T/P-0.6 ghm, AFR-600 m3/h/m) 

 

 

 

 

Figure 5.28 (e) Effect of DCD on hydrostatic head (T/P-0.6 ghm, AFR-1300 m3/h/m) 
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Table 5.1 Structure-Process-Property relationship of polypropylene meltblown nonwoven. 

      Response Fiber 
Diameter 

SVF Mean Pore 
Size 

Air 
Permeability 

Hydrostatic 
Head 

Throughput      

Air Flow Rate      

DCD        -             

 

5.5 Effective Process Parameters to Form Membrane-like Structure 

It has been observed in literature that fibers solidify before reaching the conveyor belt and the 

fiber diameter does not change after certain DCD level. In this research the fiber diameter is 

not changing considerably by changing DCD but the fibers are still hot enough (as the DCD is 

low) and finest to reduce the pore size which has increased the hydrostatic head. To form a 

membrane-like compact nonwoven structure the throughput and DCD must be low. Air flow 

rate should be that much which will produce fiber fibers (obviously higher air rate will produce 

finest fibers and will reduce the pore size). Table 5.2 contain those processing parameters 

which yielded high hydrostatic head. As can be seen from sample no. 1/2 and 21/22, hydrostatic 

head for sample 1 was lower than sample 21 but the value is almost same for sample 2 and 22 

(i.e. when the spunbond layer was attached to it) the percentage increase in first two samples 

is relatively higher than that of sample 21/22 which can provide an explanation of formation 

of a membrane like structure. Figure 29 compare the M and SM hydrostatic head. 
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Table 5.2 Processing parameters which yielded high hydrostatic head. 

Sample 

no. 

Throughput 

(ghm) 

Air Flow 

Rate 

(m^3/h/m) 

DCD 

(mm) 

Basis 

Weight 

(g/m^2) 

Mean 

Pore 

Diameter 

(µm) 

Bubble 

Point 

(µm) 

Hydrostatic 

Head (cm) 

Hydrostatic 

Head 

(%Increase) 

1 0.2 600 125 M-10 16.53915 33.0341 28.5 142.98 

2 0.2 600 125 SM-35 - - 69.25 - 

3 0.2 600 125 M-20 12.5986 26.57035 54.5 75.23 

4 0.2 600 125 SM-45 - - 95.5 - 

5 0.2 600 150 M-10 18.22815 36.62295 27.375 126.03 

6 0.2 600 150 SM-35 - - 61.875 - 

7 0.2 600 150 M-20 14.255 26.29045 53.25 62.68 

8 0.2 600 150 SM-45 - - 86.625 - 

9 0.2 600 175 M-10 20.6937 49.1667 29.625 91.56 

10 0.2 600 175 SM-35 - - 56.75 - 

11 0.2 600 175 M-20 13.4399 25.0854 43.875 58.40 

12 0.2 600 175 SM-45 - - 69.5 - 

17 0.2 750 150 M-10 14.7413 27.2415 29.875 120.50 

18 0.2 750 150 SM-35 - - 65.875 - 

19 0.2 750 150 M-20 11.5679 20.51375 63.125 52.08 

20 0.2 750 150 SM-45 - - 96 - 
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Table 5.3 Continued 

21 0.2 950 175 M-10 14.69765 25.9658 49 35.46 

22 0.2 950 175 SM-35 - - 66.375 - 

23 0.2 950 175 M-20 11.4706 18.50945 53.5 69.39 

24 0.2 950 175 SM-45 - - 90.625 - 

33 0.2 1100 175 M-10 11.11515 18.0255 54.25 37.10 

34 0.2 1100 175 SM-35 - - 74.375 - 

35 0.2 1100 175 M-20 13.674 26.42595 52 32.21 

36 0.2 1100 175 SM-45 - - 68.75 - 

43 0.4 600 150 M-20 20.44475 66.79175 25 89.50 

44 0.4 600 150 SM-45 - - 47.375 - 

53 0.4 750 150 M-10 28.99135 77.1321 21.95 112.30 

54 0.4 750 150 SM-35 - - 46.6 - 

57 0.4 950 175 M-10 N/A N/A 25.75 71.46 

58 0.4 950 175 SM-35 N/A N/A 44.15 - 

59 0.4 950 175 M-20 N/A N/A 44.375 42.25 

60 0.4 950 175 SM-45 N/A N/A 63.125 - 

65 0.4 950 150 M-10 21.5451 55.1358 25.125 85.47 

66 0.4 950 150 SM-35 - - 46.6 - 

69 0.4 1100 175 M-10 N/A N/A 25.5 62.45 

70 0.4 1100 175 SM-35 N/A N/A 41.425 - 
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Figure 5.29 (a) The highest hydrostatic head of the samples (10gsm) 

 

 

 

 

Figure 5.29 (b) The highest hydrostatic head of the samples (20gsm) 
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5.5 Comparison of Mean Pore Size Models. 

The following data is a comparison of the experimental results with the theoretical models. A 

model fits the experimental data well when the measured and predicted values are close to each 

other. A straight or a regression line equation is provided. Coefficient of determination is also 

calculated because it indicates how close the data is to the regression line.  

 

 

Figure 5.30 PMI data vs. Wrotnowski’s model for mean pore diameter 

 

Figure 5.30 shows the correlation between the mean pore diameter measured from PMI test 

and the results predicted by Wrotnowki’s theoretical model of calculating mean pore size. This 

model assumes that fibers are circular in cross-section and are straight parallel, equidistant and 

arranged in a square pattern i.e. a pore is generated in four fibers. According to this model pore 

size is only related to the fiber size. The fit looks good and the R2 value is satisfactory. The 

slope of the line is 0.5, which is low. So if we go 1 unit on x-axis the line will go 2 units up. 
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Figure 5.31 PMI data vs. Tsai’s model for mean pore diameter 

 

Figure 5.31 shows the correlation between the mean pore diameter measured from PMI test 

and the results predicted by Tsai’s theoretical model of calculating mean pore size. The fit 

looks good and the R2 value is satisfactory. The slope of the line is 0.82, which is good. So if 

we go 0.82 unit on x-axis the line will go 1 units up. 

 

 

Figure 5.32 PMI data vs. Neckar & Ibrahim’s model for mean pore diameter 
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Figure 5.32 shows the correlation between the mean pore diameter measured from PMI test 

and the results predicted by Neckar & Ibrahim’s theoretical model of calculating mean pore 

size. In this model it is assumed that fibers are regularly packed in a hexagonal structure and 

the segments connecting the fiber surface are considered as pore fictive borders. The fit looks 

good and the R2 value is satisfactory. The slope of the line is 1.73, which is high. So if we go 

1.73 unit on x-axis the line will go 1 unit up. 

 

 

Figure 5.33 PMI data vs. Goeminne’s model for mean pore diameter 

 

Figure 5.33 shows the correlation between the mean pore diameter measured from PMI test 

and the results predicted by Goeminne’s theoretical model of calculating mean pore size. The 

fit looks good and the R2 value is satisfactory. The slope of the line is 1.24, which is good. So 

if we go 1.24 unit on x-axis the line will go 1 unit up. 
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Figure 5.34 PMI data vs. Lifshutz’s model for mean pore diameter 

 

Figure 5.34 shows the correlation between the mean pore diameter measured from PMI test 

and the results predicted by Lifshutz’s theoretical model of calculating mean pore size. It is 

assumed in this model that fibrous media as planar stochastic array of straight lines forming 

multiple polygons. The model is only dependent on fiber diameter and basis weight but not on 

SVF. This model is for very porous structure i.e. SVF < 0.03 but the data obtained in this 

research has SVF > 0.03. Still all the samples were compared with this model.  The fit looks 

good and the R2 value is satisfactory. The slope of the line is 1.03, which is good. So if we go 

1.03 unit on x-axis the line will go 1 unit up.  
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Figure 5.35 (a) PMI data vs. Bryner model’s for mean pore diameter 

 

 

 

Figure 5.35 (b) PMI data vs. Bryner’s approximation for largest pore diameter 

 

Figure 5.35 (a) shows the correlation between the mean pore diameter measured from PMI test 

and the results predicted by Bryner’s theoretical model of calculating mean pore size. Bryner 
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also approximated that largest pore size is approximately equal to three times the mean pore 

size. Figure 5.35 (b) shows the correlation between largest pore diameter measured using PMI 

test and results predicted by Bryner’s approximation. According to this model, mean pore size 

is directly proportional to the fiber diameter and is inversely proportional to the SVF. The fit 

looks good and the R2 value is satisfactory for the both the graphs. For mean pore diameter, 

the slope of the line is 0.98, which is good, if we go 0.98 unit on x-axis the line will go 1 unit 

up. For the largest pore diameter, the fit of the line is not good but the R2 value is satisfactory. 

 

 

Figure 5.36 PMI data vs. Kiyak’s model for mean pore diameter 

 

Figure 5.36 shows the correlation between the Mean pore diameter measured from PMI test 

and the results predicted by Kiyak’s theoretical model of calculating mean pore size. It was 

assumed that fibers are cylindrical and have equal density and size, they are randomly oriented 

on an elemental plane of the nonwoven and the liquid can flow only in a vertical direction. The 
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fit looks good and the R2 value is satisfactory. The slope of the line is 1.28, which is good. So 

if we go 1.28 unit on x-axis the line will go 1 unit up. 

Tsai, Goeminne, Lifshutz, Bryner and Kiyak’s model were close in predicting mean pore 

diameter of a meltblown nonwoven. The regression line fit of their models is better compared 

to other models and the R-square value is between 0.59-0.72. Bryner and Lifshutz’s model 

provided the best regression line fit. The other models such as Wrotnowski and Neckar & 

Ibrahim have almost same R-square value but the slope of the regression line is very low for 

Wrotnowski and very high for Neckar & Ibrahim’s model. 

 

Table 5.3 Summary of Mean Pore size (PMI) vs. Models calculated Pore size 

Theoretical vs Experimental 

(Mean Pore Diameter) 

Relation Coefficient of 

Determination 

Wrotnowski vs PMI y = 0.5294x + 2.1294 R² = 0.73003 

Tsai vs PMI y = 0.8237x + 2.3246 R² = 0.72368 

Neckar & Ibrahim vs PMI y = 1.7337x - 2.8118 R² = 0.6992 

Goeminne vs PMI y = 1.2482x - 1.4657 R² = 0.70113 

Lifshutz vs PMI y = 1.0308x + 16.68 R² = 0.59379 

Bryner y = 0.9803x - 1.1512 R² = 0.70113 

Kiyak vs PMI y = 1.2794x - 0.7267 R² = 0.70362 
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6 CONCLUSION AND FUTURE RECOMMENDATIONS 

 

The fluid flow through a fabric is affected by numerous factors. In this study structural factors 

are used to understand their effect on fluid flow through a meltblown nonwoven. The structural 

parameters of the fabric, fiber diameter, solid volume fraction and pore size were studied to 

again fundamental understanding on fluid flow. It was observed that these structural 

parameters play a very important role in fabric barrier properties. The barrier property of a 

nonwoven in this research is defined by barrier to air and water i.e. the air permeability and 

hydrostatic head of the fabric is studied in detail. The relationship or effect on process 

parameters on fabric structure is also defined. To conclude, the process-structure-property 

relationship was studied in this research. The effect of process parameters such throughput, air 

flow rate, DCD on fiber diameter, solid volume fraction and pore size is investigated over a 

wide range of experimental data. Their effect on mean pore diameter and largest pore diameter 

is also discussed here. The fiber diameter and SVF significantly affects the flow of fluid 

through a nonwoven. Increase in fiber diameter increases the air permeability and decreases 

hydrostatic head. Increase in SVF decreases air permeability and increases hydrostatic head.  

The experiments were carried out at different processing parameters. The secondary air was 

removed from the system i.e. the secondary air was not used to cool the filaments. Removal of 

the secondary air system provided more time for fibers to be at higher temperature which on 

contact with each other fused together to form a membrane-like structure. Full factorial design 

of experiment was developed to understand the effect of different process and interactions on 

the nonwoven structure. Throughput at 3 levels, air flow rate at 5 levels, DCD at 3 levels, basis 
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weight at 2 levels, making total of 90 experiments. Apart from these 90 planned meltblown 

samples, a spunbond fabric was laminated with other 90 meltblown layers to form SM 

laminate. So total of 180 samples including M and SM were planned to produce. But actually 

only 44 M and 44 SM samples were produced due to the defect generation. These defects 

include fly and shot generation. Fly were caused at low DCD or very high air flow rate or at 

very low throughput. Whereas shots were caused at high throughput, DCD too high, air flow 

rate too low. Removal of the secondary air allowed the fibers to maintain their higher 

temperature and prevent them from solidification which resulted in formation of a membrane-

like structure. This was proved during the hydrostatic testing; the water did not penetrate from 

those samples but rather the fabric used to break at certain water pressure. This water pressure 

value i.e. the hydrostatic head value increased by a large number when a spunbond layer was 

attached to it. 

According to literature the pore size and its distribution is important for fluid flow through the 

fabric hence there is an interest in producing nonwoven with required pore size. From an 

industrial point of view, it is always important to understand pore structure of a nonwoven 

before starting the production. Hence it is important to predict the pore size of a nonwoven 

material but predicting the mean pore size of a nonwoven is difficult because it depends in the 

way they were manufactured and the randomness of the nonwoven. Many researchers have 

previously developed models to predict the pore size. According to most of the models, the 

two structural properties i.e. fiber diameter and SVF are directly related to the mean pore size. 

Hence these models were verified through our experimental data with different fiber diameter 

and solid volume fraction. The models predicted mean pore size for meltblown nonwoven with 
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a good agreement. This means that pore size of a nonwoven can be defined by fiber diameter 

and SVF. These comparisons revealed that the Goeminne, Bryner, Lifshutz and Kiyak’s model 

had better agreement than others.  

Almost all these available mean pore size predicting models were developed under certain 

assumptions. Due to a random structure of a nonwoven medium, a model has yet to be created 

to accurately predict the mean pore diameter. In future the available data in this research should 

be further studied to design a nonwoven with a required pore size. The uniformity of the fabric 

should also be studied. Basis weight, pore size should be studied at different fabric locations 

i.e. width wise as well as diagonally. As fiber orientation plays an important role in pore 

characterizations, it should be studied further to incorporate it in modelling pore size.  Different 

grades of polymeric materials should be investigated and a much more controlled experiment 

should be carried out. The hydrostatic head value should be compared with industrial samples 

to get a better understanding. Fluid characteristics should also be studied to see the effect of 

fluid viscosity, surface tension etc. on the barrier properties.  
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Appendix A 

Figure 5.2 Effect of Throughput on Fiber Diameter (at AFR-600 m3/h/m, DCD-150 mm, 
10gsm) 
Figure 5.3 Effect of Throughput on Pore Size (at AFR-750 m3/h/m, DCD-150 mm, 20gsm) 
Figure 5.5 Effect of air flow rates on fiber diameter (T/P-0.4 ghm, DCD-150 mm, 10gsm) 
Figure 5.6 Effect of Air flow rates on Pore Size (T/P-0.2 ghm, DCD-175 mm, 10 gsm) 
Figure 5.8 Effect of DCD on fiber diameter (at AFR-600 m3/h/m, T/P-0.2 ghm, 10 gsm) 
Figure 5.9 Effect of DCD on pore size (at AFR-600 m3/h/m, T/P-0.2 ghm,10 gsm) 
Figure 5.10 Effect of basis weight on fiber diameter and SVF (at T/P-0.2 ghm, AFR-600 
m3/h/m, DCD-175, 10 gsm) 
Figure 5.11 Effect of basis weight on pore size (at AFR-750 m3/h/m, T/P-0.2ghm) 
Figure 5.16 Effect of bubble point on specific permeability (at wide range of data, 10 gsm) 
Figure 5.17 Effect of throughput on specific permeability (DCD-175mm, AFR-950, 10gsm) 
Figure 5.18 Effect of air flow rate on specific permeability (DCD-150 mm, 10 gsm) 
Figure 5.19 Effect of DCD on specific permeability (at T/P-0.4 gsm, AFR-950 m3/h/m, 10 
gsm) 
Figure 5.25 Effect of throughput on hydrostatic head (AFR-950 m3/h/m, DCD-175 mm, 10 
gsm) 
Figure 5.26 Effect of air flow rate on hydrostatic head (T/P-0.2 ghm, DCD-175 mm, 10 gsm) 
Figure 5.27 Effect of DCD on hydrostatic head (T/P-0.4 ghm, AFR-600 m3/h/m, 10 gsm) 
Figure 5.28 (a) Effect of DCD on hydrostatic head (T/P-0.2 ghm, AFR-600 m3/h/m) 
Figure 5.28 (b) Effect of DCD on hydrostatic head (T/P-0.4 ghm, AFR-600 m3/h/m) 
Figure 5.28 (c) Effect of DCD on hydrostatic head (T/P- 0.4 ghm, AFR-950 m3/h/m) 
Figure 5.28 (d) Effect of DCD on hydrostatic head (T/P-0.6 ghm, AFR-600 m3/h/m) 
Figure 5.28 (e) Effect of DCD on hydrostatic head (T/P 0.6 ghm, AFR-1300 m3/h/m) 

 

 


