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Foreword

Colonial papermakers would truly be 
amazed at the technological achieve

ments that the paper industry has attained. 
Asten is fortunate to have had a major role in 
ensuring the success of those achievements.

Starting more than 120 years ago with 
simple weave structures manufactured from 
metal, wool, and cotton, Asten has evolved its 
paper machine clothing into sophisticated prod
ucts made from synthetic fibers with highly en
gineered properties for distinct paper machine 
applications. These new products and technolo
gies, combined with modem and advanced 
manufacturing techniques, have offered tre
mendous opportunities for sophisticated paper 
machine clothing products to meet the demand
ing needs of today’s paper machines.

Asten has played an instmmental role in the 
technological shift from the art of papermaking 
to the science of papermaking. As papermaking 
processes have become more sophisticated and 
demanding, Asten has continually demon
strated its leadership by providing the highest 
quality, innovative products and services avail
able anywhere in the paper machine clothing 
industry. Today our dynamic organization is 
providing a full range of paper machine cloth
ing in every major global market.

The management of Asten is proud to pre
sent the first edition of Paper Machine Cloth

ing. We are delighted and fortunate that the 
book is authored by a former Asten associate. 
Dr. Sabit Adanur. Also, we are grateful to all 
Asten associates who contributed signifi
cantly to the publication of this book.

Dr. Adanur holds a Ph.D. in Fiber Polymer 
Science and an M.S. degree in Textile Engi
neering and Science from North Carolina State 
University, as well as a B.S. degree in Me
chanical Engineering from Istanbul Technical 
University. Currently a professor in the Tex
tile Engineering Department at Auburn Uni
versity, Dr. Adanur spent three years at Asten 
as manager of Research and Development.

This first edition of Paper Machine Cloth
ing is designed as a comprehensive resource 
for managers, engineers, professionals and 
production specialists who work directly or 
indirectly with the papermaking process. The 
book contains the latest technology available 
in the profession.

Asten is proud to be part of an alliance with 
the industry it serves to help introduce these 
new paper technologies that have kept our 
industry on the leading edge of a global and 
competitive paper industry.

We hope you will find this book educational 
and informative. Furthermore, we truly hope 
that it will be used to further advance the 
science of papermaking.

W i l l i a m  A. F i n n  
Asten, Inc.
President and CEO
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Introduction

The first two basic necessities of civilization 
are textiles and paper. Assuming that a 

person’s stomach is full (food is a must for 
survival not a necessity for civilization), his 
next need is a piece of cloth to cover his body 
to look more civilized to the eye and protect 
himself from the adverse effects of the envi
ronment. The second necessity to be further 
civilized is a piece of paper to write on or to 
read from to communicate and to extend his 
knowledge as well as to record history. There 
has been a direct correlation between a na
tion’s standard of living and the amount of 
textiles and paper used.

Although textiles and paper are in general 
different products, they have some interesting 
commonalities between them. They both use 
fibers in their final products. Both of their 
manufacturing processes are a mixture of sci
ence and art, two of the most ancient arts, 
indeed. Neither textile nor paper manufactur
ing processes are positively controlled. That 
is, in either case it is hardly possible to control 
the individual fiber which is the smallest 
meaningful building block in the structure. 
Moreover, there are some products that may 
be classified as both nonwoven textiles and 
paper, depending on which industry you are 
in. These products link the two industries to
gether. There are of course some differences 
between a textile product and paper. Textiles 
in general use longer fibers than paper. Paper 
uses mostly wood and other plant fibers; tex
tiles use both natural and man-made fibers.

Nonwoven paper and textile products mostly 
use synthetic fibers. In a textile product, fric
tional and mechanical forces are the major 
forces that hold the textile fibers together giv
ing the structural integrity to the product. In 
paper, relatively short fibers are chemically 
bonded together with hydrogen bonds.

Another link between the textile industry 
and paper industry is paper machine clothing. 
The paper machine clothing industry involves 
both textile and paper aspects which makes 
it fascinating. Paper machine clothing is an 
integral part of the papermaking process. Pa
per and related products such as books, news
papers, magazines, tissue, towels, bags and 
currency, etc., cannot be made without a tex
tile fabric with today’s technology. Therefore, 
textile fabrics are essential to the well being 
of the paper industry. Textile fabrics are also 
essential in the manufacture of other textile 
products such as nonwoven textiles.

Although this book is mainly about paper 
machine clothing, it also has some concise 
information about papermaking, paper struc
ture and properties. Therefore, this book may 
serve as a bridge between the textile industry 
and the paper industry. Paper topics related 
to paper machine clothing are included for 
convenience to the reader. Highly sophisti
cated structures and properties of paper ma
chine clothing cannot be fully comprehended 
or appreciated without some knowledge of 
pulp and paper technology, structure and prop
erties. A further similarity between textiles

IX



Introduction

and paper is seen in the terminology that is 
used in both industries. Some terms are used 
in both industries with the same or completely 
different meanings.

Chapter 1 is a brief introduction to pulp and 
paper technology. Major steps in pulp and pa
per manufacturing and technology are summa
rized. A brief history of papermaking is given.

Chapter 2 is about formation. The sheet 
formation mechanism is described. Design, 
manufacturing, testing, application and ser
vice of forming fabrics are explained in detail. 
Pressing is covered in Chapter 3. Theory of 
water removal is explained. Design, manufac
turing, testing and service of press fabrics are 
given in detail. Drying is the subject of Chap
ter 4. The role of dryer fabrics in paper drying 
is explained. Dryer fabric design, manufactur
ing, testing and applications are covered.

Chapter 5 explains the paper machine 
auditing for forming, press and dryer sections. 
It gives insight to the papermaker about the type 
of analysis that can be done on a paper machine. 
Paper structure, properties and testing are cov
ered in Chapter 6, whose main purpose is to 
give a concise summary to the reader about this 
wide area. This is helpful in design and manu
facturing of paper machine clothing.

In today’s highly competitive environment, 
no manufacturing is meaningful without good 
product quality and any book related to paper 
machine clothing and papermaking would be 
incomplete without a chapter on quality. There 
fore. Chapter 7 is devoted to Total Quality 
Management (TQM) and Statistical Process 
Control (SPC) which are the tools used to 
improve quality. ISO 9000 and 14000 stan
dards are also explained. Another equally im
portant area, computer applications, is in
cluded in Chapter 8. A terminology of the 
state-of-the-art computer technology is given. 
Application of computers is briefly discussed. 
An attempt is made in Chapter 9 to review 
the trends for the future of papermaking and 
paper machine clothing.

Units present a challenge in writing a book 
in this field. Although desired, use of metric 
units throughout the book is neither practical 
nor convenient to the reader. Therefore, both 
metric and standard units are used in the book.

whichever made more “sense” in the current 
industry practice. A unit conversion table is 
given in Appendix O to convert units from 
one system to the other.

This book could not have been a reality 
without help. I thank God for everything that 
made it possible. I would like to thank Mr. 
William A. Finn, who made his company’s 
human and technical resources freely avail
able for the successful outcome of the book. 
Mr. Daniel D. Cappell provided the necessary 
technical information for the book and offered 
editorial comments. Special thanks are ex
tended to Prof. Dr. William K. Walsh, Textile 
Engineering Department Head, and Prof. Dr. 
William F. Walker, Dean of the College of 
Engineering, for their leadership and support. 
Last but not least, this book would not have 
been possible without my wife Nebiye’s con
tinuous help and support.

I would like to acknowledge many people, 
institutions, universities and companies who 
have contributed to the book by providing 
information, pictures, graphs and data. Each 
chapter has been reviewed and edited by sev
eral professionals for technical content which 
is greatly appreciated. I would like to thank 
the following individuals for their help in 
preparation of this book: Charlie Abraham, 
Dave Antos, Elwood Beach, Bill Boyce, 
Thomas Butler, Payton Crosby, Frank Cun- 
nane, Mark Davis, Tom Durkin, Ted Fry, 
Mike Harvey, Adolphe Hermens, Sam Her
ring, Dieter Kuckart, Bob Ledet, Ken 
McCumsey, Bob Mclntire, Karen Moore, 
James Nicholaou, Prof. Dr. Gerald Ring, 
Ralph Sieberth, Marcel Siquet, Bill Summer, 
Paul Sutherland, W. Thommen, Glen Town- 
ley, Rex Treece, Lennart Vihma and Dietmar 
Wirtz. My sincere apologies to those whose 
names I might have failed to mention for their 
valuable time and contributions.

Since the amount of paper consumed is an 
indication of a nation’s standard of living, the 
future of paper industry and paper machine 
clothing is bright. My hope is that this book will 
be useful for industry and academic profession
als as well as students in shaping that future.

S a b i t  A d a n u r



Overview of Pulp and Paper Technology

The raw material for paper is fiber. Pulping is 
the process of separating the fibers, suitable 

for papermaking, from the non-fibrous mate
rial of wood or other fibrous sources. Pa
permaking is the process of consolidating indi
vidual fibers in the pulp into an integrated sheet 
structure. Since fibers can not be used in pulp 
form, paper manufacturing is a natural continu
ation of pulp manufacturing. In other words, 
pulp is an intermediate product for the paper 
which is the final product. Figure 1.1 shows the 
main steps in pulp and paper manufacturing. 
Pulp and paper manufacturing can be done at 
the same location or different locations. Figure
1.2 (page 7) shows a pulp and paper mill. A 
complete cycle of the pulp and paper technol
ogy is shown in Figure 1.3 (page 9).

Figure 1.4 (page 10) shows the schematics 
of the steps in pulp and paper manufacturing 
using the chemical pulping method. Although 
the manufacture of pulp and paper is not the 
main topic of this book, a brief summary of 
these processes will be given in the following 
sections of this chapter for reader conve
nience. Since paper machine clothing is di
rectly used during papermaking, paper ma
chines and papermaking process are covered 
in more detail throughout the book. There are 
excellent books regarding the pulp and paper 
manufacturing. The reader is referred to those 
sources for more in-depth information on 
these subjects.

Although there are many types of fibers 
that are suitable for papermaking, wood fibers

are the most widely used (Section 6.1, Chapter 
6). Wood is a renewable source which is a 
big advantage for paper industry compared to 
other industries whose resources may not be 
renewable. Every year, billions of trees are 
planted to ensure a continuing source of wood 
(Figure 1.5 on page 11). In fact, the commer
cial forest growth exceeds the harvest and nat
ural tree mortality in the United States. For 
example, in 1994, some 1.5 billion seedlings 
were planted in the United States. As a result, 
there are 20% more trees in the United States 
today than just 20 years ago. The following 
discussion is given for wood pulp and paper 
manufacturing.

1.1 Pulp M anufacturing

Pulp is defined as “fibrous material pro
duced either chemically or mechanically (or 
by some combination of chemical and me
chanical means) from wood or other cellulosic 
raw material” [2].

The wood cell has a nonliving cell wall 
made of cellulose fibers, hemicellulose and 
lignin which give strength and support to the 
cell wall. Cellulose is a carbohydrate, i.e., it 
is made of carbon, hydrogen and oxygen. It 
does not dissolve in water and its surface is 
hydrophilic. Cellulose imparts high tensile 
stiffness and strength to the structure. The 
amount of cellulose in the native wood fiber 
is less than 50%. Lignin holds the cellulose

1
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separation 
o f fibers

fibers with 
water

(filtration of  
slurry through 
fabric)

and drying

FIGURE 1.1. Main steps in pulp and paper manufacturing.

fibers together in the cell wall. Therefore, lig
nin must be removed to separate the individual 
cellulose fibers which eventually become pa
per. Lignin is difficult to remove. Some of 
the hemicellulose, which has some properties 
of cellulose and lignin, is also removed during 
the pulp manufacturing process.

Pulp is manufactured in pulp mills where 
trees are turned into pulp by separating wood 
into individual fibers. This is done in several 
steps [1,3,4]:

Step 1: Trees are cut into logs and showered 
with water to remove sand and soil.

Step 2: The bark and rotted parts in logs 
are removed in the barker since they do not 
make high quality paper. There are various 
types of barkers. A common type of barker is 
a cylindrical drum with open ends (Figure
1.4). Logs enter from one end, rub against 
each other inside the drum until bark is re
moved with friction and shear, and leave the 
barker on the other end. Bark falls down 
through the openings on the bottom of the 
barker. It is collected and used for other pur
poses such as fuel generation and mulch.

Step 3: The next step depends on the 
method for separation of individual fibers, i.e., 
the pulping method. Separation of fibers can 
be done in many ways including mechanical, 
chemical and semichemical methods. Table
1.1 gives the classification of major pulping 
methods. Some of the more common pulping 
methods are briefly described here for the 
reader.

Stone ground wood (SGW) and refiner me
chanical pulping (RMP) are mechanical pulp
ing methods. In the stone grinding method, 
barked logs are pressed sideways against a 
rotating grinding stone (Figure 1.6 on page
12). The grinding stone separates the fibers 
by mechanical friction. The heat generated 
due to friction between the wood and grinding 
stone helps to soften the lignin and separates

the wood fibers from each other. Mechanical 
pulping does not usually remove much lignin 
that causes hydrophobic fiber surfaces. Water 
is used to prevent the stone from burning the 
fibers and to remove the pulp collected on 
the stone. The pulp made with this method is 
called stone ground wood pulp. In this 
method, the wood is changed physically only 
and no chemical is used. This method may 
produce considerable fiber damage. Stone 
ground wood pulp is used in newspapers and 
other applications that do not require long life 
and is usually strengthened by blending with 
a percentage of chemical pulp. Even so, the 
paper is weak and turns yellow easily. The 
pulp made with this method is cheaper since 
the process is simple and 90% of the tree 
is used.

In the RMP process, wood chips are shred
ded and ground between the rotating discs of 
a refiner. New RMP processes employ thermal 
and/or chemical presoftening of the chips.

Other mechanical pulping methods include 
another form of energy and/or chemical to 
ease the pulping process. Chemi-mechanical 
pulping (CMP) combines chemical and me
chanical methods. The chips are partially soft
ened with chemicals before the final mechani
cal method of pulping. In thermo-mechanical 
pulping, heat is utilized instead of chemicals 
to improve the simple mechanical pulping. 
Temperature should be carefully controlled to 
prevent melting of lignin. Melted lignin will 
reduce good bonding in the sheet by covering 
up the exposed cellulose.

For the chemical pulping method, the 
barked logs are cut and sent to the chipper on 
a conveyor belt. The logs are cut into small 
pieces (chips) with the shear action of steel 
knives (Figure 1.4). Then the chips are sorted 
out in screening trays according to their sizes. 
The ideal size chips are approximately 20-25 
mm square and 2-3 mm thick. Over-sized
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chips are rechipped and under-sized chips are 
used for fuel generation.

In the chemical pulping method, the chips 
are cooked with water and ehemicals in a 
large pressure cooker called a digester which 
removes lignin and other impurities from the 
wood (Figure 1.4). In this process, the wood 
structure is chemieally changed. More lignin 
is removed than in mechanical pulping, how
ever cellulose degradation and fibrillation are 
inereased. Chemieal pulping produees col
lapsed, flexible and hydrophilic fibers. Crys
tallinity is increased and microfibril orienta
tion is decreased. Paper made with chemical 
pulp is generally whiter and stronger than 
purely mechanieal pulps. The alkaline kraft 
process and acidic sulfite process are the two 
major methods of chemical pulping.

In the kraft process, a widely used chemical 
pulping method, a solution of sodium sulfide 
(Na2S) and sodium hydroxide (NaOH, caustic 
soda), which is called white liquor, is used. The 
chips are cooked under pressure around 170°C 
in white liquor for 1-2 hours after which most 
of the lignin and approximately half of the 
hemicellulose are removed from the ehips. The 
white liquor turns black due to impurities. After 
cooking, the softened pulp is sent to the blow 
tank by opening the valve under the digester 
(Figure 1.4). The softened ehips are smashed 
against the walls of the blow tank under high 
velocity and disintegrate into individual fibers. 
The heat generated in this process is re-used. 
In the kraft process, approximately half of the 
wood is turned into fibers and the rest beeomes 
part of the black liquor. The eooking chemicals

TABLE 1.1. Classification of Major Pulping Methods [1,3,4].

Pulping Methods

mechanical pulping

stone groundwood
(SGW)

refiner mechanical pulp
(RMP)

chemi-groundwood
(CGW)

pressurized groundwood
(PGW)

thermal refiner mechanical
pulp (TRMP)

thermo-mechanical pulp
(TMP)

chemi-thermo mechanical
pulp (CTMP)

semi-chemical mechanical 
pulp (SCMP)

chemical pulping

kraft

sulfite

semi-chemical pulping

neutral sulfite 
process (NSSC)

high yield sulfite

high yield kraft
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in the black liquor are recycled. The lignins, 
etc., are burned.

In the sulfite process, a mixture of sulfurous 
acid and bisulfite ion is used to remove lignin. 
The sulfite process produces bright pulp that 
is easy to bleach and refine, but with less 
strength than kraft pulp.

Step 4. Washing: Pulp is washed after the 
blow tank to remove the impurities. The cellu- 
losic fibers are separated from the black liquor 
and washed with water. Figure 1.4 shows 
schematic of a rotary vacuum washer used for 
this purpose. The water is filtered through the 
fabric on the drum surface and collected inside 
the drum using vacuum. The fibers that are 
collected on the drum surface are deposited 
in a tank using a blade. Water is added into 
the tank for easy pumping.

Step 5. Bleaching: In some papermaking 
processes where a white paper is to be pro
duced, bleaching is done to whiten the pulp 
which may still have a tan color because of 
the lignin remaining after the digester. For 
example, the pulp for grocery bags is not 
bleached; that is why they have the color of 
the pulp. In the bleaching process, chemical 
bleaches such as sodium hypochlorite are 
added to the pulp to remove the color by re
moving the remnant lignin molecules (Figure
1.4). Bleaching is a form of chemical pulping 
which should be done carefully under opti
mum conditions to prevent side effects. For 
example, excessive bleaching may reduce fi
ber strength.

Step 6. Refining (beating): The pulp is re
fined in a beater or refiner by fibrillating the 
fibers (Figure 1.4). The purpose is to brush and 
raise fibrils from fiber surfaces for better bond
ing to each other during sheet formation re
sulting in stronger paper. Pulp beaters process 
batches of pulp while refiners process pulp con
tinuously. Equipment types include Hollander 
beater, Jones-Bertram beater, Chaflin refiner, 
Jordan refiner and disk refiners. Disk refiners 
provide continuous process and have become 
the most widely used equipment. Disk refiners 
can be single or double disk.

Refining is a mechanical process which 
causes physical change in the fibers. In a typi
cal refining process, the fibers are sheared.

crushed, twisted, stretched, cut and broken 
between two bar (or knife) surfaces. Shorten
ing the fibers breaks the covalent bonds. The 
fiber surfaces are abraded and their primary 
wails are removed (Figure 6.1, Chapter 6). 
Fiber is fibrillated both internally and exter
nally and its layers are delaminated. Fibrilla
tion breaks the hydrogen bonds allowing wa
ter to be incorporated easily into the structure 
of the fiber. Fibers that adsorb water in this 
way become “hydrated” which is simply the 
state of a molecule being associated with wa
ter. Hydration is different than “swelling” be
cause swelling takes place via rate dependent 
diffusion of solvent into a molecular structure. 
Fibrillation is critical in papermaking because 
paper strength increases by bonding of fibrils 
from fiber to fiber. Internal fibrillation is also 
called bruising or macerating the fiber. Con
trolled shortening of fiber length is also an 
objective of the beating process, but fiber 
shortening and external fibrillation also pro
duce debris. Debris is cellulose particles or 
fiber segments that are too short to be classi
fied as fibers or fibrous structures to bear 
loads. Beating has other effects as well. It 
affects pulp slurry viscosity. Increasing the 
exposed surface by beating adsorbs cationic 
materials such as alumina, acids, dyes, etc. 
Retention of precipitates and other fines also 
increases.

A schematic of a double disk refiner is 
shown in Figure 1.4. The disks have surfaces 
with design patterns made up of bars and 
grooves. Clearance between disks is critical 
and must be accurately controlled. One disk 
is stationary and the other disk rotates giving 
the shearing action to the pulp against the 
faces of the disks. This action collapses the 
fibers, which were roughly hollow cylindrical 
or semi-rectangular shapes, and roughens their 
surfaces (Figure 1.7 on page 12).

As shown in Figure 1.8 (page 12), refining 
increases tensile strength and bursting 
strength in the paper. However, after a brief 
increase at higher freeness, tearing strength 
declines continuously with increased refining.

Step 7. Additives: Several additives such 
as fillers (e.g., talc or clay), sizing agents (e.g., 
rosin, wax, starch, glue) and dyes are added
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to the furnish in stock preparation to obtain 
different properties. Fillers are added to im
prove printing properties, smoothness, bright
ness and opacity. Sizing agents make the paper 
stronger and more water resistant. Sizing can 
also be done on the paper machine, by surface 
application to the sheet.

Step 8: Finally, more water is added to the 
pulp to form a slurry that is ready to be 
pumped to the forming fabric through the 
headbox.

Although the properties of the original 
wood fiber are partially destroyed during the 
pulping process, the original characteristics 
are at least in part retained in the fiber [5]. 
Therefore, the properties of the resultant paper 
to a great extent depend on the fiber that is 
used. However, special properties such as im
proved strength, softness, moisture absorp
tion, moisture resistance, etc., can be imparted 
to the paper by special treatment during the 
manufacturing process of the paper [1].

Important properties of pulp for good pa
permaking are ease of refining, dewatering 
ability, wet web strength, and dry strength. The 
pulp should be easily formed into paper on a 
paper machine which is called runnability.

1.2 Paper M anufacturing

Paper is a network of fibers. The principle 
of papermaking is relatively simple. The basic 
necessary ingredients of sheet forming are fi
ber (wood or other), water and a drainage 
medium. The mixture of fibers and water 
(called slurry), is filtered through a porous 
fabric. Water is drained through the fabric and 
wood fibers, fillers and fines are collected on 
the surface of the fabric; thus the sheet is 
formed (Figure 1.9 on page 13). After forma
tion, the sheet is pressed and later dried to 
remove excess water. Although the main 
structure of paper is fibrous, nonfibrous com
ponents such as clays and other mineral fillers, 
dyes, polymers and bonding agents are added 
to improve formation, sheet structure and opti
cal properties such as brightness and opacity.

Papermaking is a process that can be manu
ally done in a lab or at home with the basic

necessary equipment. However, current pa
permaking technology is a highly sophisti
cated and continuous process which requires 
state-of-the-art machinery and equipment. 
Various chemicals, finishing and coating 
agents are used to help with the formation and 
improve the sheet properties and characteris
tics. There is a constant search to improve 
texture, print quality, control of ink bleeding, 
optical and other properties of papers. Never
theless, like most textile manufacturing pro
cesses, papermaking is still a combination of 
art and science. The main reason for this is 
that the exact control of individual wood fibers 
during formation is hardly possible. Besides, 
as a natural product, there is inherent variation 
in wood fibers.

1.2.1 H isto ry  o f Paperm aking

Papermaking is an ancient art. Approxi
mately 4000 BC, Egyptians developed the first 
paper for writing purposes from a plant called 
papyrus. In fact, the word paper may have 
come from the word “papyrus.” The stems of 
papyrus were thinly sliced and layers of slices 
were beaten into hard thin sheets and coated 
with glue-like material. However, the individ
ual fibers were not separated which is different 
from modem papermaking principle [1].

Table 1.2 (page 23) shows a chronology of 
papermaking. The actual art of making paper 
was invented by Ts’ai Lun in China in the year 
105 AD. He beat the water and mulberry tree 
bark mixture into a pulp. Using a screen, he 
collected the fibers and dried them in the sun 
which resulted in the first sheet of paper made 
from wood. With the invention of printing press 
by Johann Gutenberg of Germany in 1450, the 
demand for paper increased. In the mid 18th 
century, Rene de Reaumur, a French scientist, 
observed the pulp made by paper wasps by 
chewing bits of wood and mixing it with saliva 
which they use to make nests. Therefore, he 
suggested that the same procedure could be 
used to make paper. Despite this discovery, rag 
pulp remained the principle raw ingredient of 
paper for a long time.

Modem paper machines as we know them 
were invented by Nicholas Louis Robert, an
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Englishman in 1798. He designed a hand- 
cranked machine that produced paper in a con
tinuous roll which was a big improvement 
over the hand-dipping method. The Fourdri- 
nier brothers of London bought the patent, 
improved and developed a machine that is 
named after them and still in use today. The 
machines, even the earliest Chinese method, 
all used wire meshes to form the paper on. In 
1879, C. F. Dahl, a Swede, invented the kraft 
process by cooking the wood chips with so
dium hydroxide and sodium sulfide under 
pressure which is a widely used process re
sulting in stronger paper.

Since the introduction of the first paper ma
chine, there has been continuous increases in 
machine speeds and widths. Improvements 
and innovation in paper machine design and 
paper machine clothing played a key role in 
this progressive development. In early paper 
machines, woolen felts in the press and cotton 
felts in the dryer section were used along with 
the metal wires in the forming section. How
ever, those types of fabrics were a limiting 
factor for higher machine speeds and new pa
per machines. The development of synthetic 
forming fabrics allowed the machine builders 
to design and develop twin-wire forming units 
which improved the sheet quality.

Today, paper is formed on polyester and 
nylon fabrics compatible with increased ma
chine width and speed. In the press section, 
the development of all synthetic needled press 
fabrics allowed heavy press loadings which 
increased the efficiency of water removal. The 
increased stability of synthetic press felts met 
the demands of faster and wider machines. 
Similar improvements were made in the dryer 
section in speed and width with the introduc
tion of polymeric dryer fabrics. Drying rate 
was increased along with the fabric life.

1,2.2 Paperm aking  Process

The five basic steps of the sheet forming 
process on a paper machine are:

• fiber dispersion and distribution onto a 
forming fabric

• drainage of water
• consolidation of the sheet
• compaction of the sheet
• drying

Coatings can be applied to the sheet during 
or after these processes. A typical paper ma
chine has three distinct sections as shown in 
Figure 1.10 (page 13): forming, pressing and 
drying. The fabrics that are used in these sec
tions are called forming fabrics, press fabrics 
(felts) and dryer fabrics (felts), respectively. 
Each fabric type performs specific functions. 
Therefore, each fabric type must be designed, 
engineered and manufactured differently de
pending on the paper grade, paper machine 
position and size.

Modem papermaking is a fast and massive 
process. For example, up to 100,000 liters of 
paper pulp are evenly spread within one mi
nute onto a 7 m wide fourdrinier paper ma
chine. Finished paper is wound on the rolls 
at the end of the paper machine only a few 
seconds after the high water content material 
has reached the forming fabric [7].

Forming

The fabrics that are used in the forming 
section are called forming fabrics. The term 
‘‘forming” comes from the formation of pa
per. Pulp slurry, which is a mixture of 
approximately 99% water and 1% fiber, is 
pumped through the headbox evenly across 
the forming fabric. The forming fabric travels 
along the forming section of the machine 
like a porous conveyor belt. As the fabric 
moves, water is filtered through the forming 
fabric and wood fibers are retained on the 
fabric surface, thus forming the sheet (i.e., 
a wet paper web at this stage) as shown in 
Figure 1.9. At the end of the forming section, 
the sheet has a consistency of approximately 
20% fiber and 80% water. Figure 1.11 (page
13) shows the typical sheet and water ratio 
through the fourdrinier machine. The forming 
section of the paper machine is also called 
the “wet-end.”
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stock Preparation, Paper 
Formation and Drying: Fibers are 
tailored and blended for each end-use 
requirement, formed into a mat on the 
paper machine at high speeds, and dried.

Paper Machine

Pulping Stage: Raw materials pass through 
the digester, grinders, refiners or repulper to 
release the fibers for subsequent screening and 
cleaning. Some fibers require bleaching.

Fibrous Raw Materials: Recovered materials— 
wood wastes and recovered paper—provide 54 percent 
of the industry's fiber; puipwood supplies the rest.

Puipwood



Quality Control: Through the use of
on-line sensors and other state-of-the-art 
equipment, quality is constantly 
monitored.

^  Machine Control 
Console

Finishing and Converting: After 
finishing, paper and paperboard rolls are 
cut, trimmed and packaged into 
individual products for shipment and 
subsequent converting.

Recovery for Reuse

Sheeting

Source Separating Paper

FIGURE 1.3. Complete cycle of the pulp (chemical) and paper technology (courtesy of American Forest and Paper 
Association).



trees

FIGURE 1.4. Schematic of wood pulp (chemical) and paper manufacturing (TAPPI, [1]).
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%

FIGURE 1.5. Trees are renewable sources for the pulp and paper industry (courtesy of American Forest and Paper 
Association).
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FIGURE 1.6. Schematic of mechanical grinder.

refined fibers
REFINING TIME

FIGURE 1.7. Fibers before and after refining (TAPPI, [1]). FIGURE 1.8. Effect of refining on paper strength (TAPPI,
[1]).
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- ►  distance along the paper machine

FIGURE 1.9. Schematic of sheet formation (courtesy of Wellington Sears Company).

FIGURE 1.11. Sheet and water ratio through the fourdrinier machine.
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FIGURE 1.12. Schematic of pressing (courtesy of Beloit).

FIGURE 1.13. Schematic of drying (courtesy of Beloit).

14
FIGURE 1.14. Calendering (courtesy of Beloit).
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FIGURE 1.17. Tissue products (photo courtesy of American Forest and Paper Association).

17



Top Five Producing Countries—1990
35%

UNITED
STATES

GERMANY

JAPAN

1991 U.S. Production—38 Million Tons
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P.R. CHINA

PRINTING & PAPERBOARD 
WRITING 
PAPERS

SPECIAL
INDUSTRIAL

FIGURE 1.18. Share of world paper and paperboard 
capacity (sources; American Forest and Paper Associa
tion and Food and Agriculture Organization of the 
United Nations).

FIGURE 1.19. World demand for paper and paper- 
board (sources: American Forest and Paper Associa
tion, Pulp and Paper International, Food and Agriculture 
Organization of the United Nations).

FIGURE 1.20. U.S. production of paper other than 
packaging (American Forest and Paper Association).

1991 U.S. Production— 41 Million Tons
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PACKAGING 
PAPERS 
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AND WRAPS)

FIGURE 1.21. U.S. paper and paperboard packaging 
(American Forest and Paper Association).
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B R E  Y E R 1

FIGURE 1.23. Paper is used to protect perishable food products (photo courtesy of American Forest and Paper 
Association).
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U . S .  P A P E R  R E C O V E R Y  R A T E

50%

40%

30%

20%

10%

1985 1990 1993 2000

FIGURE 1.25. U.S. paper and paperboard recovery rate: ratio 
of paper and paperboard recovered to total amount of paper 
and paperboard consumed in a year (American Forest and 
Paper Association).

Recycled Paper Symbol

Recyclable Paper Symbol FIGURE 1.26. Recycling symbols (American Forest and 
Paper Association).

2 2



TABLE 1.2. A Chronology of Papermaking [1,3,4,6].

BC

AD

4000
105
600
751
800
868
900
1085
1102
1268
1348
1450

1576
1609
1637
1690

1719
1774
1798
1800

1803
1805

1807
1817

1821

1823
1826
1827
1844
1850
1852
1863

1866

1875
1879
1909
1953
1965
1970
1980
1985
1990

Papyrus for writing purposes developed in Egypt 
Ts’ai Lun credited for invention of paper in China 
Mayans of Central America made paper from bark 
Arabs learned papermaking after battle of Semerkand 
Paper reportedly made by Arabs in Baghdad 
Wang Chieh printed first book in China 
Paper made in Egypt
Crusaders took over paper mill located in Toledo, Spain 
Paper produced in Sicilia
Papermaking started in Italy where watermark was introduced 
Paper mill established in France
Invention of printing press by Gutenberg to print the Bible; this invention increased 
demand for paper
First paper mill established in Russia
First newspaper with a regular publication date in Germany
Sung Ying-Hsing noted the use of waste paper for making paper in Northern China 
Rittenhouse establishes a paper mill in Germantown, Pennsylvania which was the first 
mill in North America
Reamur, a French naturalist, suggested using wood as a fiber source 
Chlorine was used with lime to bleach paper 
Nicholas Louis Robert invented the first paper machine
Matthias Koops received patent for process using straw, wood and deinked waste paper 
which was the initial form of recovery and recycle system
Bryan Donkin developed the first successful paper machine for Fourdrinier brothers 
Joseph Bramah invented cylinder machine which was patented by John Dickenson in
1809
English patent issued to Fourdrinier brothers for improved paper machine 
Thomas Gilpin installed the first paper machine, which was a cylinder type, on 
Brandywine River near Wilmington, Delaware; Dickinson invented size press for paper 
machine
T. B. Compton, England, received patent for drying paper on the machine. Cloth was 
used for protection and better appearance 
Crompton used steam dryers in England
John Marshall invented dandy roll; vacuum pumps on the fourdrinier machine
First fourdrinier paper machine installed in America at Saugerties, New York
Pulp is made by grinding
Ebart invented a flame retardant paper
Turner developed endless wire for paper machine
Patent issued to J. F. Jones of Rochester, USA for multicylinder machine with seven or 
more vats
First groundwood pulp mill in the United States established at Curtisville,
Massachusetts
Multiply paper machine with two separate fourdrinier sections 
C. F. Dahl invented the kraft process
First kraft pulp mill in the United States established at Roanoke Rapids, North Carolina
Daniel Webster of Consolidated Paper invented modem twin-wire former
Blade and roll formers introduced
Multiple combined fourdriniers
Multiple fourdrinier with top station or top wire
Roll/blade former
Retrofit blade former with adjustable drainage

23
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Compared to pressing or drying, forming 
is the most critical stage in papermaking. 
Forming fabrics affect the final sheet proper
ties more than press or dryer fabrics. If the 
sheet structure is not formed properly in the 
forming section, it would hardly be possible 
to correct it later on the paper machine [8]. 
Therefore, forming fabric properties must be 
carefully engineered. Although it depends on 
the type of formation, the average life of a 
forming fabric is three months. Forming and 
forming fabrics are the subject of Chapter 2.

Pressing

After the sheet is formed, it is transferred 
to the press section (Section 2.7). The function 
of pressing is to continue the water removal 
process that started in the forming section, 
consolidate the sheet, give texture to the sheet 
surface, support and transport the sheet. Dur
ing pressing, the sheet web is compressed in 
the nip formed by two press rolls, one or both 
of which may be felted. Water is moved from 
the sheet into the felt(s) and may be expressed 
at the nip, or carried away for removal by felt 
vacuum boxes. Figure 1.12 (page 14) shows 
this process in a plain press nip. There is a 
considerable amount of pressure at the point 
of contact. Increased compression increases 
water removal [8-11]. Since most of the paper 
web is still water when entering the press 
section, the paper surface finish is influenced 
by the press fabric design. Although it depends 
on sheet grade and paper machine, typical 
sheet consistency at the end of press section 
is 40% fiber and 60% water. At the end of 
the press section, the sheet is transferred to 
the dryer section. The average running life of 
a press felt is about 30-90 days. Pressing and 
press fabrics are the subject of Chapter 3.

Drying

After pressing, most of the residual water 
in the sheet is removed by evaporation (mass 
transfer) in the dryer section by using steam 
(heat transfer). The fabrics in this section are 
called dryer fabrics or dryer felts. The paper 
sheet travels around heated cylinders where

most of the remaining water is evaporated. 
The consistency after this section is on the 
order of 95% fiber and 5% water which is the 
typical consistency of regular paper. The dryer 
end of the paper machine is also referred to 
as “dry-end.”

The drying zone can be considered as a 
“black box” into which wet paper, steam and 
air enter. The dried paper, the moist and heat
laden air, and the condensate leave the box 
[12]. Typically, large volume of drying cylin
ders evaporate more than 17,000 litres of wa
ter per hour from the paper. Figure 1.13 (page
14) shows the arrangement in the drying zone. 
Dryer fabric presses the sheet tight against the 
heated cylinder. Most of the energy used to 
make the sheet is consumed in the dryer sec
tion and the dryer fabric has a significant ef
fect on drying efficiency. Dryer fabrics typi
cally last 6-15 months. Drying and dryer 
fabrics are the subject of Chapter 4.

Coating and Calendering

Coating of the paper surface may be done 
to impart different surface properties. In calen
dering, paper is passed through the nip(s) of 
two or more rolls (Figure 1.14 on page 14). 
Calendering increases the smoothness and 
uniformity of the paper and makes it thinner. 
After calendering, the paper is wound onto a 
large roll which may be cut into smaller rolls 
in a winder machine.

Converting Process

After paper is manufactured, it usually goes 
through a converting process before it is sold 
to the consumer. The converting operation is 
critical for the function or performance of the 
paper. Quality deficiencies in the paper are 
usually revealed in the converting plant or in 
the printing press [5].

1.3 Paper Machines

Although the principle of papermaking has 
not changed since the introduction of fourdri-
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nier machine in 1798, there have been major 
improvements and changes in paper machines. 
As a result, paper machines became larger, 
faster and wider with more efficiency and 
higher productivity. A detailed description of 
the paper machine types is out of the scope 
of this book. Therefore, brief descriptions of 
forming, press and dryer section configura
tions of paper machines are given in Chapters 
2, 3 and 4, respectively. Figures 1.15 and 1.16 
(pages 15 and 16) show modem paper ma
chines.

Papermaking is a capital intensive business. 
A modem paper machine can be as long as a 
football field [the longest one in the world is 
275 m (902 ft) long] and as wide as 13 m 
(512 inch). The height of the machine can be 
equal to the height of a 3-4 story building. 
The speed of a modem high-speed tissue ma
chine is close to 2134 m/min (7000 ft/min) 
which corresponds to 2.1 km of paper pro
duced every minute (1.3 miles/min). A paper 
machine costs several hundred million dollars 
to build which makes the cost of downtime 
very high. Therefore, efficient operation of 
the machine is extremely important which de
mands high quality fabrics with long life at 
high speeds and harsh environmental condi
tions such as high temperature, tension and 
humidity.

Depending on the size of the paper machine, 
the cost of one complete set of clothing on a 
sizable machine can be approximately a mil
lion dollars. The life of a typical fabric can 
be in the range of 0 days to 1+ year. If a 
fabric is damaged beyond the repair during 
installation or if it is not functioning properly 
from the moment of installation, then it must 
be taken off immediately.

TABLE 1.3. Paper Grades (AF&PA).

Paper Grade
Area (sq ft) per Unit 
Basis Weight (1 Ib)

Newsprint 3000
Tissue 2880 or 3000
Linerboard 1000
Corrugating medium 1000
Kraft papers 3000
Uncoated groundwood 3300
Coated groundwood 3300
Uncoated free sheet 3000 or 3300
Coated free sheet 3300
Pulp 1000
Bleached paperboard 1000 or 3000
Recycled paperboard 1000

1A 1  U ncoated  Free Sheet

Chemical pulps (sulfate, sulfite, soda, cot
ton linters or vegetable fiber) are used to make 
uncoated free sheet papers, with occasional 
additions of up to 10% mechanical fiber or 
bleached chemi-thermomechanical pulp 
(BCTMP) and recycled fibers. Free sheet is a 
paper free of mechanical wood pulp. Table 1.4 
shows uncoated free sheet properties. Many of 
the major producers have converted some or 
all of their machines to alkaline-based paper.

Uncoated free-sheet papers are used for of
fice and business printing (copiers, computer 
printers), business forms and envelopes, pub
lishing grades, commercial printing and writ
ing (stationery).

The surface of a printing paper must accept 
and retain the ink and present it to the reader 
in an optimum manner. For good print quality, 
the sheet surface must be smooth with a uni
form pore structure. The fibers on the surface 
must also be securely bonded to the sheet 
structure.

1A  Paper Grades

There are various grades of paper de
pending on the pulping method or end use. 
Table 1.3 shows paper grades according to 
the American Forest and Paper Association, 
AF&PA (formerly American Paper Institute, 
API).

1.4.2 C oated  Free Sheet

Coated free-sheet papers contain less than 
10% mechanical (groundwood) pulp with no 
groundwood in Superpremium, No. 1 and No. 
2 grades, and some or none in Nos. 3 and 4, 
and even some in No. 5. Table 1.5 shows 
general properties of coated free sheet.
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TABLE 1.4. Uncoated Free-Sheet Properties.

Furnish: 100% Bleached kraft, usually 50+% hardwood
pH: 7.0+ Alkaline

Filler: Calcium carbonate
Opacity: Obtained by calcium carbonate; critical requirement ash 10-20% range

Basis weight: 38-80 lbs
Formation: Critical on bond sheet, also important are MD/CD tensile, bulk, uniform product

Smoothness: Surface smoothness critical for end use
Printability: Will be printed directly on sheet

a) Xerox paper
b) Forms

Coated two-side (C2S) papers represent 
about 88% of coated free-sheet grades. C2S 
papers are used for magazines (e.g., National 
Geographic), annual reports, some catalogs, 
advertising brochures and inserts, and other 
commercial printing. Coated one-side paper 
(CIS) is used for labels, with some used in 
books, commercial printing, business forms, 
envelopes and converted products other than 
labels.

Nos. 1 and 2 generally range from 60 lb to 
100 lb (27.22 kg to 45.36 kg) basis weights, 
and Nos. 3 and 4 grades from 40 lb to 90 lb. 
Most coated paper (about 75 to 85%) has a 
glossy surface, the rest a combination of dull, 
matte and embossed. Gloss finishes on the 
Gardner glossmeter are 45 or more for glossy, 
down to 25 for dull and 20 or below for matte.

1.4,3 U ncoated  G ro undw ood

Uncoated groundwood paper grades span 
the spectrum from near-newsprint to almost

coated paper quality. Uncoated groundwood 
papers include rotogravure newsprint, ma
chine finished (MF) offset, directory and some 
closely related catalog papers, forms (mostly 
blended with chemi-thermomechanical pulp), 
various quality levels of supercalendered 
(SC), and the newer soft calendered grades. 
Essentially most uncoated groundwood papers 
have higher brightness levels and smoother 
surfaces than newsprint. Supercalendering 
and soft calendering add a glossy surface often 
competing with lightweight coated (LWC) 
groundwood papers. Brightness levels range 
from 64 to 74 (or higher) Elrephro, compared 
to 56 to 62 for standard newsprint and 68 to 
84 for LWC. Basis weights range from 20 to 
45 lb/3300 sq ft (9 to 20 kg/307 m )̂. Primary 
uses include preprinted newspaper inserts, and 
direct mail flyers, catalogs (e.g., JC Penney), 
lower-cost business forms, Sunday newspaper 
magazines, some newspapers and telephone 
directories. Table 1.6 shows uncoated ground- 
wood sheet properties.

TABLE 1.5. Properties of Coated Free Sheet.

Furnish: 100% Bleached kraft
from: 20% softwood, 80% hardwood to 80% softwood, 20% hardwood

pH: 4.8-8.0. Acid to alkaline depending on coating
Filler: 10-15% Sheet is “base loaded” at 10-15% ash usually from coated broke, also add 

purchased fillers—filler clay or calcium carbonate
Opacity: Critical; opacity may be obtained from coating

Basis weight: 30-150 lbs. Very heavy weights referred to as enamels
Formation: Subject gets involved in the heavy basis weights due to coat weight and percent 

fillers
Printability: Often sheetfed—roto

Some high-speed volume printers
Job lot printers
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TABLE 1.6. Uncoated Groundwood Sheet Properties.

Furnish: 70+% Groundwood
Filler: Clay or calcium carbonate

pH: 4.8-8.0 Depending on whether filler is clay or calcium carbonate
Opacity: Critical due to basis weight

Basis weight: 30-32 lb
Formation: Critical; poor formation will be a major problem when the sheet is supercalendered

Smoothness: Generally seen as a supercalender problem; smoothness greatly affected by filler
Printability: Printed by large regional printers who use this as filler between weekly issues

1.4,4 C oated  G ro undw ood

Coated groundwood (mechanical) papers 
are used primarily in commercial printing, 
magazines (e.g., Time, Newsweek), catalogs, 
Sunday newspaper supplements, newspaper 
advertising inserts (coupon pages), directories 
and books. Table 1.7 shows properties of 
coated groundwood.

Coated groundwood papers contain 10% or 
more mechanical (groundwood) pulp. Coated 
groundwood includes the most popular desig
nation, lightweight coated (LWC), though ba
sis weights for coated groundwood papers go 
into medium and heavy weights, with LWC 
topping out at 40 lb or 45 lb, depending upon 
the producer. Coated groundwood papers are 
almost universally coated on two sides (C2S). 
Coated groundwood also includes some 
newer, less expensive grades, such as ma
chine-finished coated.

Coated groundwood papers are commonly 
made in the 32 to 50 lb per 3300 sq ft range, 
although basis weights can run as low as 26 
lb and as high as 70 lb. Coating weight is 
approximately 30% of total sheet weight for 
LWC papers. Basis weights for coated

groundwood paper continue to decline in an 
effort by papermakers to help publishers, di
rect marketers, and commercial printers save 
money on postage weight-related costs. News 
magazines commonly use 32 lb, and catalogs 
have often gone down to 24 lb.

1.4.5 Tissue

The 6 million ton U.S. sanitary hygiene 
papers business is divided into two major seg
ments: the consumer market and the commer- 
cial/industrial (C&I) market. Consumer prod
ucts represent about 65% of sanitary papers 
volume and are sold to the public through 
supermarkets and other retail outlets. Also 
called the “away from home” market, C&I 
products represent the remaining volume, sold 
for uses in factories, schools, offices, restau
rants, hotels and hospitals. Figure 1.17 (page 
17) shows various tissue products.

1.4.6 B leached  P aperboard

Bleached paperboard, also known as solid 
bleached sulfate (SBS) board, is a premium pa
perboard grade that is produced from a furnish

TABLE 1.7. Coated Groundwood Sheet Properties.

Furnish: 45-50% Bleached groundwood
50-55% Bleached northern kraft

pH: 4.5-4.8 Acid
Filler: Base sheet is at 10-15% ash usually from coated broke

Opacity: Critical; lighter weight sheets make this a key property
Basis weight: 38-48 lb, Coated weight

Formation: Headbox freeness lower compared to free sheet because of furnish; sheet forms
differently

Printability: Large printers, high speed roto presses
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containing at least 80% virgin-bleached wood 
pulp. Most SBS is clay-coated to improve its 
printing surface and may also be polyethylene- 
coated for wet-strength food packaging. Basis 
weights vary from 40 to 100 lb/1000 sq ft (18.1 
to 45.3 kg/93 m^), and calipers typically range 
from 12 pt to 28 pt for packaging grades. Basis 
weights and calipers for bleached printing bris- 
tols are slightly lower.

Bleached paperboard is primarily used for 
folding cartons, milk cartons, and other pack
aging products that require superior folding, 
scoring, and printing characteristics. SBS is 
also used for disposable cups and plates, food 
containers, and preprint linerboard for high 
graphic corrugated boxes and displays. Some 
mills that produce SBS packaging board also 
manufacture lightweight bleached bristols 
used by commercial printers for paperback 
book covers, telephone directory covers, 
greeting cards, postcards, baseball cards, mer
chant displays, etc.

1.4.7 Linerboard

Major end use of linerboard is in domestic 
corrugated container production. Linerboard 
is made in a wide range of basis weights. Stan
dard weight in the United States is 42 lb/1000 
sq ft, but other important weights are 26 lb, 
33 lb, 69 lb and 90 lb. High performance 
linerboard provides comparable strength at 
lower basis weights.

Recycled linerboard production based on 
100% wastepaper has been growing rapidly 
in the United States and accounts for an in
creasing percentage of industry capacity. Un
bleached kraft linerboard statistics also in
clude mottled and white top linerboard and 
tube, drum and miscellaneous grades.

1.4.8 Recycled Paperboard

Recycled paperboard is made from recov
ered wastepaper. It is a multi-ply material 
which can be manufactured in various weights 
and calipers using various types of wastepa
per. Recycled paperboard may be clay coated, 
which improves its printability. The most im
portant end uses are folding cartons, corru

gated containers, rigid setup boxes, paper
tubes, cans and drums, gypsum wallboard, 
solid fiber partitions, book covers and binders, 
and insulation board.

1.4.9 C orrugating  M edium

Corrugating medium, the middle fluting 
material used in corrugated containers, is 
made from both semichemical pulp and recy
cled fiber. Semichemical medium is not sup
posed to contain more than 25% recycled fiber 
content, but an increasing amount is probably 
exceeding this industry definition. The share 
of total medium capacity held by semichemi
cal board has declined to about 67% in 1994 
from 78% in 1980, while recycled has grown 
to 33%. Basis weights for corrugating medium 
are 22, 26, 33, 36 and 40 lb/1000 sq ft. The 
standard sheet weight is 26 lb, which accounts 
for about 62% of production, down from more 
than 80% in the mid-1970s. Heavier weights 
have been growing in popularity with the trend 
toward boxes offering increased compression 
strength.

1.4.10 K raft P aper

Grocery bags and sacks are the largest mar
ket for bleached and unbleached kraft packag
ing papers, accounting for about 50% of total 
shipments, followed by multiwall shipping 
sacks, 31%; other bag and sack, 4%; and wrap
ping and converting papers, 15%. Basis 
weights for most bag and sack papers range 
from 30 lb to 80 lb/3000 sq ft.

1.4.11 M arket Pulp

Chemical paper grade market pulp is sold 
in the open market and excludes captive pulp 
used on site or shipped to affiliated mills in the 
same country. Exports are generally included, 
except for shipments from Canadian mills to 
affiliated U.S. mills. Pulp is divided into 
grades based on whether it is made from soft
wood or hardwood fiber, produced by the sul
fate (kraft) or sulfite pulping process, and the 
amount of bleaching.

Northern bleached softwood kraft (NBSK)
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is considered the premium pulp grade because 
of its long fiber length and strength. U.S. pulp 
statistics include about 2 million tons of fluff 
pulp production used in diapers and other ab
sorbent hygiene products. Dissolving and me
chanical pulp are excluded from the statistics. 
Canada has about 1.6 million tons of mechani
cal pulp capacity, mainly bleached chemi- 
thermomechanical pulp (BCTMP).

1A12 Newsprint

Newsprint is uncoated paper used for the 
printing of newspapers. Not less than 65% of 
the total fiber content of newsprint consists of 
wood fibers obtained by a mechanical process, 
with other standards addressing smoothness, 
weight and ash content. Virtually all U.S. and 
Canadian newsprint capacity is on a nominal 
30 lb basis weight standard, and a typical sheet 
falls into the 58 to 60 brightness range.

1.4.13 Nonw ovens

A nonwoven product is a manufactured 
sheet, web or batt of directionally or randomly 
oriented fibers, made by bonding or entan
gling fibers through mechanical, thermal or 
chemical means. The fibers may be of natural 
or man-made origin. Nonwoven products 
form a bridge between paper and textile prod
ucts. Nonwoven manufacturing processes are 
explained in Chapter 2.

The application areas of nonwoven prod
ucts are ever increasing. Some examples are 
medical products, diapers, interlinings, shoe 
components, wipes, floor coverings, mattress 
covers, disposable clothing, filters, insulation, 
soil stabilization, luggage and automotive 
components.

1.4.14 Specia lty  Papers

This category is for grades that do not neatly 
fit the previously mentioned grades. Specialty 
papers are often used as a carrier for polyester, 
foil or other applications such as computer 
paper, thermo imaging papers, etc. The spe
cialty paper market is characterized by smaller

machines. Physical properties vary greatly. 
Plastics are a major competitor for these 
grades.

1.5 End-Use o f Paper

The United States is the world’s largest 
manufacturer of pulp, paper and paperboard. 
The production capacity of the United States 
is approximately equal to the combined capac
ity of the next four largest producing nations 
(Figure 1.18 on page 18). Although the United 
States has only 5% of the world’s population, 
with 12% of the world’s paper and paperboard 
mills, it has 30% of the world’s paper and 
paperboard production and with 16% of the 
world’s pulp mills, it has 35% of the world’s 
wood pulp production [13]. The U.S. pulp and 
paper industry is one of the nation’s top ten 
manufacturing industries. There are approxi
mately 550 facilities in the United States mak
ing paper, paperboard and building products. 
Since 1980, the U.S. pulp and paper industry 
invested more than $110 billion to increase 
productivity and capacity. Over $40 billion of 
this investment is done since 1990. In 1992, 
the U.S. pulp and paper industry produced 
over 82 million tons of paper and paperboard 
and 10 million tons of market pulp. Figure 
1.19 (page 18) shows the world demand for 
paper and paperboard.

Paper is critical to life today. Americans 
use more than 90 million short tons of paper 
and paperboard every year. Paper can be used 
in three different ways:

(1) As a structural material for load-bearing 
and other applications; e.g., grocery bags, 
paper boxes, construction materials, etc.

(2) As a printing and communication mate
rial, e.g., books, newspapers, notebooks, 
etc.

(3) As a material to absorb liquids (e.g., tis
sue, paper towel) or resist moisture (e.g., 
paper plates and cups).

Sometimes, paper has to perform more than 
one function at the same time. Table 1.8 lists 
various types of papers according to end use.
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TABLE 1.8. Major Paper Types.

1. Newsprint Tablet Corrugated medium
Catalog Uncoated ground Linerboard
Directors Writing Unbleach carton
Lightweight news Xerox Bleached brown
Newsprint Glassine 5. Board Stock
RotoGrav Food wrap Cylinder stock
Special news Glassine Bag medium

2. Fine Paper Greaseproof Box board
Fine Speciality Label backing Chip board

Carbonizing Bristol, Cover & Tag Core/tube stock
Cigarette Book cover Cylinder board
Crepe Bristol Gypsum liner
Foil back File folder Part stock
MG wrap Index stock Special cylinder
Parchment Post card Test linerboard
Photo Poster Bleached Board
Spec fine Tag stock Bleached board
Wax spec Tab card Coated board

Fine Printing 3. Tissue and Absorbent Cup stock
Banks/bonds Filter Food board
Bible/Quran Napkin Milk carton
Coated fine Sanitary Uncoated board
Computer Saturating 6. Nonpaper
Envelope Towel Glass mat
Fine print Tissue/towel HTL
Special groundwood Tissue wrap Roofing
Lightweight coated Wadding Nonwovens
Mimeo bond 4. Brown and Kraft Filtration
Offset Brown Food processing
Publication Bag and wrap Textiles
Supercalender Core stock

There are an estimated 12,000 different paper 
products [14].

Figure 1.20 (page 18) shows the U.S. pro
duction of paper other than packaging. Com
munication would be extremely difficult with
out paper. The world would be quite different 
without books, newspapers, fax messages, etc. 
Sanitary paper products provide comfort, con
venience and safety. Paper towels, diapers, 
napkins, toilet paper and facial tissue have 
improved the quality of personal life, im
proved sanitary conditions and made house
hold cleaning easier (Figure 1.17). Specialty 
papers include technical papers, saturating 
grades and certain laminating papers. They are 
used to protect humans and machines. Paper

filters are used to filter dust, pollen and other 
airborne particles. This is especially critical 
in hospitals and high precision engineering of 
electronic and machine parts. Paper seals and 
gaskets protect precision engine parts from 
dirt and sediment.

Figure 1.21 (page 18) shows the paper and 
paperboard packaging production in the 
United States. Paper and paperboard packag
ing is the most widely used packaging which is 
highly effective in preserving and transporting 
consumer goods (Figure 1.22 on page 19). 
Paper and paperboard packaging is used to 
wrap food, to protect perishables like milk, 
juice and frozen foods (Figure 1.23 on page 
20).
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Corrugated containers are ideal for effi
ciently moving products. Corrugated contain
ers have replaced wooden boxes and crates. 
Today, 95% of all manufactured goods are 
shipped in corrugated boxes (Figure 1.24 on 
page 21).

1.5.1 Recycling

Paper and related products are recyclable 
and biodegradable. The U.S. pulp and paper 
industry is one of the most successful indus
tries in recycling. More than 400 paper and 
related facilities use recovered paper as a raw 
material for papermaking. The percentage of 
paper and paperboard recycling is ever in
creasing. In 1995, more than 40% of all the 
paper in the United States was recycled paper 
(Figure 1.25 on page 22). That was 50% more 
than was recovered in 1988. Old corrugated 
containers (OCC), old newspapers, maga
zines, office papers, etc., provide valuable raw 
material to papermaker. For example, in 1995, 
70% of the corrugated cardboard in the United 
States was recovered for recycling and reuse. 
Old newspapers are the second highest prod
uct recycled in the United States. In 1995, 
more than six out of every ten newspapers 
were recovered. In recent years, 60% of the 
tissue was recovered. Figure 1.26 (page 22) 
shows recycling symbols that depict recycled 
and recyclable products.

In 1993, the U.S. paper industry set a goal 
to recover—for recycling and reuse—50% of 
all paper used in the year 2000. There are 
several organizations that promote pulp and 
paper recycling. Sixteen leading U.S. and Ca
nadian companies formed the 100% Recycled 
Paperboard Alliance (RPA-100%) to promote 
the benefits and increase the use of 100% 
recycled paperboard. Other organizations for 
recycling include American Paperboard Pack
aging Environmental Council, Paper Grocery 
Bag Council and Paper Recycling Advocates.

The U.S. pulp and paper industry invested 
heavily in environmental improvement. To
day, the U.S. pulp and paper industry uses 
60% less water to produce 50% more products 
than 20 years ago. Biochemical oxygen de
mand has been decreased 70% [14].
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1.7 Review Questions

1 Define paper. What are the major differ
ences between paper and textile products?

2 Compare kraft and sulfite pulping pro
cesses for their effects on pulp properties.

3 Why is refining necessary? How does it 
affect the paper properties?

4 Explain the major steps in pulp and paper 
manufacturing.

5 What are the possible effects of repeated 
recycling on wood fiber properties? Ex
plain.



Forming

This chapter is about sheet formation, form
ing fabrics and the forming section of the 

paper machine. The general mechanism of 
sheet formation is explained briefly. Forming 
fabric design, manufacturing, properties and 
testing are explained in detail. Finally, form
ing section configurations of paper machines 
are summarized.

Formation of the sheet is the most critical 
phase of paper manufacturing. If the sheet is 
not formed properly in the forming section, 
there is hardly anything that can be done to 
correct it later on in the remaining sections of 
the paper machine. Many sheet properties 
such as opacity, smoothness, tensile and tear 
ratio and formation are directly controlled by 
the forming section of the machine. The man
ner in which the filler, fiber and water flows 
on the forming section are handled controls 
sheet properties and contributes to the way 
the presses and dryer section will react to the 
fiber mat. The way the sheet behaves in the 
paper converting operations, particularly in 
the areas of roll condition and converter run- 
nability, is a function of the operation of the 
wet end of the paper machine.

2.1 Sheet Form ation Mechanism

There are various forming section configu
rations of paper machines and although the 
principle of sheet formation is the same, the 
process of sheet formation depends on the

machine configuration. Therefore, sheet for
mation process and equipment may differ 
from machine to machine. Forming section 
configurations are given in Section 2.5. A 
rather detailed analysis of sheet formation on 
fourdrinier type machines is also given there. 
In this section, a generic description of sheet 
formation is given. Formation as a paper prop
erty is discussed in Chapter 6.

There are five basic processes which take 
place on the forming section of the paper ma
chine. Each is interrelated with the other and 
each is necessary for good operation of the 
machine [1].

(1) The first step in the operation is to take 
the properly prepared furnish (mixture of 
water, fiber, fillers, fines and additives) 
from the stock preparation area and dilute 
it to a consistency low enough to permit 
easy relative motion between all the parti
cles in the furnish, particularly the fiber. 
Consistency is a measure of the % solids 
in the stock slurry. The typical consist
ency at the headbox is around 0.5-1.0%, 
The turbulence developed in the piping, 
pumps, cleaners and the headbox results 
in a very uniformly dispersed stock slurry. 
Typical consistencies of paper grades at 
headbox are given in Table 2.1.

(2) The slurry is distributed across the width 
of the machine by the headbox and slice. 
A good headbox will distribute the fiber 
uniformly while maintaining good fiber

33
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TABLE 2.1, Typical Papermaking 
Consistencies at Headbox [2].

Paper Grade

Headbox 
Consistency 
Range (%)

Tissue
Newsprint
Bond
Corrugated and bleached 

board 
Linerboard

0.2-0.5
0.6-0.75
0.6-0.9

0.7-1.0 
0.4-0.5

dispersion. The uniformity of the distribu
tion directly affects the uniformity of both 
the machine and cross machine basis 
weight as well as the area to area weight 
uniformity of the final sheet.

(3) The uniformly, well distributed, diluted 
slurry must be delivered onto the forming 
fabric through the slice or nozzle in such 
a way as to promote the formation of a 
uniform fiber mat on the top surface of 
the forming fabric. At the same time the 
water must begin to drain away through 
the forming fabric, thus developing the 
fiber mat (Figure 1.9).

(4) As the free water is being drained and 
while the fiber mat is still in a wet com
pressible state, it must be consolidated 
and compacted in a controlled way so 
as to increase fiber-to-fiber contact and 
gradually close up the porous structure of 
the web. Compactness of the filtered fiber 
mat increases along the movement direc
tion of the fabric. Fiber mat thickness also

increases. The main factors that affect fil
tration of the furnish are temperature, 
forming fabric structure and properties, 
consistency, level of refining, fiber prop
erties, additives and machine drainage 
elements [2]. Flow rates must be con
trolled to give acceptable levels of fines, 
filler and fiber retention. Fiber-to-fiber 
contact and pore structure greatly affect 
the final sheet properties.

(5) The web at the point of removal from the 
fabric must be as dry as possible to attain 
high wet web strength. Wet web strength 
increases with increased dryness. From 
the headbox to the point of transfer to the 
press section, gravity and induced drain
age forces work together to drain as much 
water from the fiber mat as possible to 
give maximum dryness. The forming fab
ric itself, due to its structure, will contrib
ute to the dryness of the sheet by letting 
water drain freely while providing support 
for the fiber mat being built on the top of 
the fabric.

The formation of the sheet is the result 
of physical interactions during the forming 
process. Factors involved in sheet formation 
are fiber dispersion, fiber orientation and 
degree of packing. The reactivity that cellu
lose fibers have with water to produce swell
ing and softening is crucial to sheet formation 
and structure. Hydrodynamic variables of the 
sheet forming process are the viscosity of 
slurry, drainage, turbulence and shear (Figure 
2.1). Oriented shear is the result of the 
difference between fabric speed and jet speed

Ä
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FIGURE 2.1. Hydrodynamic forces in sheet formation [3].
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from the headbox which is called “jet-to- 
wire” ratio.

A measure of drainage ability is the freeness 
of the pulp. Freeness is the rate at which the 
water drains from the slurry. The amount of 
debris and fines in the slurry reduces freeness. 
There are two types of freeness testers: Cana
dian Standard Freeness (CSF) Tester and 
Schopper-Riegler Tester. TAPPI test method 
T 227 is designed to measure the freeness 
using the CSF tester. It should be noted that 
the freeness measurement does not predict the 
drainage on the paper machine. Drainage time 
of pulp is measured with TAPPI method T 
221.

Unlike textile structures, which are also fi
brous structures like paper, there is no interlac
ing (woven and braided textiles) or interloop
ing (knitted or tufted textiles) of fibers during 
sheet formation. During formation of the 
sheet, individual wood fibers are deposited on 
top of each other one after another. As a result, 
the paper structure looks like a stack of fibers. 
Therefore, theoretically, the last fiber depos
ited should be the easiest to pull out of the 
sheet structure first (before compaction in 
press and dryer sections) without disturbing 
the other fibers in the structure. Figure 2.2 
shows the schematic comparison of various 
textile and paper structures.

During formation in the forming section and 
later in the press section, suction and compres
sion forces consolidate the sheet web. These 
forces also cause the fibers on the web surface 
to conform to the topography of the forming 
fabric which may result in a wire mark in the 
sheet. Due to the contact between surface fibers 
and fabrics and metal surfaces during manufac
turing, the structure of the paper surface is dif
ferent from the rest of the sheet structure. In 
addition, the two surfaces of the sheet may also 
be quite different. In general, pulp properties 
that give a denser sheet structure also result in 
a smoother surface [4].

During formation, fibers tend to orient in 
the direction of the motion of the forming 
fabric, i.e., along the paper machine direction 
(MD). The tensile strength of paper increases 
with the increase in fiber orientation. There
fore, the tensile strength in the MD direction

may be different than that of the cross machine 
direction (CD).

Flocculation, which is the tendency of fi
bers to agglomerate, results in poor formation. 
Sheet formation quality requires that fibers 
are randomly oriented in the headbox and fi
bers and fillers are uniformly distributed. Con
stant turbulence is generated in the headbox 
to disperse floes. Then, dewatering should be 
done fast enough to prevent formation of 
new floes.

It is generally accepted that traditional sheet 
forming methods produce a layered structure 
where fibers lie approximately parallel to the 
paper surface. However, in high consistency 
forming, fibers are arranged as a three-dimen
sional network structure with fibers oriented 
to some extent in the thickness direction [5]. 
Table 2.2 shows the comparison of low and 
high consistency handsheet mechanical prop
erties. A high consistency sheet has a drasti
cally higher Scott Bond value than that of 
low consistency sheet. Thickness and bending 
stiffness are also increased. Compression 
strength slightly increases in high consistency 
forming while tensile strength decreases.

Various paper properties such as strength, 
appearance, amount of directionalism and di
mensional stability are affected by formation. 
Therefore, some of these factors can be used 
to evaluate formation.

While the fibers are formed into a sheet, 
non-fibrous materials such as fillers in the 
furnish should be retained in the sheet struc
ture as well. Various fillers are used to give 
different properties to the paper. Table 2.3 
shows the typical size range of some filler 
materials. Fillers should be retained on the 
first pass on the forming fabric. For best reten
tion of fillers, fines should form floes which 
contradict the prevention of fiber flocculation 
for good formation. To increase retention, re
tention aids are used. High retention allows for 
lower headbox consistency which improves 
formation. Increased retention increases basis 
weight and strength of the paper.

As the sheet is formed on the forming fab
ric, the fiber network starts acting like a filter 
in addition to the action of forming fabric. 
This further helps with the retention of fines



plain weave (top view) regular braid (top view)

weft knit (top view) tufted (cross-section)

nonwoven (top view or 
cross-section)

paper (cross-section)

FIGURE 2.2. Schematics of textile and paper structures.
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TABLE 2.2. Mechanical Properties of Low Consistency (LC) and 
High Consistency (HC) Formed Handsheets [6].

Density
(kg/m3)

Bending
Stiffness/

Grammage
(Nm /̂kg®)

Tensile Index 
(kNm/kg)

Compression Index
(kNm/kg)

Scott Bond 
(J/m2)

LC sheet 650 LOO 60 18 75
HC sheet 500 1.30 50 20 380
Ratio HC/LC 0.76 1.30 0.83 1.11 5.06

and fillers. The efficiency of the fiber network 
as a filter depends on its thickness and density, 
filtered particle size, stock freeness and hydro- 
dynamic conditions such as pressure drop and 
fluid viscosity. The mechanisms for retention 
are mechanical integration, adsorption, chem
ical bonding and colloidal interaction. Dyes, 
sizing and bonding agents can be adsorbed or 
chemically bonded. Cellulose fines and min
eral fillers are in general poorly retained. The 
probability of fiber interception by the form
ing fabric depends on several factors [3]:

• ratio of fabric grid spacing to fiber 
length

• initial position of fiber
• fiber friction
• drainage velocity
• fiber width and length
• fiber flexibility

2.2 Form ing Fabrics

The forming fabric is the vehicle which ties 
together the pieces of the delivery zone in the 
forming section of the paper machine. The 
forming fabric has three distinct functions:

• It must allow water to pass through its 
structure.

TABLE 2.3. Typical Size of Filler Materials [2].

Filler Size (|jLm)

TÌO2 0.2-0.5
CaCOs 0.2-0.5
Clay 0.5-1.0
Talc 1.0-10.0

It must support, retain and form the 
sheet.
It must act as a conveyor belt 
transporting the sheet to the press 
section.

The top surface of the forming fabric acts as 
a filter cloth to create the base upon which the 
fibers are deposited to form the fiber mat or 
sheet. The geometry of the surface on which the 
sheet is formed contributes to sheet properties 
such as wire mark, linting and sheet smooth
ness. The better the quality of the support, the 
better will be the quality of the fiber mat and 
the higher will be the retention of fines, fillers 
and fibers on the supported side of the mat. In 
many grades of fine and printing papers, better 
retention will help minimize the two sidedness 
of the sheet surface properties which affect 
printing and other converting operations.

The bottom side of the fabric contributes to 
the conveyor belt characteristics of the fabric. 
Most of the life-reducing wear will occur on 
the bottom side because the wear-producing 
elements such as rolls, foils and flat box covers 
are in contact with the bottom surface. Ma
chines with high drag loads require heavier 
duty fabrics to withstand the stretching forces 
and wear over the forming boards, foils, vac
uum equipment and rolls. Drag and fabric 
wear (and life) are all related.

Since the fabric is somewhat elastic, it un
dergoes changes in length as it traverses the 
loop around the forming section of the paper 
machine causing wear over roll surfaces and 
machine elements. It is easy to see that condi
tions as a conveyor belt would be better if 
large, strong yams could be used to resist
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Stretch and increase the volume of yam avail
able to wear away. This is the opposite of the 
type of yams we need to improve sheet quality 
by better fiber support.

The total fabric structure contributes to the 
ability of the fabric to act as a drainage me
dium. On the machine, the fabric has the capa
bility to drain the headbox flow in a very short 
time, provided the flow consists only of water, 
as is the case during the initial start-up. It is 
only when the other parts of the furnish are 
added to the flow that the fabric appears to 
show significant drainage resistance. Once the 
fiber mat is deposited on the top of the fabric, 
the mat becomes the major source of drainage 
resistance. In the early part of the forming 
process, the way in which the fiber mat is 
built up governs the drainage. In the later part 
of the table, the ability to generate a pressure 
drop from the top of the sheet to the bottom 
of the fabric governs the drainage.

Mechanically a forming fabric must have:

• good wear resistance
• resistance to stretching, narrowing, 

skew, puckering, ridging and wrinkling
• guide-ability
• drive-ability
• resistance to high pressure shower and 

other damages
• the ability to be cleaned and have the 

sheet knocked off

A forming fabric should give the pa- 
permaker:

• good first pass retention
• good formation
• reduced power consumption
• reduced offset linting
• less two sidedness
• good strength properties
• proper surface topography to achieve 

desired paper properties

To achieve these tasks compromises are 
necessary. Forming fabrics are highly com
plex stmctures. A detailed understanding of 
each paper machine is needed to be sure that 
the right fabric is designed and used.

Forming fabrics have more effect on the 
final sheet properties than press or drying 
fabrics which makes their design very critical. 
As a result, the design and manufacturing of 
forming fabrics require very special consider
ations and careful engineering.

There are basically three types of forming 
fabric designs used in the papermaking indus
try: single layer, two layer and three layer. 
Before we discuss these designs, a clarifica
tion needs to be made concerning manufactur
ing and installation of paper machine fabrics. 
A fabric can be woven in two ways as shown 
in Figure 2.3:

(1) Flat weaving
(2) Endless weaving

Flat woven fabrics have to be joined 
(seamed) to make an endless fabric for use 
on the paper machine. Warp direction on the 
weaving machine becomes machine direction 
(MD) on the paper machine and filling direc
tion on the weaving machine becomes the 
cross machine direction (CD) on the paper 
machine. In endless weaving, the fabric is 
woven as an endless belt. The warp direction 
on the weaving machine becomes the cross 
machine direction (CD) on the paper machine 
and the filling direction on the weaving ma
chine becomes the machine direction on the 
paper machine.

During weaving of the fabric, cross ma
chine direction yams are also called “shute” 
yams. The term “shute,” which is extensively 
used in the paper machine clothing industry, 
comes from the “shooting” of the yam across 
the weaving machine with a shuttle. Another 
term for the filling yam is “weft” which is 
commonly used in the textile industry.

Single Layer Designs

Single layer fabrics have one layer of warp 
yams and one layer of weft yams. Most single 
layer fabrics are woven with two to eight har
nesses. Figure 2.4 shows warp profiles of 
some single layer fabrics.

2.2.1 Forming Fabric Designs
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Flat Woven

as woven on loom 
B

seamed and installed 
on paper machine 

B

MD

filling CD

Endless Fabric

as woven on loom

D
installed on paper machine

warp MD

filling CD

FIGURE 2.3. Flat and endless fabric weaving and installation.

Plain weave design requires a minimum 
of two harnesses (“sheds”) to weave. Paper 
machine clothing manufacturers use the term 
“shed” instead of “harness” to indicate the 
number of yarns in a repeat unit of the fabric.

A “shed” is the opening between the warp 
yams during weaving. A harness is a mechani
cal device to which warp yarns are attached. 
Machine direction (warp) yarns pass over and 
under alternate cross machine direction yams.
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2 harness (plain), 1/1

3 harness, 1/2

4 harness, 2/2

4 harness, 1/3

5 harness, 2/3

5 harness, 1/4

FIGURE 2.4. Warp profiles of typical single layer forming fabrics.

The meshes are usually coarse and used pri
marily in board, pulp and industrial cloth ap
plications. During operation, single layer fab
rics wear on both machine direction and cross 
machine direction yarns. Figure 2.5 shows a 
plain weave fabric. Plain weave gives mini
mum sheet marking but it is not a practical 
single layer fabric for normal papermaking.

Three harness (1/2 twill) designs are woven 
with the machine direction yarn passing over 
one cross machine direction yarn then under 
two cross machine direction yams. The cross
over is offset by one yam each time, which 
forms a diagonal pattern in the fabric. This 
imaginary line is called twill line. This type 
of fabric is not utilized in many applications 
today.

Four harness designs can be achieved in 
different ways. Four harness twills are woven

with the machine direction yam passing under 
one cross machine direction yam then over 
three cross machine direction yams. The 
crossovers are offset by one, to form a diago
nal pattern in the fabric similar to three harness 
but with longer yarn surfaces. This type of 
fabric is generally not used in paper manufac
turing today.

Four harness broken twill is similar to 
the four harness twill, however, the cross
overs are offset in a broken pattern. This 
type of pattern is sometimes referred to as 
a crowfoot pattern. The coarse mesh fabrics 
in this design are used in brown paper and 
are generally run with the long cross machine 
knuckle toward the sheet for better release. 
The medium mesh fabrics are used in the 
newsprint industry and are run with the long 
cross machine knuckle toward the machine



Forming Fabrics 41

FIGURE 2.5. Photomicrograph of a plain weave fabric.

for better wear. The finer meshes in this 
weave are also run with the long cross 
machine knuckle toward the machine and 
are used for high quality printing, copying 
and writing papers.

In four harness double twill the machine 
direction yam passes over two cross machine

direction yarns then under two cross machine 
direction yarns. The crossovers are offset by 
one to form a twill pattern.

Five harness design also has different com
binations. Figure 2.6 shows schematic of a 
five harness, 1/4 twill design. The warp yam 
passes over 4 and under 1 weft yam. The



warp profile:

filling profile:

top view:

bottom view:

FIGURE 2.6. Schematics of five harness (1/4) twill single layer fabric design unit ceil.
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FIGURE 2.7. Top view of a five harness single layer broken twill fabric.

crossover points are adjacent so that they form 
a twill line.

Five harness broken twills are also woven 
with the machine direction yam passing over 
four cross machine direction yams then under 
one cross machine direction yam. However, 
the crossovers are staggered to prevent a twill 
pattern as shown in Figure 2.7. These fabrics 
have low profile knuckling and smoother sur
faces. Fabrics in this weave can be run with 
long machine direction knuckles to the sheet 
or long cross machine direction knuckles to 
the sheet depending on the grade of paper to 
be run. Suitable for a variety of paper grades, 
it is more easily adaptable for optimizing fiber 
retention than other designs.

Five harness 2/3 twills are woven with the 
machine direction yam passing over three 
cross machine direction yams and under two 
cross machine direction yams (Figure 2.8). 
The crossover is offset by one yarn to form 
a twill pattern. This weave is used primarily 
in brown paper of all grades from lightweight 
linerboard, corrugating medium and bag to 
heavy weight linerboard. It offers good wear 
and release characteristics. These fabrics are

normally run with the longer machine direc
tion knuckles to the sheet, but also can be run 
with the longer cross machine knuckles to 
the sheet for better release without sacrificing 
much life.

Two Layer Designs

In two (double) layer forming fabrics, there 
is one layer of warp yams and two layers of 
filling yams. There are two major variations 
of two layer fabrics: a) standard two layer and 
b) two layer extra designs.

a) Standard Two Layer Design

Figure 2.9 shows schematics of various 
standard two layer designs. There are several 
different weave patterns available in both 
seven and eight harness two layer weave pat
terns. These weaves can be used for all grades 
of paper as well as for industrial applications.

Four harness two layer fabrics have the 
wear knuckles in the machine direction. These 
fabrics generally employ heavyweight yams. 
This weave is suitable for pulp, some brown
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FIGURE 2.8. Five harness 2/3 twill.

paper and industrial applications such as fiber
glass mat. Seven harness two layers offer a 
smooth surface and higher guiding efficiency 
over other double-layer weaves. This design 
is suitable for all grades of paper. Eight har
ness two layers are used on all critical finish 
grades.

Two layer designs offer high fiber support. 
The top filling diameters, coupled with the 
larger bottom fillings give the fabric unique 
properties. The result is improved formation, 
retention and life. Figure 2.10 shows a photo
micrograph of an eight harness two layer fab
ric. Figure 2.11 shows warp and filling pro
files of a four harness two layer fabric.

Advantages of two layer fabrics versus sin
gle layer:

(1) Greater dimensional stability and resist
ance to stretching

(2) Greater resistance to wear and damage
(3) Improved formation

® higher drainage capacity but at a 
lower rate (slower initial drainage)

® more uniform fiber distribution 
® more fiber support 
• more fiber retention 
® less fiber deflection—less linting 
® less two sidedness

Fabric stability is enhanced as a result of 
an increased number of MD yams coupled 
with the beam-like structure developed by 
stacking the CD yarns. This provides for a 
forming surface with increased cross direc
tional support, while at the same time max
imizing the wear surface and reducing the load 
on the paper machine elements. This type of 
fabric is considerably less susceptible to de
formation caused by the constantly changing 
tension, as it runs its course around the ma
chine.

The unique potential of a two layer offers 
a long CD knuckle on both the sheet side and 
wear side. This offers two advantages. Larger



4 harness

top _  
filling

bottom filling

5 harness

7 harness

8 harness

FIGURE 2.9. Standard two layer fabric warp profiles.
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FIGURE 2.10. Photomicrograph of an eight harness two layer fabric.

yam diameter is generally more effective in 
reducing wear. The long CD knuckle down 
shows the lowest wear rate. Two layers are 
generally designed with a smaller CD yarn on 
the sheet side for sheet quality and a larger CD 
yam on the machine side for wear resistance.

The overall drainage capacity of a two layer 
design is greater than the comparable single 
layer. The two layer actually reduces the 
drainage rate in the initial forming zones 
where whitewater losses are the most dra
matic. Water and solids must change direction 
of travel several times; reducing the velocity

minimizes the amount of solids lost in the 
forming process. The increase in fiber support 
also reduces the penetration of the mat into 
the fabric mesh, which normally would retard 
drainage capacity and adversely affect fabric 
hygiene. Drainage capacity, which is directly 
proportional to the caliper of the forming fab
ric, is substantially increased. The stacking of 
the CD yarns affects the drainage capacity 
(void volume) of the fabric. This explains why 
a two layer with no projected open area is as 
effective as a single layer having a 20% open 
area or more.

warp profile filling profile

FIGURE 2.11. Warp and filling profiles of a four harness two layer fabric.
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FIGURE 2.12. Top surface of a seven harness two layer fabric.

It is a well established fact that fibers tend 
to orient in the machine direction particularly 
at the bottom portion of the jet. Due to the 
hydrodynamic effect in the headbox, the fibers 
leaving the headbox are oriented in the jet 
direction before hitting the forming fabric. 
Therefore, the run attitude of the knuckles in 
the CD direction will dramatically improve 
the random distribution of fibers by turning 
the flow. The two layer design increases the 
number of CD yarns to improve this random 
distribution, while at the same time increasing 
the fiber support. Two layer fabric designs 
offer increased fiber support (Section 2.2.4) 
by substantially increasing the yarns per unit 
area and reducing the penetration of the fiber 
mat into the forming fabric surface. The fiber 
support of a two layer is approximately 20% 
greater than that of a single layer. Figure 2.12 
shows the top surface of a seven harness two 
layer fabric. The two layer design offers 
greater weave variation than a single layer and 
hence better chances to enhance overall sheet 
appearance through desired sheet side surface 
characteristics.

An essential consideration in dealing with

fiber support is knuckle area and height. The 
shape, number and location of knuckles have 
a dramatic effect on the fabric operating char
acteristics and machine performance. The two 
layer design allows optimization of fiber sup
port in the forming zone. Running the long 
CD knuckle on the sheet side enhances forma
tion and reduces fiber penetration. Two layer 
fabrics can be surfaced on the sheet side to 
increase the fiber support surface area (Sec
tion 2.2.3). The enhanced sheet release is an 
advantage of the two layer structure.

Wire marking is the result of optical and 
physical characteristics of the sheet caused by 
point to point density and surface differences 
of the fabric topography. Two layer designs 
minimize this point to point density difference 
by reducing the MD knuckle height above the 
plane of the fabric, utilizing small diameter 
MD yarns. This transfers a substantial amount 
of crimp from the MD yams to the CD yams, 
which reduces wire marking. Figure 2.13 
shows crimp levels of yarns in a two layer 
fabric. Surfacing two layer fabrics enhances 
the monoplane characteristics of the fabric, 
thus further reducing wire mark.
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FIGURE 2.13. Crimp levels in a two layer fabric (top; warp, middle: top filling, bottom: bottom filling).

Explanation of X-Diagrams

X-diagrams are graphic representations of 
weave patterns. Figure 2.14 shows the X-dia- 
gram of a typical seven harness two layer 
design. Boxes in the vertical direction repre
sent warp or machine direction (MD), boxes 
in the horizontal direction represent filling or 
cross machine direction (CD).

The X’s show where outer warp knuckles 
are located on both the top and bottom sides 
of the fabric and the positions of the top and 
bottom warp knuckles in relation to one an
other, when observing the fabric from the top 
layer through to the bottom layer.

The blank boxes show where the filling is 
exposed in both layers. The following is 
shown in the top diagrams:

• The fabric is a seven harness repeat.
• In the machine direction, a warp 

knuckle is formed at a first pair of 
filling yams in the top layer and at a 
fourth pair of filling yarns in the 
bottom layer for each warp yam as 
shown by the warp profile.

• Warp knuckles are formed in a 1, 3, 5, 
7, 2, 4, 6 filling sequence. This is a 
broken weave in a two step offset with 
the prominent diagonal running right.

• In the cross machine direction, the 
filling is exposed over six of the seven 
warp yams in both layers, that is, over 
six, under one as shown by the filling 
profile.

For filling yams of equal size, stacking is 
obtained by exact positioning of the cross ma
chine direction yams in the top layer over 
those of the bottom layer as shown in Figure 
2.15(a). For filling yams of nonequal size, 
stacking means good vertical positioning of 
the cross machine direction yam whereby the 
top layer yam (smaller) is 100% over the bot
tom layer yam (larger) as shown in Figure 
2.15(b).

Nonstacking is the nonvertical positioning 
of the cross machine direction yams in a two 
layer fabric design [Figure 2.15(c)].

Low Density Two Layer Fabrics

The original designs of two layer fabrics 
were successfully run on many newsprint and 
fine paper applications. Most of these applica
tions have required special showering to clean 
the fabrics. For other applications, such as 
tissue and brown paper, this same type of 
fabric has not proved very successful for sev
eral reasons:
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FIGURE 2.14. Analysis of a seven harness two layer fabrio design.

• drainage too slow resulting in poor 
formation

• inability to knock off the sheet or edge 
trim

• inability to clean heavy soil causing 
fabric to plug up

To overcome these problems, two layer fab
rics were developed that had characteristics

more similar to single layer so far as drainage 
and flow characteristics are concerned. These 
fabrics were called low density double layer 
(LDDL) fabrics. The advantages of low den
sity two layer fabrics were:

• faster drainage
• easier to clean
• easier to knock off the sheet

oi : o: 1 1 
I 1 U o  ,.0

o: io: o: io  6-''
(a) (b) (C)

FIGURE 2.15. Stacking versus nonstacking.
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•  Special showering not required in most 
cases

•  improved wear over single layer
•  dimensional stability
•  damage resistance

The drainage index of a low density two 
layer design is approximately 5% greater than 
comparable single layer designs. Unlike tradi
tional double layer designs, the low density 
two layer structure has projected open area 
so that sheet knock-off and fabric cleaning 
functions can be performed with the show
ering of a standard single layer.

On average, the fiber support of the low 
density two layer is 25% greater than that of 
normal single layers. This design gives sub
stantial life increase compared to single layer 
fabrics, due to the uniqueness of the high plane 
difference between the CD and MD yams. 
This difference results in the wear being trans
ferred to the CD yam. Thus, low density two 
layer design protects the load bearing yam 
(MD yam) to resist wear and increase fabric 
life.

b) Two Layer Extra Design

This is a two layer design consisting of two 
cross machine direction (filling) yams on the 
sheet side for every cross machine direction 
yam on the wear side (Figure 2.16). The two 
top filling yams are designed to increase the 
fiber support index of the fabric (Figure 2.17). 
The bottom filling yarn is of an increased 
diameter to ensure long life.

There are several operating advantages of 
two layer extra design over conventional sin
gle and double-layer designs. Improvement in 
sheet formation is the main advantage. The 
high filling yam  count ensures fabric stability. 
This reduced tendency towards ridging im
proves life. The unique relationship of the 
filling yams in the vertical plane ensures ease 
of cleaning. Figure 2.18 shows the warp and 
filling profiles of a typical two layer extra 
fabric.

The high fiber support, coupled with the 
reduction in crossover points improves sheet

smoothness and reduces wire mark. These two 
physical properties are major considerations 
for the papermaker. Two layer extra forming 
fabrics incorporate additional CD yams into 
the fiber support area or sheet side of the 
fabric. Each of these yams alternates with a 
pair of stacked cross-direction yams in the 
fabric constmction. This constmction results 
in increased fiber support and helps to elimi
nate fiber deflection without sacrificing drain
age capability. Typically, standard two layer 
fabrics for fine paper and newsprint have 50- 
65 yarns per inch on the sheet side whereas 
two layer extra weave would have around 90.

Drainage characteristics are similar to two 
layer designs. The two layer extra drains the 
same as a standard two layer of the same 
permeability initially, but more efficiently 
later on due to the higher drainage index. Wa
ter and solids must change direction of down
ward flow several times; thereby reducing the 
velocity, under conditions of high hydraulic 
pressure. This reduces the amount of solids 
lost in the forming process. The two layer 
extra has double the drainage index of a stan
dard two layer.

The two layer extra fabric gives improved 
sheet appearance and quality. Field results 
have shown that most cases of linting prob
lems previously experienced with single layer 
and regular double layer designs are signifi
cantly reduced with two layer extra type de
signs. Formation problems caused by weak 
dimensional stability in single layers are elim
inated with the two layer extra as a result of 
the enhanced number of MD and CD yams 
per unit area. Two sidedness of the paper is 
also reduced to a minimum with the two layer 
extra fabric.

In a recent development of two layer extra 
designs, all top side yams are the same size 
and woven into the fabric structure to max
imize sheet quality and process stability. This 
design is especially suitable when maximum 
water is removed at low consistency. This 
design offers very high retention, formation 
and sheet runnability. In some two layer extra 
designs, finer double warp yams are used 
against machine elements instead of a single 
large warp yam.



extra strand

warp profile:

filling profile:

top filling

top layer: 
(paper side)

bottom layer: 
(machine side)

fig u r e  2.16. Schematic of a seven harness two layer extra fabric design.
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FIGURE 2.17. Photomicrographs of a typical two layer extra design; middle: top view, bottom; bottom view 
(magnification; 18x)
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FIGURE 2.18. Warp (top) and filling profiles of a typical two layer extra fabric.
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Three Layer Designs

Three layer fabrics have two separate fab- 
rics— top and bottom — connected with a 
binder yam  (stitch) as shown in Figure 2.19. 
The fine top side of the fabric improves form a
tion and fines retention. It also reduces wire 
mark, which is a major consideration in fine 
papers. The coarse bottom layer is specifically 
engineered to ensure long fabric life (Figure 
2.20). The large filling and warp yams allow 
decreased running loads.

The stitch yam can be an additional yam 
or part of the top or bottom layer fabrics. The 
additional stitch yam is generally placed in a 
location where it is protected from wear by 
the large bottom yams. Wear of stitch yam 
can cause delamination of the two layers and 
failure of the forming fabric. Figure 2.21 
shows X-diagram and warp and filling profiles 
of a typical three layer design.

Advantages of three layer designs:

• improved sheet support: a fine sheet 
side provides over 5000 fiber support 
points per square inch. On average, the 
fiber support of a three layer is 25% 
greater than that of standard double 
layers.

• improved formation and stability
• reduced two-sidedness
• increased flexibility in design by 

allowing each layer to be optimized 
independently

• longer life due to larger diameter wear 
yam

The three layer fabric has improved sheet 
appearance and quality. Field results have 
shown that many cases of two sidedness pre
viously experienced with double-layer designs 
are significantly improved with three layer 
designs. Formation problems caused by weak 
dimensional stability and the MD frame length 
with double layers can be eliminated with the 
three layer. This reduction in MD frame length 
(MD length is defined as the spacing between 
adjacent rows of CD directional yams) has 
led to higher retentions due to less surface 
area open to embedment of the fiber from the

stock jet. The three layer has a noticeable 
shorter MD hole, thus providing significant 
improvement in both fine and fiber retention.

The uniqueness of the three layer offers the 
opportunity to design each layer indepen
dently. The three layer fabric is designed with 
a fine mesh top layer to provide the ultimate 
sheet support. This equates to improved for
mation, increased fines retention and reduced 
two sidedness. The increase in fiber support 
means that the sheet releases easier, thus re
ducing machine draws. The mgged bottom 
fabric provides a durable base for increased 
fabric life and dimensional stability. Three 
layer fabrics are used for all grades of paper.

The unique potential of the three layer of
fers a long CD knuckle on both the sheet 
side and wear side. Three layer fabrics are 
generally designed with smaller CD yam on 
the sheet side for papermaking and a larger 
CD yam on the machine side for wear resist
ance. This offers two advantages: (a) larger 
yam diameter is generally more effective in 
increasing life, and (b) The long CD knuckle 
down shows the lowest wear rate.

Finally, it should be noted that although 
three layer designs offer these potential advan
tages, in actual practice many are outper
formed by two layer extra designs in retention, 
smoothness, wear and ring crush on brown 
grades. Therefore, the two layer extra design 
is a major competitor of three layer designs, 
which, in many cases, is replacing three layer 
applications. Cost is another factor that is on 
the side of the two layer extra fabrics.

Other Designs

Other forming fabric designs are also possi
ble. In one design variation, there are three 
layers of weft yam and one layer of warp yam 
as shown in Figure 2.22(a). An extra fine yam 
may also be used on the top layer as shown 
in Figure 2.22(b).

2.2.2 Forming Fabric Design Variables

The yams used in warp and filling direc
tions in forming fabrics have different proper
ties. The rule of thumb in a forming fabric is



warp profile:

filling profile:
top filling stitch

bottom fining

top warp

bottom warp

top layer: 
(paper side)

bottom layer: 
(machine side)

FIGURE 2.19. Schematic of three layer fabric design.
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four harness top layer plain bottom layer

FIGURE 2.20. Photomicrograph of a three layer fabric.

that CD yam is for wear and MD yam is for 
load bearing on the paper machine. Therefore, 
higher modulus yams are used in MD direc
tion to reduce stretching on the paper machine.

The fiber support and drainage characteris
tics of most fabric designs can be varied by 
changing yam diameter, mesh count, weave 
and yam predominance.

By proper selection of yam diameter and 
mesh, it is possible to obtain a variety of hole 
sizes and open areas to meet the required ma
chine conditions. If, for example, it has been 
determined that the hole size of a fabric is 
adequate, but a different percent open area is

needed, a change in MD yam diameter and 
mesh will change the percent open area [7]. 
Figure 2.23(a) illustrates this situation.

Similarly, if the percent open area is satis
factory but more sheet support is required, a 
similar change can be made to give a greater 
number of smaller holes with the same percent 
open area. In Figure 2.23(b), an additional 
MD yam is brought into the picture. By proper 
selection of the additional number of MD 
yams, the percent open area could be held 
constant.

As the fabrics get finer with increasing 
mesh count and smaller yams, the bridging
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FIGURE 2.21. X-diagram and warp and filling profiles of a typical three layer design.

location moves higher in the structure of the 
fabric (Figure 2.63 in Section 2.3). Depth of 
penetration of the knuckle becomes more fa
vorable, and at the same time the location of 
the bottom of the fiber-filler-fines plug moves 
upward.

The crowding of the MD yams by the CD 
yams increases with increasing MD yam

count. Because of finishing and operating ten
sions at the points of crossover contact, the 
MD yam tends to ride up the side of the CD 
yam knuckle. This results in a lower height 
of the knuckle.

The closely spaced MD yams in the span 
between CD yams and the climbing effect of 
the MD yam at the knuckle combine to give
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top filling

middle filling

bottom filling
warp

(b)

FIGURE 2.22. Triple shute weave.

a fabric with a sheet side surface that is smooth 
compared with the surface of a fabric with a 
lower MD yam count. This smoother sheet- 
side surface will improve the surface smooth
ness and density uniformity of the final sheet.

Fabric warp profiles are used to determine 
whether a multilayer design is symmetric or 
nonsymmetric. Consideration must be given 
to a full warp cycle. Two layer symmetry or 
non-symmetry is determined by the warp path 
between the filling layers as referenced from 
the short warp knuckle. Symmetric designs 
have equal division or arrangement on either 
side of a common reference plane or division 
line as shown in Figure 2.24. There is a bal
ance of opposite corresponding parts in size, 
shape or position.

Nonsymmetric designs have unequal divi
sion or arrangement on either side of a com
mon reference plane or division line as shown 
in Figure 2.25. Opposite corresponding parts 
are disproportionate in size, shape or position.

2.2.3 M an u fac tu re  o f  F o rm in g  Fabrics

The design and manufacture of a forming 
fabric for a paper machine is a complex task. 
In general, forming fabrics are paper machine 
specific, i.e., quite often a forming fabric is 
custom designed for a particular position on 
a particular paper machine. Papermakers de
mand a long-lasting forming fabric which will 
enable them to produce high quality paper 
products. Forming fabrics are manufactured to 
meet various demanding requirements which 
include stability, wear resistance, proper 
drainage capacity, uniform fiber distribution, 
no wire marking and proper retention. Figure 
2.26 shows the flow chart for manufacturing 
of forming fabrics.

Forming Fabric Materials

Until the 1950s, fabrics used for forming 
were made of phosphor bronze or stainless



Initial MD yam reduced diameter MD yam

^  ! 1 
1 '

1 ^ 1 i
1 i

!

1

PM
i11

1 !
' 1 1 1
1 !

ii11111

CD yam

□ Total area Previous open area

Initial MD yam

Open area after MD yam diameter is reduced

(a)

reduced diameter MD yam

1
i1

B1
7

3

w i
CD yam

Total area Previous open area

Open area after MD yam diameter and hole size is reduced 

(b)

FIGURE 2.23. Changing the percent open area in a forming fabric.
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warp profile

8 harness

warp profile

FIGURE 2.24. Examples of symmetric fabric designs.

Steel, and because they were made of metal, 
called wires. There were very few design vari
ations. The average fabric life was one to two 
weeks. Fabric stability was good, but the 
forming fabric was prone to damage due to 
creases and metal fatigue. Metal fabrics had 
high drainage rates and poor fiber retention 
and sheet release. Figure 2.27 shows a three 
harness, metal wire which was a common de
sign before synthetic fabrics. The first syn
thetic forming fabric was used in 1958 (Table
2.4). Although fabric life was not improved

initially, sheet quality was better. By mid- 
1970s, 75% of all paper machine clothing had 
mono- or multifilament yams. Multilayer 
forming fabrics were introduced in the mid- 
1970s. In 1976, three layer fabrics were intro
duced. Today almost all of the forming fabrics 
are made with high molecular weight and high 
modulus monofilament polyester. For wear 
resistance, alternating nylon yams can be used 
in the bottom layer of multilayer fabrics (Fig
ure 2.28). However, nylon is not dimension- 
ally stable under wet conditions which limits
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warp profile

8 harness

warp profile

its use in forming fabrics. Nevertheless, with 
the increase of alkaline papermaking, more 
and more nylon yams are being used along 
with polyester. Polyester has good stress- 
strain properties and it is resistant to acid, but 
is subject to hydrolysis under alkaline condi
tions. Nylon also has more memory than poly
ester; therefore, it takes longer to recover.

Figure 2.29 shows specific heat of polyester 
and nylon yams. Specific heat is an indication 
of energy needed to bring the yam up to a 
certain temperature. Nylon takes more heat to

get it to a certain temperature than polyester. 
Therefore, to reach the same temperature, the 
heatset amount should be increased. Mass of 
the yam also has an effect.

Nylon and polyester have the following 
comparative properties:

• For flexural modulus, nylon is softer 
than polyester.

• For compression resistance (and impact 
resistance), nylon is superior. Polyester 
tends to fracture under pressure. That



FIGURE 2.26. Major steps in manufacturing of forming fabrics.
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FIGURE 2.27. A three harness, metal wire.

is why nylon is used in press fabrics 
(Chapter 3). These properties are inherent 
in the polymers.
Heat transfer will be different for nylon 
and polyester.
The specific heat of nylon is more than 
polyester.
The abrasion resistance of nylon is 
higher than polyester.
Polyester has higher density than 
nylon.

TABLE 2.4. Historical Development 
of Forming Fabrics.

1957 First synthetic forming fabrics patented
1958 First commercial applications of syn

thetic fabrics
1965 First monofilament fabrics for fine paper 
1973 Monofilament fabrics for brown paper
1975 Three layer fabrics patented
1976 First three layer fabric trial on fine paper 
1979 First successful double layer on news

print
1982 Straight-thru design patented
1985 Double layer extra design patented
1986 Four layer design trial

Today, with the use of recycled fibers, con
taminants in the pulp such as pitch, wax, latex, 
etc., may create problems during paper manu
facturing. Therefore, yams with contaminant 
resistance properties are in high demand. 
There are several ways to achieve contaminant 
resistance such as yam coating, contaminant 
resistant additives to the polymer and fabric 
coating. Fabric coating also improves stabil
ity. Generally, fluorocarbon based coatings 
are used in fabric coating.

There are several properties of polymers 
that affect forming fabric manufacturing and 
performance. Intrinsic viscosity (I.V.), which 
is dimensionless, is the ratio between the time 
the dissolved polymer takes to travel a specific 
distance through a glass tube known as a capil
lary viscometer, in comparison to the time 
that a solvent alone would take to travel that 
distance. High I.V. resin may likely produce 
more slubs than low I.V. (a slub is a thick 
place on the yam).

Modulus is an indication of the strength of 
yarn material. Modulus is the ratio of stress 
to strain that can be determined from the slope 
of the stress-strain curve. High modulus yams
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WEAR FUNCTION

WEAR TIME (hours)
FIGURE 2.28. Comparison of nylon and polyester for wear resistance (courtesy of Textile Research Institute).

are stiff with small elongation under load. Low 
modulus yams are extensible with high elon
gation under load.

There are several modulus values defined in

the technical literature [8]: Young’s modulus, 
initial modulus and chord modulus. ASTM 
(American Society for Testing and Materials) 
defines Young’s modulus as the ratio of

FIGURE 2.29. Specific heat of polyester and nylon (courtesy of Shakespeare Monofilament).
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change in stress to change in strain within the 
elastic limit of the material [9]. The ratio is 
calculated from the stress (force per unit cross- 
sectional area) and strain (fraction of the origi
nal length). Initial modulus is the slope of the 
initial straight-line portion of the stress-strain 
curve. Chord modulus is the ratio of the 
change in stress to the change in strain be
tween two specified points in the stress-strain 
curve.

Shrinkage properties of forming fabric 
yams are important. High shrinkage is good 
to obtain low caliper fabrics. For forming fab
rics, warp should have low elongation (high 
modulus) and filling should have low shrink
age. As drawing increases, modulus and 
shrinkage also increase. Drawing is the 
stretching of the yam under load between the 
rollers (Figure 2.30). In general, increased 
draw results in lower abrasion resistance.

Hydrolysis resistance is another important 
property for forming fabric yams. Staboxyl is 
an additive for hydrolysis resistance that is 
added to the extmder.

(1) Staboxyl I: liquid, lower molecular 
weight

(2) Staboxyl P: solid, higher molecular 
weight

(3) Staboxyl PI00: solid, highest molecular 
weight

Nucleating agents are added to polymer to 
speed up its crystallization. If crystallinity is 
high, then the physical dimension is very sta
ble but elongation and strength are sacrificed.

Conductive monofilaments are used in 
forming fabrics for nonwoven manufacturing. 
Polyester or nylon monofilaments can be suf
fused with conductive carbon to make them 
conductive enough to control electrostatic dis
charge and conduct certain low voltage cur
rents. The outer skin of monofilament is chem
ically suffused with tiny conductive/carbon 
particles which become part of the stmcture 
of the fiber. Depending on the denier, the 
resistivity range is 10^-10^ ohm/cm. A typical 
21 denier carbon suffused nylon monofila
ment features a resistivity level of 10̂  ohm/ 
cm per filament [10].

Manufacture of Yarns for Forming 
Fabrics

Yams for forming fabrics are produced with 
the melt spinning method. In melt spinning 
(also called extrusion), polymer chips are fed 
to the extruder (Figure 2.30). They are melted 
under heat and forced through the tiny holes, 
the diameter of which depends on the yam 
diameter to be produced, in the spinnerette 
(Figure 2.31). Extmded filaments which come 
out in liquid form from the spinnerette are 
stretched and cooled with water or air and 
solidified. After the application of a finish, 
the filaments pass around a series of godets 
and wound onto a yarn package. The godet 
speeds determine the degree of orientation and 
speed of production. The diameter of fila
ments is controlled by the godet take-up speed 
and extmsion pump. Figure 2.32 shows a mo
nofilament extmsion line.

Yarn Material Testing

In addition to usual production and quality 
testing done by the yam manufacturer, the 
forming fabric manufacturers frequently test 
the incoming materials for various properties.

Diameter (Size)

Diameter of round or nonround monofila
ment yams can be measured using a laser 
device or precise micrometer. The contact 
pressure during testing with micrometer 
should limit compression of the monofilament 
to less than 1/1000 mm.

Yarn Linear Density

It is not practical to express the linear den
sity of yams in weight per volume. Therefore, 
the units denier and tex are used to indicate the 
relation between weight and length of yams.

Denier is the weight (in grams) of the length 
of 9000 meters of yam. Specimens are cut 
to a length of exactly 1 meter and weighed 
together on an electronic analytical balance
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FIGURE 2.31. Spinnerette.

FIGURE 2.32. Monofilament extrusion line (oourtesy of Asten Monotech).
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TABLE 2.5. Value o f K  for Some Yarn 
Materials [ 11].

Material K

Nylon 6 and Nylon 6,6 5.2
Nylon 6,10 4.92
Polyester 6.3
PEEK 5.9
HPA-40 6.13
HPA-80 6.12
HPA-14, HPA-500 6.19
Polypropylene 4.1

(accuracy of reading is 1 mg). For round 
monofilaments, the denier may be calculated 
by the formula,

Denier = crK (2.1)

where d is diameter of yam expressed in mils 
(1 mil = 1/1000 inch). ^  is a constant for a 
particular material whose values are given in 
Table 2.5 for some materials.

Yards per pound of yam can be calculated 
by dividing 4,464,414 by the denier.

Example: 0.0045 inch diameter polyester.

Denier = (4.5)^ x 6.3 = 127.5

Yards per pound 4,464,414/127.5 = 35,015

Tex is the weight in grams of 1000 meters 
of yam and is given by:

Tex = Denier/9 (2.2)

1 Decitex = Tex/10 (2.3)

Appendix A gives the size-denier relation
ships for polyester and nylon monofilaments.

Tensile Properties

Tensile testing is done according to ASTM 
test method D 2256, Standard Test Method 
for Tensile Properties of Yams by the Single 
Strand Method [9]. The following values are 
reported:

• load (kg)
• tenacity (g/denier)
• elongation at break (%)
• elongation at specific load (%)

Figure 2.33 shows the stress-strain charts 
for warp and filling polyester yams.

FIGURE 2.33. Stress-strain diagrams for warp (left) and filling monofilament yarns (courtesy of Shakespeare 
Monofilament).



Forming Fabrics 69

Force
(gpd)

Shrinkage (%)

To measure shrinkage, specimens are cut 
to an exact length of 1 meter. The samples 
are then coiled into a ring without tension and 
placed in a forced air oven for 15 minutes. 
After removal from the oven, the specimens 
are cooled and their lengths are measured. 
Oven temperature is either 140°C (284°F) or 
200°C (392°F) depending on the end use.

Shrink Force and Post Force

Shrink force and post force of the yams are 
measured using a shrinkage testing device. 
The yam is placed in the heat chamber of the 
device and the shrink force is measured with 
a tensiometer while the sample is in the heater 
to 200°C (392°F). Figure 2.34 shows the 
force-temperature diagram for a CD direction 
polyester yam. After the removal from the 
heat chamber, the sample is cooled. The post 
force is then measured with a tensiometer.

Color

Color is measured 
American Association

with a colorimeter, 
of Textile Chemists

and Colorists (AATCC) has developed vari
ous test methods related to the color of textile 
materials [12].

Weaving

Weaving is the method of fabric formation 
in forming fabric manufacturing (the t&im for
mation in this sentence is a textile term while 
the itvm forming refers to paper sheet forma
tion). Figure 2.35 shows the major compo
nents in weaving.

In weaving, two sets of yams (warp and 
filling) are interlaced with right angles in es
tablished sequences. Weaving consists of five 
basic steps.

(1) Shedding (Figure 2.36)—the raising and 
lowering of the warp ends by pneumatic 
or hydraulically actuated heddles thus 
forming an opening through which the 
filling yam is inserted. This opening is 
called “shed.” The heddles are attached 
to and controlled by a harness.

(2) Filling insertion (Figure 2.37)—transfer 
of filling yam from one side of the loom to 
the other. The shuttle has been the primary
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Harness

Warp Beam

Warp Yarn

Filling Yarn Fabric Beam

FIGURE 2.35. Basic components of weaving (courtesy of Wellington Sears Company).

device for filling insertion over the years 
in forming fabric manufacturing. Figure 
2.38 shows major types of shuttles used 
for filling insertion. In pirn shuttle, a small 
supply of filling is held on a removable

pirn which is inserted into the shuttle. 
When the pirn is empty, the pirn detector 
stops the loom, and the weaver replaces 
the empty pirn with a full one. From the 
pirn, the filling is threaded through a

harness 1

heddle 
and eye

harness 2

i i l i i i j i i i l IM

plain weave

FIGURE 2.36. Shedding (courtesy of Wellington Sears Company).



filling insertion

filling selection

FIGURE 2.37. Filling insertion (courtesy of Wellington Sears Company).

Pirn shuttle

Gripper shuttle

FIGURE 2.38. Shuttle types used in weaving forming fabrics.

7 1



72 FORMING

tension device, through a filling die, 
around a roller, through one or two eye
lets, and between two more rollers before 
it exits the shuttle. This type of shuttle is 
fired back and forth across the loom by 
means of spring loaded picker sticks, 
pneumatic or hydraulic pistons, and pays 
out filling from the pirn as it travels. In 
some looms, a metal (titanium) shuttle 
with four vespel wheels and four axles 
is used.

In the latest weaving machines for 
forming fabrics, projectile or rapier in
sertion methods are used as shown in 
Figures 2.39 and 2.40. In filling insertion 
with projectile, also called gripper, the 
projectile grabs the filling yam and 
draws it into the shed by gliding in a 
rake-shaped guide. The projectile is 
braked in the receiving unit and con
veyed to its original position under the 
shed. In filling insertion by flexible ra
pier, the pick is inserted into the shed 
by the right-hand gripper head, is trans
ferred to the left gripper at mid-width 
and then pulled to the edge of the fabric. 
Modem weaving machines for forming 
fabrics are computer controlled. The 
width of these machines depends on the 
width of the paper machines. Today, 
weaving machines for forming fabrics 
are over 12 m (472 inches) wide for 
flat weaving and 30 m (1181 inches) 
wide for endless weaving (Figure 2.41).

(3) Beating up (Figure 2.42)—pushing the 
newly inserted filling yam into the proper 
position in the fabric using a reed

(4) Take-up—taking up the newly made fab
ric onto the cloth roll

(5) Let-off—releasing warp ends from the 
warp beam

The first three steps are essential for the 
weaving process while the last two steps pro
vide continuity of the weaving process. The 
let-off and the take-up work together to main
tain the correct warp tension, the key factor 
influencing the yield of the fabric. Figure 2.43 
shows the fabric constmction parameters.

Warp Geometry from Guide Roll
to Whip Roll

The relative position of guide roll, heddle 
frames and whip roll plays an important part 
in fabric quality. The imaginary line from the 
guide roll to the fabric fell is called warp line 
or zero line (Figure 2.44). This is especially 
important on multilayered fabrics, where 
stacking of filling yam layers is necessary. 
The guide roll may be raised or lowered. Rais
ing the guide roll decreases warp tension on 
up shed relative to down shed. Similarly warp 
tension changes can be achieved by adjusting 
harness travel and/or whip roll angle. The 
whip roll adjustment raises or lowers the cloth 
near face. It is primarily used to make the 
warp ends match the angle of race.

The distance from the reed to the fabric 
being woven must be maintained the same or 
a beat change will occur. When sheds are too 
open during beat-up (open shed beat-up), they 
may cause fluting which is a wavy appearance 
at the cloth fell.

Once the design, reed, loom, loom set-up, 
raw materials, and procedures to be used have 
been chosen, the only items left in weaving 
to “control” are:

• pick count
• yield
• fabric consistency

Pick (Shute or Filling) Count

Along with weave, mesh, void volume, cali
per, holes/unit area, hole size, diagonal and 
open area, pick count is a very important factor 
in determining the air permeability of the fab
ric (Section 2.2.4). The air permeability, al
though not the only factor involved, plays a 
major role in determining how a fabric will 
drain on the paper machine. In general, the 
higher the air permeability, the better a fabric 
will drain.

Of equal importance to the target pick count 
is the minimization of abrupt pick count 
changes within a woven piece of cloth. Al
though a papermaker might be able to tolerate



FIGURE 2.39. Filling insertion with projectile (courtesy of Sulzer Ruti).
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FIGURE 2.40. Filling insertion with rapier (courtesy of Suizer Ruti).
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reed number (dents/inch)

filling
insertion
rate
(ppm)

ends/dent

 ̂ filling density (ppi) 
(ppm /ipm)

fabric
take-up
rate
(ipm) warp density (epi) 

(dents/in x ends/dent)

construction = epi x ppi

FIGURE 2.43. Fabric control parameters on the weaving machine (courtesy of Wellington Sears Company).

gradual and minor pick count changes, a 
change which occurs within a few shots (such 
as what occurs during start-up of a loom) may 
cause an abrupt change in fabric drainage on 
the paper machine in this very small area.

These changes show up as definite weak 
places in the finished sheet of paper.

Contrary to popular belief, these pick count 
changes will remain in the fabric throughout 
its manufacture, i.e., they do not improve with

heddle eye

floor

FIGURE 2.44. Warp line (zero line), AB.
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preliminary heatsetting. Although the woven 
pick count is changed by heatsetting because 
the fabric is stretched, the pick count differ
ence remains constant. Moreover, if the fabric 
pick count is not constant, it will make seam
ing more difficult.

Yield

The second attribute that can be controlled 
during weaving is yield. Yield is defined as 
the ratio of warp yam length to the woven 
fabric length. Yield affects the fabric modulus. 
The modulus is a measure of fabric strength 
and stability, in that it measures how much a 
fabric will stretch when a given tension is 
applied to it.

Older paper machines were designed to run 
metal wires, which had a modulus of approxi
mately six times more than the current polyes
ter fabrics. Thus, they were built with very 
small adjustments for tensioning the wires or 
fabrics, sometimes as little take-up as a few 
inches on machines designed to ran fabrics 
one hundred feet long. Today, if the fabrics 
are made too short, the mill cannot even get 
the fabric on the machine; if they are too long, 
the mill cannot put enough tension on the 
fabric to take out all the slack and provide 
drive friction.

The yield, along with fabric design, mate
rial type, weave, caliper, warp size, and pre
liminary heatset tension, determines how 
much a fabric will stretch in the heatsetting 
operation. This will affect the fabric modulus 
and the fabric final sizing to achieve the proper 
length. This in turn determines fabric stability.

As with pick count, the uniformity of the 
yield is also important because of the interac
tion between the fabric properties. Changes 
in yield can cause differences in fabric thick
ness, air permeability, stacking in two layers, 
pick count, fabric width and appearance, as 
well as in fabric modulus. Yield change during 
weaving causes stacking to change.

Yield can be measured with a simple 
method. Make a mark on the warp yams and 
on the fabric at the same time. After, say, 10 
cm of warp has come off the warp beam then

make a mark again on the fabric and the warp. 
Measure the amount of fabric which was made 
in 10 cm of warp and divide this by 10 which 
gives the percent yield in the fabric.

Fabric Consistency

The importance of fabric consistency in the 
areas of pick count and yield control is men
tioned earlier. Papermaker fabrics, as shipped, 
are effectively an endless belt. Modem paper 
machines run at speeds around 2000 meters 
per minute (6562 feet per minute). If a fabric 
is 30 meters long, that means that a little defect 
comes around on the paper machine 66 times 
every minute! It can mean hundreds of blem
ishes in every roll of paper.

Defects have a tendency to project above 
the plane of the cloth, even after they are 
repaired. They, therefore, have less resistance 
to wear on the machine and can quickly turn 
into holes. The wood fibers can no longer be 
evenly distributed, the spacing may not be the 
same as the rest of the fabric and fiber support 
differs in this area. As a result, the repaired 
area will tend to leave a wire mark on the 
paper sheet.

Preliminary Heatsetting

After weaving, fabrics are subjected to heat
setting at high temperatures. The purposes of 
heatsetting are to relieve the internal stresses 
in the flat woven fabric, to increase fabric 
modulus and to improve dimensional stability 
of the fabric. For heatsetting flat woven fab
rics, the fabric ends are temporarily seamed 
and the fabric is rotated around rolls on heat
setting machines (heatsetting ‘‘tables”) as 
shown in Figure 2.45.

Typical loads during preliminary heatset
ting are 0.4-0.8 gram/denier. During heatset
ting, the forming fabric is stretched in the 
MD direction and also tentered along the CD 
direction as shown in Figure 2.46.

As the fabric is woven, the filling has very 
little crimp compared to the warp. During 
heatsetting, warp crimp decreases and filling
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FIGURE 2.45. Heatsetting of forming fabrics.

crimp increases which is called crimp transfer 
or crimp interchange. Figure 2.47 shows 
crimp transfer during heatsetting of forming 
fabrics.

Hot air or infrared heating techniques are 
used for heatsetting of forming fabrics. Hot 
air heatsetting is relatively faster. It is also 
more suitable for multilayer fabrics.

The warp count during heatset can be calcu
lated for single and two layer fabrics as 
follows:

New warp count

= (initial fabric width before the heatset 

X raw warp count)

fabric width on heatset table (2.4)

Initial fabric width can be taken as any 
distance, i.e., it does not have to be the whole 
fabric width. However, the same distance has 
to be measured on the heatset table as well.

FIGURE 2.46. Schematic of stretching and tentering 
during preliminary heatset.

Raw warp

Heatset warp

Raw filling

Heatset filling

FIGURE 2.47. Crimp transfer during heatsetting.
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FIGURE 2.48. Fringing.

Seaming

Most forming fabrics are woven flat on the 
looms. However, since the fabric is used like 
a continuous belt on the paper machine, the 
free ends of the flat woven fabrics must be 
seamed. Seaming is done after heatsetting, 
i.e., after the crimp is established in the warp 
and filling yams.

In the seaming process, filling yams at each 
end of the fabric are removed which is called 
“fringing” (Figure 2.48). Then, the fringed 
warp ends are brought together and re-woven 
using filling yams.

Figure 2.49 shows typical seam styles for 
single layer forming fabrics and Figure 2.50 
shows examples of seam styles for two layer 
forming fabrics.

In a special type of seaming technique 
called “pin seam,” the warp ends are made 
into loops and a pin is used to connect the 
ends together as shown in Figure 2.51. Pin 
seamed fabrics are easy to install on the paper 
machine. However, drainage may be different 
in the seam area which is critical for mark 
sensitive papers.

Seaming is one of the most time consum
ing and tedious processes of forming fabric 
manufacturing. A considerable amount of 
the manufacturing cost of a forming fabric

comes from seaming. There has been exten
sive researeh and development work done 
by forming fabric manufacturers to automate 
the seaming process. Figure 2.52 shows man
ual and automatic seaming machines.

FIGURE 2.49. Typical seam styles for single layer 
forming fabrics.
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5 harness

7 harness

8 harness

FIGURE 2.50. Examples of seam styles for two layer forming fabrics.

single layer

two layer

FIGURE 2.51. Schematics of pin seams.
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FIGURE 2.52. Manual (top) and automatic seaming machines.
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Final Heatsetting and Finishing

After seaming, forming fabrics are subject 
to final heatsetting mainly to stabilize the 
seam area by relieving the stresses. Although 
the whole fabric is subjected to heat, final 
heatsetting is done at a much lower tempera
ture than the preliminary heatsetting, therefore 
the properties of the fabric such as air perme
ability, crimp ratio, modulus, etc., which were 
set during the preliminary heatsetting, are not 
altered. During final heatsetting, the protrud
ing ends of warp yams in the seam area are 
shaved (Figure 2.53). The length and width 
dimensions of the fabric, which is already in 
a belt form, are established. The fabric edges 
are treated to prevent edge curl. A narrow band 
of resin is applied to the edges for strength and 
to prevent unraveling of warp yams.

Fabric Treatments

Fabric treatments are intended primarily to 
reduce the tendency for fabric contamination, 
thus reducing drainage loss as a fabric runs 
for a period of time. In general, these treat
ments are tough film formers applied during 
the finishing process.

Most recent work has centered on specific 
treatment properties as they relate to surface

charge and surface wettability. Surface charge 
is a significant factor as it relates to the zeta 
potential of the furnish. Interaction of electro
chemical forces has an impact on the tendency 
for particular materials to accumulate on the 
fabric surface. Surface wettability becomes a 
factor because it tends to reduce the tendency 
for various materials to adhere to the base 
monofilament material. The layer of water 
carried on the surface of the monofilaments 
makes the removal of contaminant materials 
easier by means of normal showering.

On several applications, treated fabrics 
have reduced draws between the fourdrinier 
and first press as a side benefit.

Surfacing

If required by the application such as some 
fine papers, the surface of the fabric can be 
smoothed by surfacing which is also called 
sanding. The purpose is to eliminate the height 
difference between the warp and filling yams 
and obtain a monoplane surface for good fiber 
support. Figure 2.54 shows a fabric surface 
after sanding.

After fabric is finished, it is boxed in proper 
containers to prevent any possible damage 
during shipment (Figure 2.55).

FIGURE 2.53. Fabric finishing.



FIGURE 2.54. Surface of a two layer fabric after surfacing.

FIGURE 2.55. Boxed fabrics ready for shipment.
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Potential Manufacturing Problems

Manufacturing of forming fabrics is a chal
lenging process. Sometimes, it is not possible 
to get the desired fabric structure due to con
flicting properties. High stiffness of monofila
ment yams contributes to this. Heavy monofil
aments are also the cause of extremely high 
weaving forces which require heavy duty, spe
cial weaving machines.

Figure 2.56 shows improper stacking in a 
two layer fabric, i.e., the top and bottom filling 
yams are not stacked on top of each other 
properly. By changing the weave pattern, shed 
opening, weaving tensions, yam materials or 
the position of the guide roll on the loom, this 
problem may be solved. It should be noted, 
however, that what may seem to be a problem 
in this case may be good for certain paper

grades to obtain different properties in the 
sheet.

Figure 2.57 shows twinning problem in a 
two layer fabric. The top filling yams are 
paired together which may result in nonuni
form drainage and cause marking in the sheet. 
Again by changing yam materials, weaving 
tensions or weave pattern, the problem may 
be eliminated.

The ridge in the fabric could be traced to 
a band of MD yams that maintained a tension 
level different from that of the adjacent yams. 
Differences in tension across the fabric can 
cause hills and valleys to appear parallel to 
the machine direction within the forming area 
of the paper machine wet end. Since the stock 
will tend to run off the hills and into the val
leys, streaks of varying basis weight or mass 
will result in the sheet.
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FIGURE 2.56. Improper stacking of top and bottom filling yarns 
in a two layer fabric.
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FIGURE 2.57. Twinning of top filling yarns in a two layer fabric.

2.2.4 P rop erties  a n d  Testing  o f  
Form in g  Fabrics

Many different factors are taken into ac
count and are essentially built into the fabric 
when it is designed in order to satisfy the end 
use requirements. The following design and 
manufacturing parameters are calculated and 
recorded:

material type
mesh (warp and filling count) 
warp and filling sizes and types 
weave pattern 
plane difference 
percent projected open area 
air permeability 
void volume 
fiber support index 
drainage index
number of holes per unit area

hole size (length x width) and diagonal
fabric thickness
tensile strength and modulus
yield as woven
percent stretch in finishing
maximum temperature and tension
during heatset
seam tensile strength

Mesh (Warp and Filling Count)

Warp count is the number of machine direc
tion yams per unit width of fabric and filling 
count is the number of cross machine direction 
yams per unit length of the fabric. Generally, 
the finer the mesh, the finer the paper grade 
and the paper quality. Fineness has no direct 
correlation to fabric drainage. The absolute 
drainage of a fabric is related to the fabric’s 
‘‘openness” which not only is dependent on 
the weave pattern and mesh but also on the
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size (diameter) of the yams used to weave the 
fabric. To maintain a level of “openness” for 
drainage, as fabrics are made finer and finer, 
the yam diameters are reduced. Smaller diam
eter yams result in reductions of wear resist
ance and stability.

Lunometers and counting glasses are used 
to count the number of warp and filling yams 
in fabrics. As an approximate rule, a variation 
of ± 1 in warp count and a variation of ±2 in 
filling count per inch are generally acceptable.

Plane Difference

In many instances, machine direction and 
cross machine direction monofilament yams 
are not in the same plane on either side of the 
forming fabric. This topography is referred to 
as plane difference (Figure 2.58). In general, 
when the MD yam is above the CD yam, it 
is referred to as “warp runner” and when the 
CD yam is higher than the MD yam, it is 
referred to as “shute (filling) mnner.” When 
both are in the same plane, the fabric surface 
is “monoplane.”

To obtain good fabric life, it is desirable to 
have the wear yam over the other yam to 
take the anticipated abrasion. For good fiber

"shute" runner

filling

warp

warp runner

filling

warp

p : plane difference 

FIGURE 2.58. Plane difference.

support on the sheet side, in many cases, it 
is desirable to be as close to monoplane as 
possible, thus giving support from both the CD 
and MD yams to provide low wire marking. 
In tissue, plane difference is good for bulk 
generation.

With multilayer stmctures, some of which 
are inherently stable, material stiffness and 
heatsetting techniques are used to optimize 
plane difference levels. Optimization is possi
ble for both the sheet and wear side for a 
particular application. Sometimes, forming 
fabrics that will be used for finer paper grades 
are polished with an abrasive roll. Polishing 
(sanding) removes the acute knuckle points on 
the fabric and provides a smooth, monoplane 
surface as explained earlier.

Percent Projected Open Area

It is a calculated number that describes, in 
a plane view, the percent projected open area. 
When comparing fabrics made with the same 
weave pattern and materials, it is a fair indica
tor of how each fabric will handle water. Open 
area is not a good indicator of drainage capa
bility if changes are made to weave patterns, 
material or mesh. Open area does not take 
into account weave pattern, caliper, plane dif
ference, material, level of crimp and wetted 
surface area. Open area is normally calculated 
based on mesh and yam diameters.

% Open area

= [1 -  (warp count) (warp size)]

X [1 -  (filling count)(filling size)] x 100

(2.5)

For single layer fabrics, the percent open 
area is always larger than zero. For two layer 
fabrics, it ranges from 0 to a certain value. 
Figure 2.59 shows different levels of open 
area for different two layer forming fabrics. 
A 0% open area does not mean that there is 
no opening for water drainage. Figure 2.60 
shows the top view and 30° angle view of a 
two layer fabric. Although the projected open 
area is zero, there is plenty of open area when 
seen from a 30° angle.
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FIGURE 2.59. Different open areas in various two layer fabrics.
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FIGURE 2.60. Top view (left) and 30° angle view of a two layer fabric.
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Air Permeability

It is a measure of air flow through a forming 
fabric at the standard pressure drop. The stan
dard conditions are cfm/sq ft at 0.5 inch water 
column pressure.

Air permeability is of considerable value 
in predicting drainage characteristics of a fab
ric. It is, however, an air flow measurement, 
whereas the papermaker is interested in water 
flow. Within a given weave pattern and mesh 
range, air permeability, as a drainage indica
tor, may not correlate with actual machine data 
as sheet support characteristics also influence 
water handling capability. Nevertheless, air 
permeability is one of the most important 
properties of forming fabrics.

Air permeability is also a good indicator of 
fabric to fabric uniformity as long as weave 
and yam diameters are constant.

Void Volume

Void volume, by definition, is the amount 
of space in a volume of fabric that is not 
occupied by solid material (Figure 2.61). Most 
single-layer and two layer fabrics have void 
volumes ranging from 60-70%. Both fabric 
thickness and internal stmcture affect absolute 
void volume.

Some studies have shown that having a high 
level of interconnected internal void volume 
could enhance dewatering over vacuum aug
mented boxes. On the other hand, a fabric 
with too high a void volume can lead to a 
wetter than normal sheet off the couch, due

to the fabric having a high volume of air car
ried in the fabric.

Within a forming fabric, the void volume 
is not evenly distributed; some areas are more 
closed and it is the most closed area that best 
describes the water handling capabilities of a 
particular fabric. This area, called the ‘‘Mini
mum Average Hole Area (MAHA)” or “bot
tleneck,” can be found by physically sec
tioning the fabric and measuring percent open 
area at the different planes through it.

The passage of water through a fabric is 
limited by the least permeable plane of a bot
tleneck within the fabric structure, but not 
by the projected open area. This bottleneck 
changes in shape and location when the mate
rial used to make the fabric is changed. It 
can also be altered by using different weave 
patterns. Void volume can be calculated as 
follows:

Total volume = length x width x caliper 

Calculated void = total volume

-  (weight of sample/density of material)

% void volume

= (calculated void/total volume) x 100

(2.6)

Fiber Support Index (FSI)

The concept of fiber support index was de
veloped by Beran [13]. His work, based on a 
statistical model, predicts the fiber support 
characteristics of forming fabrics based on

water

fabric

25% void volume 50% void volume

FIGURE 2.61. Void volume.

75% void volume



90 FORMING

mesh, weave type and run configuration, i.e., 
long warp knuckle up or down (Section 2.3.2). 

Beran made four major assumptions:

fabrics woven were planar grids with 
no thickness
support from yams is based on a line 
with no width
yams are straight and parallel 
yams are uniformly spaced

Having made these assumptions, Beran 
then devised a rather complicated mathemati
cal formula for his model. This was, however, 
simplified to his basic formula:

¥ S l  = - {a 2 x b x N c )  (2.7)

where

Nm = number of MD yams per inch 
Nc = number of CD yams per inch 
a = support factor for warp yams 
b = support factor for filling yams on 

sheet side

Support factors a and b are calculated as 
follows:

• 80 X 75 mesh, 1/4 weave with long 
warp knuckle up

FSI = I  [(80) + 2(0.4)(75)] = 93.3

• 80 X 75 mesh, 2/3 weave with long 
warp knuckle down

FSI = I  [0.6(80) + 2(0.8)(75)] = U2

FSI factors for two layer and two layer extra 
designs are determined by viewing fabric sam
ples and establishing warp and filling profiles. 
For two layer designs, half of the total filling 
count is used since filling yams are stacked. 
For two layer extra, 2/3 of the total filling 
count is used. For three layer factors, the fac
tors for top layer (sheet side) only are used.

Examples of FSI calculations for multilayer 
fabrics:

• two layer (warp count = 162, seven 
harness, number of filling yams under 
warp knuckle = 2, total filling count = 
120, number of warp yams under 
filling knuckle = 5)

FSI = I  [162(3/7) + 120(6/7)] = 114.9

a =

number of filling yams 
under warp knuckle + 1 

number of harnesses

b =

number of warp yams 
under filling knuckle + 1 

number of harnesses

Table 2.6 lists the single layer FSI factors, 
a and b. In general, the warp factor, which 
contributes to the fiber support number, de
creases with the increase in number of har
nesses.

FSI calculation examples for single layers:

• 80 X 75 mesh, 1/4 weave with long 
warp knuckle down

FSI = -  [0.4(80) + 2(1)(75)] = 121,3

• two layer extra (warp count = 150, 
seven harness, total filling count = 135)

FSI = -  [150(2/7) + 180(6.5/7)]

= 140.0

three layer (top layer: plain weave, top 
warp count = 80, top filling count =
140)

FSI = -  [(1)80 + (1)140] = 146.7

For fiber support index, a difference of be
tween 5 to 10 is considered to be significant. 
There are several interpetations of Beran’s 
work. In comparing index values, it is impor
tant that the same formulas are used. It should 
also be noted that Beran’s work was done 
with single layer fabrics and the results are 
extrapolated to multilayer fabrics. There are
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TABLE 2.6. Single Layer FSI Factors.

Weave

LWU LWD

a b a b

U 1 1 1 1
1,2 1 0.67 0.67 1
1,3 1 0.50 0.50 1
1,4 1 0.40 0.40 1
2,2 0.75 0.75 0.75 0.75
2,3 0.80 0.60 0.60 0.80
1,6 1 0.29 0.29 1
2,5 0.86 0.43 0.43 0.86
1,7 1 0.25 0.25 1
2,6 0.89 0.38 0.38 0.89

LWU: Long warp up. 
LWD: Long warp down.

no known studies extending the theory to 
multilayers.

Wear Prediction

Several methods of wear prediction have 
been given in the literature. A general formula 
that has been used is:

Wear Prediction Number (W)
= 0.5 A/O.5̂ 0.5̂ 2 (2.8)

where

N = number of knuckles/square inch 
L = knuckle length
D = cross direction (CD) yam diameter

The number of machine direction yams di
vided by harness number gives the number of 
knuckles along the CD yam per one inch. 
When this number is multiplied by the number 
of CD yams/inch, the result is knuckles/square 
inch. The reciprocal of the machine direction 
yams multiplied by the float length in the CD 
yam results in the knuckle length.

Example:

For a four harness (1/3), 86 x 60 design 
with an 8 mil diameter CD yam

N  = (86 4) X 60 -  1290 knuckles/in^

L = (1 -  86) X 3 = 0.035 inch

W =  0 .5 a/ i 2 9 0 a /0 .035  x 8^ = 215

The Wear Prediction Number, W, is a rela
tive number and only has merit in comparison 
with other fabric design wear numbers. Higher 
W indicates better wear resistance. For exam
ple, a design with W= 215 should show better 
wear characteristics than a design where the 
wear number is 200. The wear prediction 
number should be used as a “tool” in the over
all evaluation of fabric designs for machine 
applications. It should be noted that material 
type is a key factor for wear resistance.

Drainage Index (Dl)

The Drainage Index was developed by 
Johnson as a tool for rating fabrics based on 
relative drainage rates [14]. Drainage Index 
takes into account air permeability in cubic 
feet per minute, filling count, and filling factor 
as follows:

DI = ¿7 X P X A, X 10“ (2.9)

where

b = support factor for filling yams on 
sheet side 

P = air permeability 
Nc = filling count

For two layer fabrics, only half of the total 
filling count is used for calculation since only 
half of the filling yams support the sheet. For 
double layer extra fabrics, 2/3 of the total
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filling count is used in the calculation. For 
three layer fabrics, only the top layer filling 
count is used.

DI calculation examples:

• two layer (air permeability = 320 cfm, 
total filling count = 120, seven harness)

DI = (6/7)320 X 60 X 0.001 = 16.5

• two layer extra (air permeability = 400 
cfm, total filling count = 135, seven 
harness)

DI = (6.5/7)400 X 90 X 0.001 = 33.4

• three layer (air permeability = 400 cfm, 
top filling count = 70, plain weave)

DI = (1)400 X 70 X 0.001 = 28.0

method for measuring thickness of textile ma
terials is given in ASTM D 1777 [9],

Tensile Strength and Modulus

Fabric modulus is measured using ASTM 
Test Method D 885 [9]. Tensile properties of 
fabrics are measured using ASTM test method 
D 5034. Specifications of textile machines for 
tensile testing are described in ASTM D 76. 
The terminology of tensile properties of tex
tiles are given in ASTM D 4848.

The tension measurement along the fabric 
width is done during manufacturing (on the 
heatset table) to determine if there is any 
length difference in the fabric along the ma
chine direction.

In general, a difference of 1 or greater in 
drainage index is considered to be significant.

Hole Size (Length and Width) 
and Diagonal

Hole dimensions are significant for pre
dicting the fiber bridging ability of the fabric.

MD dimension of the hole

= [1 -  (filling count)(filling diameter)]

^  filling count (2.10)

CD dimension of the hole

= [1 -  (warp count) (warp diameter)]

warp count (2.11)

Hole diagonal =

a/(MD dimension)^ + (CD dimension)^
(2.12)

Holes per unit area = warp count x beat count

(2.13)

Fabric Thickness

Fabric thickness is important since it affects 
the drainage characteristics. Too thick fabrics 
may cause water carryback. The standard test

Seam Tensile Strength

Seam strength is extremely important for 
proper functioning of fabric under high ten
sion on the paper machine. Ideally, seam 
strength should be as good as fabric strength. 
However, seam strength is generally less than 
that of the fabric body. Seam efficiency is 
defined as

Seam Efficiency (%)

= (Seam tensile strength 

Fabric tensile strength)

X 100 (2.14)

2.3 Applications of Forming Fabrics

The design of the forming fabric has an 
effect on sheet smoothness, retention charac
teristics and sheet integrity, which in turn af
fect the optical and physical properties of the 
sheet.

The forming fabric is just one parameter in 
the sheet forming process. The stock furnish, 
consistency, freeness, pH and fiber distribu
tion are some of the other factors that will 
affect the final sheet properties. The retention 
of the fines and fillers must be optimized dur
ing formation. The sheet formation must be
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uniform. Fiber alignment in various directions 
(including the Z-direction) must be carefully 
controlled to ensure that there are not signifi
cant differences. The Z-direction changes will 
cause curl which will put constraints on other 
parts of the paper machine.

Sheet formation is affected by the bridging 
of the open areas in the forming fabric by 
the long fibers that are placed onto it. This 
bridging will subsequently affect the retention 
of the fines and fillers that are inherent in the 
sheet. Fabric hole size and shape affect the 
sheet characteristics. By changing the weave 
pattern, mesh and beat count, different hole 
sizes and shapes can be obtained as shown 
in Figure 2.62. In general, optimum bridging 
takes place over a square open area. This 
allows the fibers to interact and form a lattice 
that will in turn affect the fines and fillers 
retention.

In a fabric structure, the point of initial fiber 
bridging in the fabric is the point where a 
plug of fiber-filler-fines begins to form. As 
the fabric structure is changed by altering yam 
diameters, the depth in the fabric of initial 
fiber bridging is changed. Using finer yam 
diameters and higher mesh counts while main
taining or increasing the percentage of open 
area decreases the depth of the probable point 
of bridging. This in turn results in a plug of 
less total mass because it is not formed as 
deeply in the fabric. This shallower plug mass 
comes closer to matching the average mass 
of the sheet. In other words, the height of the 
hills on the fabric side of the sheet becomes 
less. A lower hill means more uniform calen
dering and a smoother sheet.

In Figure 2.63, d\ > ^2- The fiber length a 
is the same in both cases which is equal to 
the distance between two adjacent yams. As 
it can be seen from the figure, the depth of 
the fiber bridging is less in the case of small 
diameter yams because b > c.

Wire mark is the result of optical and physi
cal characteristics of the sheet caused by point 
to point density differences and surface differ
ences caused by fabric topography. By min
imizing the plug density effect and the height 
of the knuckle above the plane of the fabric, 
the wire mark will be minimized. Surfacing

of fabrics to obtain monoplanarity is done to 
reduce knuckle height.

Differences in tension across the fabric can 
cause hills and valleys to appear parallel to 
the machine direction in the forming area of 
the fourdrinier table. Since the stock will tend 
to mn off the hills and into the valleys, streaks 
of varying basis weight or mass will result.

Forming fabrics have an average mnning 
life of three to six months on the paper ma
chine. However, it should be noted that the 
life of a fabric depends on many things includ
ing the installation. Even a small damage to 
the fabric during installation may make the 
fabric useless, reducing the life to zero days. 
On the upper extreme, some forming fabrics, 
especially coarse fabrics, can run more than 
a year on the new, modem machines. A vast 
majority of fabrics are removed due to dam
age; very few are actually worn out.

2.3.1 F ab ric  D es ig n  C o nsiderations

There are two major sets of considerations 
for forming fabric applications: paper type and 
paper machine design as shown in Table 2.7. 
Each of these factors in itself is extremely 
important. A survey of the machine is required 
prior to the manufacture of the first fabric. 
The survey should be updated periodically 
(Chapter 5).

Paper Considerations

The grade of paper is the first consideration. 
Table 2.8 lists recommended typical designs 
for common paper grades. Some machines run 
several different grades of paper and, gener
ally, one design is required to run them all. It is 
then important to know what the predominant 
grade is as well as the most costly grade. The 
fabric may have to be designed to favor the 
highest quality grade, yet can only be designed 
to mn the remaining grades adequately.

The type of furnish is important in de
termining how large a hole size can be toler
ated. The makeup of hardwood, softwood, re
cycled and rag, as well as the combinations 
made from these greatly affect the decision



FIGURE 2.62. Various hole sizes and shapes (rectangular, square and trapezium).
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on the number of cross machine yams in the 
design as well as the fineness of the design. 
Due to the rising cost of pulp and the trend 
to make things recyclable, more and more 
recycled furnish is being used. This presents 
a finer fiber to the furnish and is more apt to 
bleed. Finer mesh designs are required for 
a furnish containing recycled material. The 
weight range as well as the predominant 
weight is important and requires the same con
siderations as the grade of paper to be ran.

Paper Machine Considerations

Type and manufacturer of paper machine 
indicates what basic machine is being dealt 
with and along with width and length, indicate 
if a design has to be coarse or fine. Knock 
down type machines generally have more 
problems with fabric sizing than do cantilever 
machines. Twin-wire machines have two de
sign considerations (Section 2.5.2). The speed 
range as well as the predominant speed is 
critical. Most generally the fabric will be de
signed to ran best at the predominant speed 
and run adequately at the various speed 
changes.

In fourdrinier machines, the table configu
ration indicates how drainage takes place on 
the table as well as the sheet formation. A 
table consisting of all rolls could require a 
more open fabric design than a combination 
of rolls and foils or all foils (Section 2.5.1).

The operating tension and the available 
take-up are extremely critical. Long machines 
with short take-up, operating at high tension, 
will experience difficulty in fabric installation. 
This becomes a more serious problem if a 
fine mesh fabric design is required to ran the 
product. The solution would be to install ade
quate take-up, but generally a design trade
off for a higher modulus coarser mesh fabric 
is made to compensate for the lack of take- 
up, resulting in quality somewhat lower than 
what would be expected from a finer fabric.

2.3.2 D es ign  S e lection

Proper choice of fabric design can provide 
benefits in minor variations and proper manu
facture of the chosen fabric will relieve more 
serious problems. Fabric history is a major 
consideration in eliminating trial and error in 
fabric design. It establishes a good sense for

TABLE 2.7. Information Needed to Select the Proper Fabric Design for a Given Application.

Paper Paper Machine

Grade of paper to be run •
Type of furnish (recycled stock content) •
Weight range of product line •
Wire mark considerations •
Type of forming (pressure or velocity) •
Fabric history •
Similarity to other successful applications

Type and manufacturer 
Size (width and length)
Speed range
Type of pickup (open draw, suction or shoe) 
Table configuration, rolls versus foils, etc. 
Operating tension and available take-up
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TABLE 2.8. Typical Recommended Designs for Common Paper Grades.

Mesh (warp count x shute count); Air Permeability (cfm)

Single Layer 
Four Harness

Single Layer 
Five Harness Double Layer Three Layer

Corrugated Med. 
Linerboard 

lightweight 
medium/heavyweight 

Bleachboard 
Bag 
Bond
Duplicating
Writing
Directory
Newsprint
Rotogravure
Coated book
Publication
Glassine
Wrapping
Kraft
Fine
Tissue
Towel
Napkin
Wadding
Carbonizing
Cigarette
Nonwovens

58 X 48; 600

46 X 37; 600 126 X 90; 550 78 X 72; 500

45 X 45; 580 126 X 96; 500 78 X 70; 400
46 X 37; 605 126 X 90; 550 78 X 72; 550
62 X 46; 650 144 X 135; 470 78 X 70; 400
64 X 40; 550 144 X 135; 470 78 X 70; 400
92 X 70; 560 144 X 135; 400 72 X 80; 450
92 X 70; 560 144 X 135; 470 72 X 80; 450
92 X 70; 560 180 X 126; 450 72 X 90; 400
92 X 70; 560 144 X 135; 470 72 X 80; 450
92 X 70; 560 180 X 126; 450 72 X 70; 500
92 X 70; 560 180 X 140; 400 72 X 80; 450
92 X 70; 560 144 X 135; 470 72 X 80; 450
92 X 70; 560 144 X 135; 470 72 X 80; 450
92 X 70; 560 144 X 135; 470 72 X 80; 450
92 X 75; 515 144 X 135; 400 72 X 90; 400
84 X 75; 675 144 X 120; 525 78 X 70; 450
92 X 70; 560 144 X 135; 400 78 X 75; 400
86 X 82; 680 200 X 165; 500 80 X 120; 550
84 X 75; 675 144 X 120; 600 80 X 120; 500
84 X 75; 675 144 X 120; 600 80 X 120; 500
84 X 75; 675 144 X 120; 600 80 X 110; 550
110I X: 90:i 500 180 X 140; 400 78 X 75; 300
1101 X: 90:; 400 180 X 165; 325 72 X 90; 400
36 X 32; 700 84 X 66; 600 78 X 75; 400

fine tuning designs. The similarity to other 
successful applications is important. A suc
cessful design on a specific machine is a plus 
factor to be utilized with all of the previously 
mentioned points.

The design of the fabric for a paper machine 
must take into account grade, furnish, machine 
layout and operation. The furnish and grade 
influence the selection of design; machine lay
out and operation govern the actual drainage 
characteristics required within the design pa
rameters of mesh and yam diameters.

The design selection process encompasses 
two major concerns: the design of the fabric 
itself and the run attitude.

In a fabric design, there are some indepen
dent variables that control various dependent 
variables as shown in Table 2.9. The weave 
type specifies the number of harnesses (plain, 
four harness, five harness, etc.), warp and fill
ing profiles (number of cross-over points and

knuckle length) as well as the number of layers 
in the fabric (single layer, two layer, two layer 
extra, three layer). Any change in one of the 
independent variables will affect the con
trolled parameters. Each is weighed for its 
effect on the design.

The second part of the selection process

TABLE 2.9. Independent and Dependent 
Fabric Design Parameters.

Independent Dependent
Parameters Parameters

Weave Open area
Mesh Air permeability
Strand diameter Hole size
Strand material Hole shape

Modulus
Caliper
Drainage index 
Fiber support index
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deals with selection of the run attitude. Run 
attitude describes whether the fabric is run 
with the cross machine knuckles toward the 
sheet or toward the machine elements as 
shown in Figure 2.64. Wire mark considera
tions are important in determining the run atti
tude of the fabric.

There are advantages and disadvantages to 
running in a specific attitude as shown in Ta
ble 2.10. The advantages for a specific attitude 
are generally disadvantages for the opposite 
attitude. The type of formation is also impor
tant in determining the run attitude of the fab
ric. Pressure formation (Section 2.5.1) can 
lead to release problems. It also affects the 
cleanliness of the fabric as well as the drainage 
ability of a fabric over a long period of time.

The effect of running attitude on fiber sup
port (fiber bridging) and drainage is shown in 
Figure 2.65. Long CD knuckle to the sheet 
side gives shorter distances for fibers to bridge 
resulting in higher fiber support. In the case 
of the long CD knuckle down, the protruding 
(“proud”) knuckle is in machine direction, 
which is the direction of water flow. There
fore, the proud knuckles do not disturb the 
water flow as much. When the long CD 
knuckle is up, the proud yams are perpendicu
lar to the water flow direction. Water hits these 
yams and loses its velocity and drains faster.

The fiber supporting characteristics of the 
fabric are primarily dependent on the follow
ing factors:

• number of support points
• size of support points
• distribution of support points
• orientation of support points
• surface topography
• hole size and shape

For grades that utilize intense dewatering 
forces (linerboard) and/or light in weight (tis
sue), fabrics are generally run long MD 
knuckle down. This allows better drainage and 
sheet release. The main disadvantage of form
ing on the long cross-direction knuckle is that 
the life potential is not as great as it would 
be if these CD yams were the wear members. 
In fine paper fabrics, the hole is generally 
longer in MD direction.

Figure 2.66 shows a two layer fabric along 
with its top and bottom surfaces. The knuckle 
impressions of both surfaces are also shown 
which indicate the surface topography for ini
tial fiber bridging.

In the event that a fabric is supplied in one 
run attitude and it becomes desirable to turn 
the fabric inside out, it is possible to do so 
before installation on the machine. Figure 2.67 
shows a typical procedure for turning fabrics 
inside out with the least amount of damage.

In general, there is little choice of ran atti
tude with multilayer fabrics. Single layer fab
rics may make paper on either side.

Effect of Harness Numbers on Two 
Layer Fabric Properties

Assuming the same warp and filling counts 
and the same size yams and that fabrics are 
woven in approximately the same weave 
styles, the harness number has several effects 
on fabric properties and performance on the 
paper machine.

Since there are fewer number of crimps in 
the warp of higher harness number design, it 
should have a higher modulus and, therefore, 
is less susceptible to stretching on the ma
chine.

There is less interlacing of warp and filling 
in higher harness number design, which re
sults in a higher internal void volume. The 
higher void volume causes higher air perme
ability. Consequently, as compared to a lower 
harness number design, the higher harness 
number design can have a higher filling count 
for better sheet support or it can have larger 
filling yams for better wear for the same air 
permeability. However, larger filling yams 
will make the fabric thicker in caliper, which 
might make it more difficult to remove the 
water.

Since there are fewer number of crimps and 
less interlacing of warp and filling in higher 
harness number design, it is not as rigid or 
has as much lateral stability as a lower harness 
number design. Therefore, it is more suscepti
ble to skewing if the machine is misaligned. 
Fabric rigidity enters into guiding and fabrics
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FIGURE 2.64. Fabric running attitudes for 1/3 single layer fabric.
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TABLE 2.10. Effects of Fabric Running Attitude for Singie Layer Fabrics.

Advantages Disadvantages

1. Long Cross Machine Knuckle to the Sheet
1. Earlier formation

• good release
• easier drainage
• lower load

2. Sheet rides higher
• less bleed tendency
• easier cleaning

3. Better fiber bridging
• better sheet formation due to good fiber 

bridging

2. Long Cross Machine Knuckle to the Machine Elements

1. Shorter life—less wear knuckles
2. Less stability—due to early wear on warp 

strands
3. More pronounced wire mark
4. More edge curl potential

1. Better wear resistance, longer life
• more strand surface against machine 

elements
• not wearing the warp strands

2. Better stability
• less edge curl potential
• smoother surface

3. Less wire mark

1. Greater loads—more wear surface
2. Poorer sheet formation due to less fiber 

bridging
3. Poorer release—due to sheet following fabric
4. More bleed potential—fibers passing through 

elongated holes
5. More difficult to clean

which are too firm have more of a tendency 
for guiding problems. In general, the angle of 
the twill line is not affected by the harness 
number and, from this aspect, the guiding 
would be the same.

2.4 Service for Form ing Fabrics

In today’s industry, major paper machine 
clothing manufacturers generally provide ser
vice to paper companies. Services are de
signed to assist the papermaker in obtaining 
a maximum level of efficiency from the paper 
machine at the lowest cost per ton (see also 
Chapter 5, Paper Machine Auditing).

2.4.1 M ain tenance o f  Form ing Fabrics

Optimizing forming fabric life, thereby re
ducing machine clothing costs, can be 
achieved by preventive maintenance, good 
housekeeping and a good understanding of the 
care and handling of fabrics.

The proper maintenance of forming fabrics 
and of the machine as it relates to fabrics, can 
increase fabric life and productivity. Periodic 
checks of the machine and proper care and 
handling can maximize a fabric’s useful life 
and machine performance.

It is necessary to prepare the machine area 
prior to fabric installation. The following steps 
or precautions should be taken:

• clean area for fabric unrolling
• remove all obstacles
• wash machine prior to installation
• pull fabric evenly during installation 

(prior to rotation)

Paper Machine Checkpoints

Inspecting the wet-end of the paper ma
chine between forming fabric changes can 
drastically help to reduce damage during in
stallation and improve fabric life. The follow
ing checkpoints have been compiled as a result 
of the most common points which are over
looked and are the major contributor to early
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FIGURE 2.65. Effect of fabric running attitude on fiber support.

forming fabric removal due to damage or 
wear. It should be noted that some of these 
suggestions are machine specific and there
fore should be followed if applicable.

(1) Check foils and forming board edges 
for rough, thin or chipped areas and 
for proper alignment. These can cause 
fibrillation to the underside of the fab
rics. The end result is a marked sheet 
or severe damage to the fabric causing 
its premature removal. Poor alignment

will cause the fabric to guide im
properly.

(2) Check table rolls and return rolls for tight 
bearings, burrs and proper alignment. 
Tight bearings and burrs will cause con
siderable damage to the underside of fab
rics as well as increase the energy re
quired to drive the fabric. Tight bearings 
will cause the fabric to slip over the roll 
surface and fibrillate, closing the holes 
and restricting the drainage. Burrs on the 
roll surface will pick at the underside of
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FIGURE 2.66. Two layer fabric knuckle impressions.

the fabric causing a fibrillation streak. 
This could result in sheet mark and pos
sibly fabric ridging.

(3) Check shower nozzles for proper op
eration. All showers must be in proper 
operating condition with no plugged 
nozzles (Section 2.4.6). A plugged noz
zle will cause a dirty streak in the fabric. 
The dirty streak will restrict the drainage 
and show up as poor sheet formation. 
All high pressure needle showers must 
oscillate when in operation and must 
only be operated when the fabric is mov
ing. Fibrillation streaks will occur when 
high pressure showers fail to oscillate 
during the fabric run and will cut a hole

in the fabric if left on when the fabric 
is stopped. Shower pumps should auto
matically shut down when the fabric is 
stopped.

(4) Check return roll doctor blades for 
grooves and nonuniform pressure. Tight 
doctor blades will slow a roll down, 
causing fibrillation to the underside of 
the fabric. Grooves in doctor blades 
will allow stock buildup, causing streaks 
in the fabric and possibly in the sheet. 
This condition can also cause a fabric to 
ridge.

(5) Check suction box covers for evenness 
and correct cut. Suction box covers 
should be maintained with a regular
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1. Lay out fabric on a clean floor, 
twice the width of the fabric

to form a double loop

3. Shift end loops down to form a 
figure as shown

4. Pulling one layer at a time and holding 
the other layer from shifting, pull through 
one layer at a time until the fabric is flipped 
inside out. Hold the turnaround points to 
prevent creasing.

Inspect for and remove all sharp 
wrinkles.

FIGURE 2.67. Turning fabrics inside out.

grind surface. If the surface is too 
smooth, the fabric will tend to seal off, 
causing higher loads, bleed and prema
ture wear. If the chamferred edge is worn 
off, it could possibly cause fibrillation 
to the underside of the fabric. This condi
tion becomes more serious as the fabric 
wears in its later stages, whereby the 
underside of the fabric is monoplane.

(6) Check couch roll, breast roll and wire 
turning roll for corrosion and pitting. 
This condition can cause fibrillation on 
the underside of the fabric leading to 
poor drainage, premature removal and 
poor sheet quality.

(7) Check fabric alignment before applying 
tension and rotation. An improperly 
aligned fabric can be ridged when ten
sion is applied and the machine rotated. 
It is also important that the machine 
alignment front to back is plus or minus.

a maximum of 1/4" (0.63 cm) differ
ential.

(8) Maintain optimum slice clearance. Be 
sure slice is set properly and also clean. 
It is common for stock to build up on 
the underside of the slice. This can be 
knocked loose during cleanup when a 
fabric is being installed and can cause 
serious damage if it becomes lodged be
tween the fabric and the slice during a 
startup. It is better to try to get minimum 
clearance and insure good cleanliness 
under the slice with good showering. De
livery will be better with clearance 
0.100"-0.125" for fine paper up to 
0.200" for brown papers.

(9) Smoking around fabrics during installa
tion or shutdowns should be avoided. 
Extreme care should be taken when 
welding near a fabric. A hot spark from 
a pipe, cigar or cigarette can bum a hole
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in a fabric faster than it can be reached 
to put out. Hot sparks from a weld unit 
can also bum holes in the fabric as well 
as embedded particles in the fabric 
which will cause holes.

(10) Cover all sharp edges during installation 
of fabrics. Be sure to cover all sharp 
protmding edges to prevent damage to 
fabrics during installation. If the fabric 
is to be socked on, it is recommended 
that an old fabric be used to cover the 
floor as well as to cover as much of the 
front edges of the machine as possible. 
Minor damage such as wrinkling can be 
removed by gently folding a wrinkle 
back in the opposite direction. Cross ma
chine wrinkles will generally disappear 
when the tension is applied to the fabric. 
Some damage can require a refinishing 
of the fabric.

(11) Check guide palm for free movement. 
Make sure air is turned on. Be sure the 
guiding surface is not gouged or cut by 
the fabric edge.

Fabric Tension

Maintaining the proper fabric tension is im
portant in optimizing fabric life and web qual
ity. If a fabric is too loose, premature wear 
can result from slippage at the drive roll. Poor 
release is often seen, since the web tends to 
ride deeper into the mesh, on a slack fabric. 
In addition, sheet picking may occur if the 
seam ends are projecting above the plane of 
the fabric surface. Excessively high tension 
can cause stretching in the machine direction 
and narrowing in the cross machine direction. 
If the tension is high enough, the seam ends 
can be pulled from their locked position at 
the seam joint.

It is recommended that a tensiometer, an 
instrument for measuring tension in forming 
fabrics, be used to maintain proper tension. It 
is important that the fabric be run at the tension 
it was designed for and manufactured at.

The following method is recommended for 
taking fabric tension reading.

(1) Position
• with tensiometer on inside of fabric 

no closer than one foot to an outside 
roll

• no closer than two feet to an ingoing 
nip

• minimum of 15" in from the fabric 
edge

(2) Direction
• Always align long direction of 

tensiometer parallel with fabric run.
(3) Tension

• Align tensiometer correctly with 
fabric.

• Gently press tensiometer down until 
the pointer stops.

• Read indicator. Using the conversion 
chart convert to PLI (pounds per 
lineal inch).

Rolls and Table Elements

Fabric life can be significantly reduced by 
worn or defective rolls and table elements. 
Thus, a preventive maintenance program, 
which involves periodic checks of all surfaces 
which come in contact with the fabric, is 
highly recommended. Periodic checks will 
identify potential problems in the early stages, 
which will not only help to eliminate these 
problems, but will increase productivity and 
fabric life.

It is imperative that accurate records be 
kept of periodic checks, in order to document 
defects and excessive wear. A defect docu
mentation chart, with diagrams of the machine 
components, is very helpful to track data as 
they are collected. Table 2.11 shows the in
spection frequency of various parameters.

TABLE 2.11. Recommended Inspection 
Frequency of Fabric and Machine 

Parameters.

Checkpoint Frequency

Nick and burrs Every fabric change
Bearings Once per month
Wear Once every two months
Alignment Once every two months
Roll covers Once every two months
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2A 2 P o ten tia l O p era tio n a l P rob lem s  
o f F o rm in g  F abrics

There are several areas of potential prob
lems with fabrics on paper machines.

Abrasion

definition: striations on a wear surface. 
Usually a narrow groove, channel, fine 
streak or line associated with a number 
of other parallel lines. Lines run 
parallel to machine direction, 
classification: dependent upon physical 
appearance of striations on wear 
surface. Abrasion can be classified as 
light, moderate and heavy.
—light abrasion: wear surface nearly 

smooth. It would have striated marks 
that would be barely visible or 
shallow in appearance.

—moderate: wear surface has deeper, 
more pronounced striations.
Tendency of wear surface to appear 
more wavy and nonsmooth.

—heavy: wear surface characterized by 
deep striations. Displays nonuniform, 
very jagged appearance, 

cause: rough stationary machine 
components such as suction box 
covers, fiberglass roll covers, sand, 
corrosion of breast and couch rolls.

Bow and Skew (Figure 2.68)

The condition in which the CD yams lie in 
the fabric in the shape of an arc is called fabric 
bow. Bow is defined as the greatest distance, 
measured parallel to the selvages, between a 
CD yam and a straight line drawn between 
the points at which this yam meets the two 
selvages. It is expressed as a direct measure
ment of AB in Figure 2.68, or as a percentage 
of the fabric width:

% Bow = AB/CD (2.15)
Fabric bow can be symmetrical or non-sym- 

metrical. The causes of bow are fabric profile, 
stock buildup, improperly installed bowed roll 
and roll deflection. There are several possible 
actions to correct fabric bow:

• Install a bowed roll.
• Clean stock buildup.
® Reduce fabric tension.
• Install larger diameter rolls.

The condition in which the CD yams in a 
fabric do not lie perpendicular to the MD is 
called skew. Skew is defined as the distance, 
measured parallel to and along the edge, be
tween the point at which a CD yam meets 
one edge, and perpendicular from the point at 
which the same CD yam meets the other edge. 
It is expressed as a direct distance (EF in the 
figure) or as a percentage of the fabric width:

% Skew = (EF/EG) x 100 (2.16)

bow skew

FIGURE 2.68. Fabric bow and skew.
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Causes for skew:

• roll misalignment
• stock buildup on roll
• nonuniform roll diameter
• suction box or foil misalignment
• fabric slackened on one edge

Burring

• definition: burring occurs in plastics as 
a slight extension or flattening of the 
wear surface edge occurring opposite 
the fabric run direction.

• classification: dependent upon physical 
appearance of edge on wear surface, 
burring can be classified as light, 
moderate and heavy.
—light: very little extension of the 

edge. Edge is nearly in line with 
edge of wear surface.

—moderate: more pronounced
extension of wear surface. Tendency 
of extension to curl slightly.

—heavy: severe extension of wear 
surface. Extension displays moderate 
to heavy curl.

• causes: roll slippage, off-speed table 
rolls, high load operating conditions, 
high speed applications.

Stretching

Stretching is the extension of the fabric on 
the paper machine. Low fabric modulus and/ 
or excessive run tension are the cause of fabric 
stretching. There are two sets of variables 
which affect the stretching of fabrics on a 
paper machine: manufacturing variables and 
paper machine variables.

Manufacturing Variables

(1) Nature of materials: Most forming fabrics 
are made from polyester. Polyester fabrics 
will stretch a given amount based on the 
load applied. Using higher modulus yam 
materials improves the situation.

(2) Type of weave: The type of weave has a

great deal to do with how much modulus 
can be incorporated into a fabric. A five 
harness generally will have a better modu
lus than a four harness and a four harness 
better than a three harness. As yam crimp 
in the MD is increased, the modulus de
creases. Modulus is a measurement of the 
fabric elongation at a given load (Section 
2.2.4).

(3) Yam diameter: Larger yams have a 
greater resistance to stretching than 
smaller yams.

(4) Temperature and time at temperature: The 
temperature at which a fabric is manufac
tured as well as how long it is at that 
temperature has an effect on how much 
modulus is incorporated into the fabric. 
Proper heatsetting increases fabric modu
lus drastically. Using higher stretch ten
sion during heatset improves the situation. 
This is because the crimp in the MD yam 
will be decreased. The straighter the MD 
yam, the higher the fabric modulus. Yam 
has a higher modulus than the fabric. 
Crimp in the yam causes modulus to drop 
under load.

(5) Yield: Yield is the final length of a ma
chine direction yam in the fabric, com
pared to its length before starting manu
facture of the fabric. Generally a fabric 
having higher yield has less tendency to 
stretch.

Paper Machine Variables

(1) Operating tension: Fabrics are sized to be 
at a given length for a given tension. The 
fabric length will follow the tension if it 
is increased or decreased.

(2) Drainage components: The drainage com
ponents on the table affect the tension to 
which a fabric is subjected.

Fabrics are processed to modify the amount 
of stretch they will yield for a given load. 
Figure 2.69 shows typical stretch amount a 
fabric will yield when subjected to a specific 
load. Referring to the figure, to find the fabric 
stretch, select a desired load, trace to modulus
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FIGURE 2.69. Fourdrinier fabric stretch chart.

and drop perpendicular to find fabric stretch 
in inches. For example, at a running load (ten
sion) of 25 pli, a fabric with an 8000 pli modu
lus will stretch approximately 3.5" per 100'
whereas a fabric with a 2500 pli modulus will 
stretch 13.5" per 100'.

Then the total fabric stretch (TFS) is calcu
lated by:

TFS = (machine length in feet/100')

X (inches) (2.17)

Ridging

Ridging is caused by five major conditions.

(1) The flatter a fabric is, the less susceptible 
it will be to ridging.

(2) Damage: A fabric can be ridged by severe 
damage in the machine direction as well 
as through stock buildup on rolls.

(3) Loading: Loading is extremely critical. If

the power ratio between the couch and 
wire turning roll is incorrect, a fabric will 
tend to ridge.

(4) Machine misalignment: Machine mis
alignment is a prime suspect when a fabric 
creases at an angle as opposed to a straight 
machine direction line.

(5) Table shake: Excessive table shake can 
cause a fabric to ridge.

Using a crayon tracing technique, it was 
shown that ridges in forming fabrics could be 
the cause of ridges in finished rolls of paper. 
If a ridge develops in a fabric, it can usually 
be removed, or lessened, if done properly. 
When attempting to remove a ridge, the fabric 
should be held under tension.

Fabrics are generally flattest at their heatset 
tension. If the fabric is being run at higher 
tension, ridging can be reduced by reducing 
tension. If run tension is less than heatset ten
sion, flatness will be improved by increasing 
tension.
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One method to remove a ridge is with the 
use of a household iron with variable heat 
settings. Using a thermometer on the flat sur
face of the iron, set the temperature to 350°F. 
If the fabric is wet, blow it dry with an air 
hose before attempting to remove the ridge. 
While rotating the fabric, move the iron in a 
back and forth motion over the ridge. To pre
vent puckers, it is important to keep the iron 
moving. It is important to use caution in the 
seam area, to prevent the seam ends from 
backing out. Lower the setting of the iron to 
250°F when removing the ridge in the seam 
area.

An alternate method of removing a ridge 
is with the use of a hot air gun, or steam hose. 
However, extreme caution must be used so 
that the temperature does not exceed 350°F. 
As with the iron, keep the heat gun, or steam 
hose, moving at all times.

Bleed“Through

Bleed-through is a condition where fines or 
fillers pass through a fabric and collect on 
machine elements inside the fabric loop. Asso
ciated with bleed-through are the conditions 
of stapling, where fines become embedded in 
the fabric mesh and cannot be knocked off 
by showering; and carryback, where the fines 
collect on the return rolls and doctor blades.

Causes of bleeding, stapling and carryback:

(1) Fabric too open
• A fabric in which the hole size is too 

large will allow fibers to filter 
through and be lost upstream. While 
manifestations may not be readily 
evident in the sheet produced, the 
condition loads up the system with 
fines which, in many cases, 
eventually becomes a problem. This 
is especially true with furnishes 
consisting of a high percentage of 
hardwood or recycled fiber.

• A fabric having excessive drainage 
will allow the sheet to set too rapidly 
or seal. If this occurs, residual water 
cannot be effectively removed at the 
suction boxes and fines will be pulled

through and be deposited on the 
covers. Some of the fines may be 
trapped in the mesh after the sheet 
releases and these may then cause 
stapling and/or carryback.

(2) Fabric too closed: A fabric having insuffi
cient drainage does not allow enough wa
ter to filter through before passing over 
the suction boxes. Removal of the exces
sive water at the boxes without a proper 
mat being formed allows fines to be 
sucked through and collected on the 
boxes. Here again, some of the fines may 
be trapped in the mesh after the sheet 
releases and these may cause stapling and/ 
or carryback.

(3) Fabric attitude with the long warp knuckle 
either on the sheet side or machine side 
may influence whether or not carryback 
occurs, especially on open draw ma
chines. Fabrics run with the long warp 
knuckle on the machine side allow the 
fiber to ride higher on the fabric and the 
sheet releases more readily. As a conse
quence, carryback occurs less frequently 
with fabrics run in this attitude.

Remedies to reduce bleeding, stapling and 
carryback:

• Drop some of the flat boxes and 
redistribute the vacuum.

• Cut down the vacuum on the boxes to 
move the wet line ahead.

• Use fresh water in the knockoff 
system. It is very possible that the 
bleed problem is not bleed, but 
contaminated shower water. This is 
easy to tell by the amount of buildup 
on a fabric when the fabric is stopped 
and the low pressure showers remain in 
operation.

• Lubricate the leading edge of the flat 
boxes through a low pressure shower.

Guiding

If not properly guided, fabric may move 
off the machine during operation. Figure 2.70 
shows the schematic of guiding. When the
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guide right

FIGURE 2.70. Schematic of guiding.

guide roll pivots to the left, the fabric will be 
shifted to the left. When the guide roll pivots 
to the right, the fabric will be shifted to the 
right. Guiding problems are generally 
caused by:

(3) Improper guide palm sensitivity
• too sensitive: If the guide palm is too 

sensitive, it may pick up the normal 
oscillation of a fabric and transfer to 
the guide roll causing the fabric to 
shift unnecessarily.

• Insufficient sensitivity: If the guide 
palm is too insensitive, it may not 
make the necessary corrections if the 
fabric walks on the machine.

(4) Nonuniform fabric tension. Nonuniform 
tension across the width may cause a fab
ric to tend to walk off the machine. Non
uniformity can be caused by a problem 
in the manufacture of the fabric, making 
one side longer than the other or a ma
chine misalignment having the effect on 
the fabric as though one side was longer 
than the other.

(5) A strong twill pattern in the fabric may 
also cause guiding problems. The possible 
solutions to this are:
• Break the twill pattern and even out 

the protruding knuckles.
• Reverse the twill pattern to be 

opposite to the hole pattern on rolls.
(6) Tension difference in MD direction along 

the fabric width. Fabric moves toward the 
shorter side. Nothing can be done on the 
fabric to solve this problem. The fabric 
movement needs to be aligned using 
guide rolls.

Fibrillation

Fibrillation is a shredding of the monofila
ment which can occur uniformly across the 
entire width of the fabric or nonuniformly in 
streaks (Figure 2.73).

(1) Low tension: Guide palm does not pick 
up movement.

(2) Insufficient wrap on the guide roll: A min
imum of 25° is recommended as sufficient 
wrap on the guide roll (Figure 2.71). 
Lead-in and lead-out distance are critical. 
Figure 2.72 shows the recommended 
lead-in and lead-out setup.

Uniform Fibrillation

Uniform fibrillation can be caused by:

• extremely high or low tension: High 
tension will tend to rub the underside 
of the fabric excessively against the 
machine elements. Low tension will
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stretcli
roll

allow the fabric to slip causing the 
turning rolls to fibrillate the underside
of the fabric.

• insufficient wrap on the return rolls: 
Insufficient wrap will allow the fabric 
to slip across the rolls.

• defective table roll bearings: This 
creates heavy drag loads.

• high vacuums at the flat boxes: High 
vacuum will cause high drag loads.

• incompatible flat box material: 
Incompatible material will wear the 
fabric prematurely.

Nonuniform Fibrillation

Nonuniform fibrillation can be caused by:

• metal roll corrosion or pitting
• burrs on suction boxes, foils or 

forming boards
• chipped or porous areas in hard box 

covers

• hard box cover segments out of 
alignment

• foreign matter caught in slice: This 
problem is common in startups. Dry 
stock will break loose during a cleanup 
and get caught between the fabric and 
the slice, causing damage to the fabric.

Holes

Holes are very common cause for fabric 
removal. Causes of holes include:

• foreign matter from the machine that 
has built up due to long intervals 
between fabric changes

• hot sparks from cutting and welding 
being done near a machine

• hot ashes from cigars, cigarettes and 
pipes

• tools and implements dropping from 
pockets of personnel working nearby

• rust from inside the fabric run

1/2 lead-in distance
^ ----------- ------

1/2 to 1/3 width of fabric

lead-out lead-in

FIGURE 2.72. Fabric lead-in and lead-out ratio.
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• foreign material knocked into fabric 
ran by wash-up hoses (broken concrete 
from the floor, rust from the frames)

Wear

Forming fabrics may be worn due to friction 
between the fabric and various machine ele
ments. Figure 2.74 shows levels of a two layer 
extra fabric wear. Improper graduation of flat- 
box vacuums is a large contributor to wear. 
The wear prediction of new fabrics is given 
in Section 2.2.4.

Determination of Single Layer
Fabric Wear

As a guide in determining the amount of 
wear that has taken place in a single layer 
fabric, the following calculation may be used 
(Figure 2.75).

Percent Worn:

W:
C -  Cl
0.58J

Worn out:

where

C2 = C -  0.5M (2.19)

X 100 (2.18)

W = percent worn 
C = original caliper of the fabric 

Cl = caliper of the worn fabric 
C2 = caliper when approximately worn out 
d = diameter of the wear yam given by the 

fabric manufacturer.

The wear rate of a fabric decreases consid
erably as it continues to ran, especially when 
the maximum point of potential wear life is 
being approached. Even at this maximum 
point, the fabric may retain sufficient strength 
to sustain the normal tensions encountered 
in operation. Therefore, in the final analysis, 
other factors should be considered in de
termining whether the fabric should be re
moved because of wear. The major effects of 
fabric wear are:

• a dramatic change in drainage that 
usually causes excessive bleed-through
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 ̂ I ^
\ . y  ® ■
fe ..j .sf. „. 0 .  ‘ f"

"l ,V “"s ^;'4--^r )

'-̂ iis
k»- J4*!,.' ■ JfeS ij

80% Worn 100% Worn
FIGURE 2.74. Various degrees of a two layer extra fabric wear.

FIGURE 2.75. Calculation of single layer fabric wear.
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t

New Strand

Heavy Wear Strand

FIGURE 2.76. Comparison of a new yarn with worn yarns.

• development of pin holes in the fabric, 
which reflects in the quality of the 
sheet

• fabric stretching

Figure 2.76 shows a comparison of a new 
yam to an average wear yam and a yam taken 
from a heavily worn edge area. The fibrillation 
and degree of top wear can also be seen.

Seam  Picking

Occasionally, a seam end may be pulled 
from its locked position in the seam joint, and 
project above the plane of the fabric surface 
as shown in Figure 2.77. This may cause pick
ing of the fibers in the web, which may result 
in pinholes, or poor web release from the fab
ric. This problem can generally be eliminated 
by gently sanding the seam ends until they 
are flush with the fabric surface. Starting with 
a 320 grit abrasive paper, sand in a machine 
direction, back and forth manner, to eliminate 
the formation of burrs on the fabric knuckles. 
Finish with 400 grit abrasive paper, in the 
same fashion. A simple pick test can be per
formed by mbbing over the seam ends with 
a cotton ball, or a handful of synthetic fiber, 
such as polyester or rayon. The seam ends 
should not snag any of the fibers when mbbed 
across them.

Edge Sealing

If the fabric edges begin to fray, they can 
be resealed while the fabric is on the machine. 
The machine, however, should not be mnning 
when sealing edges. A standard soldering gun 
with a flat tip can be used. For best results, 
the tip should be bent into a slight V. This 
will help guide the gun when sealing the fabric 
edge. Trim off any rough edges with a scissors 
prior to sealing. When sealing the edges, cau
tion should be used not to melt into the fabric. 
Begin by sealing in a fast motion along the 
edge. If the edge does not seal, slow the mo
tion down slightly. After the edge is heat 
sealed, an adhesive can be brushed on.

Sheet Release

Monoplane fabrics with long MD yam up 
may have sheet release problems. Sheet does 
not release itself to be transferred to the press 
section (Section 2.7). The solutions are to use 
long top CD yam or not to have monoplane 
surface.

2.4.4 Fabric C lean ing

Forming fabrics may be cleaned with most 
solvents and cleaning agents used in the paper 
industry. Inasmuch as these cleaners and their
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FIGURE 2.77. Seam picking.

usage varies from mill to mill, it is not possible 
to specify standard cleaning methods. The fol
lowing points should be considered when 
cleaning forming fabrics:

• Concentrated acid, concentrated alkali, 
phenolic compounds, and strong 
bleaching solutions should be avoided.

• Due to their toxicity and flammability, 
caution should be exercised when 
handling organic solvents.

• A metal wire brush or stiff bristle 
brush should not be used for scrubbing. 
Also, the solvent should not affect the 
bristles in the brush used.

• High pressure showers to rinse off 
cleaning solutions should be used only 
if the fabric is rotated.

• High pressure steam is not 
recommended. When used, the hose 
nozzle should not come in contact with 
the fabric and should be moved 
constantly.

The question of chemical resistance of 
forming fabrics is of high importance for

many applications. As it cannot be answered 
generally, evaluations are necessary on an in
dividual basis.

The chemical resistance decreases with 
higher temperatures. Besides this, the concen
tration of chemicals is important in many 
cases. Often there is in the end use only a 
short term influence of a certain product or 
temperature on the monofilament. This can be 
of high importance in estimating the lifetime. 
Last but not least, the mechanical influence 
also has to be considered. Projected open area 
in a fabric makes it easier to clean.

2A5 F ab ric  C ontam in atio n  a n d  
C o n tam in an t R es is tan ce

Contaminants such as pitch and tar stick to 
forming fabrics causing contamination. When 
recycled paper is used, the situation gets worse 
due to latex. The polyester yarn is susceptible 
to contaminant buildup due to the chemical 
groupings in the molecules. Contaminant 
buildup fills the fabric causing drainage and 
release problems. One way to prevent contam
ination is to treat the surface of yarns or fabrics
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with anticontaminant finishes or coatings 
which reduce the fabric’s attraction for con
taminants. Coatings can be used on either the 
individual yams or the finished fabric. Coating 
can be applied during manufacturing of the 
fabric or on the paper machine. Coating also 
may “weld” the MD and CD yams at cross
overs preventing the mechanical attachment 
of the contaminant to the fabric. It is claimed 
that coated fabrics increase production due to 
speed increases, fewer sheet breaks and less 
downtime due to changing or cleaning filled 
fabric. It is also reported that coating increases 
fabric life and improves fabric stability and 
stiffness. However, as the coating wears out 
or washes off due to high pressure showers, 
the performance characteristics of fabrics may 
change over time.

Figure 2.78 shows wetting angle compari
son of two different monofilament yams. The 
standard filling yam has a contact angle of 
approximately 25°. The contaminant resistant 
yam shows a contact angle of 47°.

M echanisms of Contamination

(1) Chemical bonding between yam and con
taminant. To prevent bonding between the

yams and contaminants, yams with con
taminant resistant properties are used. 
Contaminant resistance in a yam can be 
achieved in three ways:
• using contaminant resistant (CR) 

additives in the yam polymer: This 
method is the most efficient because 
the contaminant resistance property is 
inherent in the yam.

• coating the yam with a contaminant 
resistant solution: The drawback of 
this system is that the coating may be 
lost partially or totally during 
operation of the fabric.

• combination of the two methods
(2) Mechanical locking of contaminants at 

yam crossovers: Fabric coating is used as 
a remedy to this kind of contamination. 
However, fabric coating requires capital 
investment and environmental issues may 
also be a concern.

Recycled stock is the major source of con
tamination. In general, recycled fibers are 
shorter than virgin fibers. Due to short fibers 
in recycled stock, higher mesh fabrics are used 
to increase fiber support index and improve 
retention. The fabric should provide a surface 
that is easy to bridge with short recycled fiber.

regular yam 
contact angle = 25°

contaminant resistant yam 
contact angle = 47°

FIGURE 2.78. Wetting angle comparison of regular and contaminant resistant materials.
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FIGURE 2.79. Shower positions on twin-wire formers.

Fabrics used in recycled furnish should allow 
easy cleaning with existing shower systems. 
Low caliper in general allows ease of cleaning.

Fabric showering is an effective method to 
prevent contamination buildup on the fabric 
during operation. High pressure showers are 
used for this purpose. Due to the high pres
sures involved, fabric stability and seam 
strengths may become an issue in fabric de
sign. With more open area (higher permeabil
ity) and straight through drainage, the shower- 
ability of fabrics is improved.

2.4.6 F abric  S h o w erin g

Properly operating cleaning showers are 
necessary to remove fibers and contaminants 
from the fabric during operation to optimize 
fabric life. Showers are used on wet-laid ma
chines for fabric cleaning, sheet knockoff, 
trimming and lubrication. In any showering 
system, it is critical to maintain uniform cov
erage and open flowing nozzles. Another con
sideration in shower design should be that 
nozzles cannot fall into the fabric run, creating 
a major fabric/roll accident.

The major types of showers are high pres
sure needle and fan showers, flooded nip 
showers and knockoff showers [15]. High

pressure fan showers are generally used in 
tissue manufacturing. Figure 2.79 shows the 
typical positions of the showers on a twin-wire 
former. Table 2.12 summarizes the forming 
section showers.

High Pressure Needle Showers

High pressure showers are the most effec
tive device for contaminant removal on the 
wet-end of the machine. The high energy jet 
can cause fabric vibrations, resulting in pre
mature failure if not located close to a support 
roll. The shower should be located as close 
to the outgoing nip of a support roll as possi
ble. High pressure needle showers are needed 
to penetrate the voids in the fabric to optimize 
cleaning.

There are different opinions about shower 
distance from the fabric surface. One should 
consider the fabric structure and production 
needs before making this decision. Published 
data indicate that very close showering dis
tances can clean contaminated fabrics well, 
minimizing damage. As the shower is moved 
away from the fabric, it begins to entrain air 
which results in a nonuniform pounding of the 
surface. While this can be utilized to remove 
contaminants, it should be reserved for inside
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TABLE 2.12. Forming Section Showers.

Application
Nozzle

Type/Size Spacing Distance Pressure
Gallons/

Inch

Flooded nip 
(machine side)

40° Fan 
stationary

3" 8"-16" 100-150 psi RVV X 1.1

Inside high pressure 
(machine side)

0.040" Needle 
oscillating

3" 6 " - 8 " 350-500 psi • 18-.23

Outside high pressure 
(sheet side)

0.040" Needle 3" 2"_4" 200-500 psi .18-.23

Fiber/sheet knockoff 
(machine side)

40° Fan 
stationary

3" 4"-7" 200-400 psi 1.0-2.0

Suction roll 0.040" Needle 
oscillating

3" 4" 350-500 psi .21-.25

Wire return roll 40° Fan 
stationary

6 " 8 " 40 psi .07-.09

single layer showering or multilayer struc
tures.

Oscillating showers are typically 3 inch 
spaced needle orifices with a 6 inch stroke. 
Oscillating speed must be set to machine 
speed to insure total fabric high pressure 
cleaning. The speed of shower is calculated 
as follows:

M S
OS  = —  x  N S  (2.20)t L

where

OS = oscillating speed (m/min)
MS = machine speed (m/min)
FL = fabric loop length (m)
NS -  nozzle size (m)

The high pressure showers should have an 
automatic kick-off system to shut off when 
the machine shuts down. There should also 
be a relay that will not allow the high pressure 
showers to be started until the machine is put 
into the run mode.

Pressures to be used in the high pressure 
showers are dependent upon the amount of 
cleaning and the speed at which the machine 
is running. At faster speeds, higher pressures 
are needed to penetrate the voids. Conversely, 
operating at high pressures and low speed can 
and will fibrillate the fabric. Optimizing pres
sures need to be determined.

Inside High Pressure Shower

Inside high pressure showers are generally 
used on forming fabrics utilizing a blend of 
secondary fiber and virgin fiber or 100% vir
gin fiber. This shower is very effective in 
cleaning contaminants from the void volume 
of the fabric. It is critical to have an oscillating 
needle jet-type shower with a recommended 
operating pressure of 350 to 500 psi. The noz
zle size is generally 0.040 inch installed at a 
distance of 6 inches to 8 inches from the fabric. 
When very fine single layer fabrics are re
quired, inside showering is recommended.

Sheet Side High Pressure Shower

This shower is more effective in removing 
fiber and other contaminants from the surface 
of the fabric. For two layer fabric design appli
cations with no projected open area, it will 
be necessary to have the ability to adjust the 
showers to a 30° angle (CD) with respect to 
the fabric (Figure 2.80). The 30° nozzle allows 
penetration of the high pressure showers 
through the angular voids, which is a charac
teristic of two layer design fabrics (Figure 
2.60). It should be noted however that this 
technology is relatively old.

Since seam ends on single layer fabrics are 
generally terminated to the sheet side, it is 
recommended that operating pressure be kept
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at 250 psi or lower. Yams smaller than 0.005 
inch can break at high pressure showers above 
250 psi. When mnning a multilayer fabric, 
because of design stmcture difference and 
depending on yam sizes, pressure should be 
set from 200 to 500 psi and run perpendicular 
to the fabric surface. Oscillating needle 
shower utilizes nozzle sizes of 0.040 inch and 
is generally set at a distance of 4 inches or 
less to the fabric.

To effectively prevent the fabric from plug
ging, most cleaning applications require both 
inside and outside high pressure oscillating 
showers.

Suction R oll Show ers

On suction roll machines, a high pressure 
needle shower is located perpendicular to the 
roll surface. The nozzles should be spaced at 
3 inch centers, 4 inches from roll surface, at 
a pressure of 350-500 psi.

Flooded Nip Showers

On a standard fourdrinier with wire turning 
roll, the flooding nip shower is placed on 
the inside of the fabric run at the ingoing 
nip of the wire turning roll (Figure 2.81). 
They should be of a fan type and provide 
complete coverage into the nip. The nozzle

distance, from the nip, should be 3-4'' away. 
The jet from the fan nozzle should hit the 
roll slightly before the nip. The angle of 
the fan shower jet should be approximately 
30° with respect to the fabric. It is commonly 
recommended that this shower nozzle be of 
a self-cleaning type. The pressure and flow 
rate are largely dependent on the void volume 
within the two-layer constmcted fabric. 
When expelled through the opposite surface, 
the water will affect the separation of the 
fabric and the sheet. The main criteria used 
to determine rates are machine speed, number 
of nozzles, forming fabric caliper and void 
volume.

In high speed twin-wire formers, flooded 
nip showers have dual purposes of internal 
cleaning and sheet knockoff. Sheet knockoff 
can occur running a gallons per minute rate 
75% of the fabric’s total running void volume 
at speeds above 3000 fpm. This result is cre
ated by the centrifugal force as the water is 
thrown through the fabric due to the wrap on 
the roll. Flooded nip cleaning flow is 10% 
more than the calculated running void volume. 
The roll chosen for this shower should have 
a minimum wrap of 30%. A stationary 40 to 
45° fan nozzle shower should be installed to 
the roll/fabric nip and is much more effective 
in a pressure range of 100 to 150 psi. The 
flooded nip shower should be located 12 to 
16 inches from the roll/fabric nip to allow
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W ire turning 
roll

FIGURE 2.81. Flooded nip shower on a standard fourdrinier with wire turning roll.

water to directly enter the nip. In several in
stances, knockoff showers have been elimi
nated by application of the flooded nip with 
good results. Many shower manufacturers re
duce water volume as speed is increased above 
5000 feet/min.

Minimum flooded nip shower requirement 
to fill fabric void:

Q = 0.055 x C x W x M S x V  (2.21) 

where

Q = water requirement to fill fabric void
(GPM)

C  = caliper of fabric (inch)
W  = fabric width (inch)

MS = maximum machine speed (fpm)
V = void volume factor (usually 0.6)

Normally, Q is multiplied by 1.1 to obtain 
water requirement for cleaning.

Fiber/Sheet Knockoff (Fan) Showers

The sheet knockoff shower or fan shower 
is used to supply fairly large quantities of 
water at a relatively low pressure across the 
full width of the fabric. The application of 
higher pressure significantly improves the ef
ficiency of this type of shower. The effective
ness of lower pressure showers is questionable 
when moving to multilayer structures. The 
bottom surface of multilayer shears the fan

jet, creating machine direction flow before 
water passes through the plane of the fabric.

This shower is generally a stationary 40 to 
45° fan on 3 inch nozzle spacing at a pressure 
of 200 to 400 psi. Since distribution of water 
by a fan nozzle is uneven, a possible second 
pipe with offset nozzles is recommended. The 
maximum impact force is obtained by placing 
the nozzle 4 inches to 7 inches from the sur
face of the fabric.

The actual impact of the shower depends 
on the distribution of water across the face of 
the fabric. This is controlled by the fan angle 
which is chosen. Table 2.13 shows the effect 
of changing fan angle and fabric distance on 
coverage.

Shower Maintenance

Periodic inspection of the shower system 
is recommended at every fabric change. Ex
cessively high pressure can fibrillate the indi
vidual yams in the fabric, leading to a short
ened fabric life. Low pressure can prevent 
optimum cleaning, possibly decreasing its 
drainage capacity. On abrasive fiber grades, 
such as glass, a decrease in fabric life can 
result from fibers embedded into the mesh. 
Table 2.14 lists the recommended inspection 
frequency of showers.

It is critical to inspect shower nozzles visu
ally on each machine down. Plugged nozzles
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TABLE 2.13. Effect o f Changing Fan Angle and Fabric Distance on Coverage.

30° 2.0 2.5 3.0 3.8 .16
40° 3.2 4.2 5.0 6.0 .12
50° 4.0 5.2 6.5 7.4 .10
60° 4.8 6.2 7.5 8.8 .08
80° 6.8 8.8 10.4 12.0 0.5

Surface coverage (inch)

can cause MD bands of varying tension induc
ing drainage problems and premature loss of 
the fabric. Shower nozzles should routinely 
be replaced on a 3-12 month cycle because 
tips erode over time, changing the water distri
bution pattern. All shower pipes should be set 
up to allow flushing on the run. Self-cleaning 
nozzles are recommended where possible.

Forming Section Doctors

Doctors are an integral part of cleaning and 
conditioning of forming fabrics. Contami
nants naturally transfer to the smoother roll 
surface from the rougher forming fabric sur
face and must be doctored away from the roll 
or they will build up and cause operational 
problems. Roll doctors are generally made out 
of poly or fiberglass. Generally, doctors do 
not oscillate in wet-end installations, but is 
an option provided by some vendors. It is 
recommended that all rolls have a wire return 
roll shower to aid in doctoring efficiency and 
provides lubrication between the roll and 
doctor.

Brush Cleaning

Brush cleaning has been tried on several 
machines and is utilized to a limited extent as

TABLE 2.14. Recommended Inspection 
Frequency of Showers.

Checkpoint Frequency

Plugged nozzles Every fabric change/on
run

Pressure check On run
Purge shower header Every fabric change

a final cleaning device. Fiber must be flushed 
from the surface of the fabric before con
tacting the brush to avoid brush plugging 
problems. A properly operating brush will 
allow stickles to be removed from the machine 
white water system.

2.4.7 R etu rn e d  Fabric A n a lys is

Returned fabric analysis, which is exten
sively done in the industry, gives valuable 
information about the performance of fabrics. 
This information can pinpoint any potential 
problem areas on the machine. It is also useful 
to improve fabric design and structure.

A typical returned fabric analysis includes 
the following:

• wear profile and degree of wear
• air permeability profile
• abrasion
• burring
• fibrillation
• contaminants
• edge condition
• seam condition

Air permeability test done on the returned 
fabric is to determine how fabric wear has 
affected drainage quality. To do this, it is nec
essary to remove as much contamination in 
the returned fabric as possible. Some contami
nants such as dried binders, wax or tar-like 
specks commonly found in secondary furnish 
cannot be removed without destroying the 
polymer yams. However, many contaminants 
found in returned fabrics such as pulp, calcium 
carbonate, paper dyes, ink or grease can be
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easily removed. For these contaminants, a 
mild alkaline liquid (containing potassium  hy
droxide, water, tetra-sodium pyrophosphate, 
sodium heptagluconate, tetra-potassium pyro
phosphate) solution can be used with a water 
content of 90%.

First, the air permeability of the test sample 
is measured as it is received. The test sample 
is then completely submerged in the solution. 
The time the fabric is submerged depends on 
the amount of contamination. The average 
time can range anywhere from 20 minutes for 
lightly contaminated test samples to 2 hours 
for heavier contaminated fabrics.

After the test sample has been soaked, it is 
rinsed with water and scrubbed with a soft 
bristle hand brush. The test sample is then 
blown dry with a compressed air nozzle. The 
test sample is then retested for air permeabil
ity. At this point, any loss in the cleaned test 
sample can be attributed to:

• burring, which causes the fabric mesh 
to close up resulting in less air flow

• the development of a wear pad, which 
increases the area in which the air must 
travel around also reducing drainage 
quality

The air permeability measurements, taken 
before and after cleaning, are compared to 
the new value and reported in the form of 
percentage retained.

Machine surveys are commonly done in the 
paper industry to assess the performance and 
productivity of paper machines and paper
making process (Chapter 5). The collected 
data are analyzed and used to make recom
mendations to the papermaker to improve his 
process. Appendix B gives a guide for forming 
section troubleshooting.

2.5 Form ing Section C onfigurations 
on Paper Machines

The most important part of choosing a paper 
machine is probably selecting the forming sec
tion. This is because sheet forming mechanism 
has a significant effect on sheet properties. 
Since the invention of the first paper machine 
in the 1790s, there have been major improve
ments and inventions in forming sections of 
the paper machines. As a result there are virtu
ally endless varieties of paper machines in 
existence today. A comprehensive coverage 
of the paper machines is out of the scope of 
this book. A brief introduction to each major 
group will suffice for the convenience of the 
reader.

There are five main types of formers in 
industry today: fourdriniers, twin-wires, two- 
wire formers, multiwire formers and Crescent 
formers. Although multicylinder machines are 
not manufactured anymore, many are still in 
use.

2.4.8 Wet-End Surveys

It is important to measure the performance 
of paper machine clothing on paper machines. 
Some paper machine clothing manufacturers 
provide extensive technical support that may 
include:

• showering surveys
• crew training
• startup assistance
• lab reports
• chemical analysis
• roll abrasion studies
• drainage studies

2.5.1 Fourdrin iers

Fourdrinier machines are considered the 
conventional paper machines. However, their 
use is declining. Figure 1.10 shows the sche
matic of a typical fourdrinier machine.

There are many elements on a fourdrinier 
machine to help with the formation and drain
age. These elements include forming board, 
foils, table rolls and suction boxes. These ele
ments are located under the portion of the 
fabric where sheet is formed and transported. 
There are other machine elements that are 
used to control the fabric such as stretch rolls, 
guide rolls and fabric turning rolls.
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Operation of the Fourdrinier

Fourdrinier machines are very useful to 
explain the formation of the sheet. A rather 
detailed explanation of the operation of a typi
cal fourdrinier paper machine is given below.

The operation of a fourdrinier wet-end is 
very complex. There are many interrelated 
components and actions, each of which is im
portant to good operation and quality paper. 
Attention to the details of the whole operation 
is essential to having a well run machine.

In modem fourdriniers, the sheet forming 
process on the machine can be divided into 
several regions as shown in Figure 2.82: stock 
delivery, sheet formation, water removal, low 
vacuum and high vacuum. To get the best 
possible sheet of paper to the couch, several 
different conditions are established on the 
wet-end of the machine to form the sheet and 
to remove water. Each of these conditions has 
an impact on the efficient operation of the 
machine and the quality of the sheet being 
made [1].

Stock Delivery onto the Fabric

The delivery part of the process is made up 
of the headbox and slice, the breast roll and 
the forming board. All are related to the per
formance of the forming fabric.

Headbox

The headbox is one of the key parts of the 
machine as it determines the uniformity and

stability of the basis weight of the sheet being 
made. It also has a major impact on the forma
tion and strength properties of the sheet. It 
affects the way the forming fabric performs 
with regard to sheet physical properties and 
sheet finish and it can help even out problems 
with uniformity of the sheet which may origi
nate in the stock preparation area, the ap
proach flow system, and the headbox mani
fold.

Headbox consistency is one of the primary 
concerns for good formation. The fibers must 
be dispersed as uniformly as possible so as to 
minimize floe formation in the headbox.

Slice

The slice controls the angle of impact of 
the jet onto the fabric. The angle is governed 
by the relation of the top lip to the bottom lip 
or apron (Figure 2.83). If the top lip is moved 
downstream of the apron, then the jet is said 
to have a tendency toward pressure forming. If 
the top lip is moved upstream into the headbox 
from the apron, then the jet is said to have a 
tendency toward velocity forming.

Within practical limits, sheet formation is 
always improved as headbox consistency is 
lowered and the slice operated at the largest 
opening that the table, fabric and furnish are 
capable of draining.

The ratio L/b describes the relative location 
of the top lip with respect to the edge of the 
apron or bottom lip. It relates directly to the 
angle of impact of the jet. While it is an impor
tant number to be aware of, it is more impor
tant to observe the actual landing spot and
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velocity forming

jet angle

FIGURE 2.83. Controi of jet angle with slice opening.

attempt to have it in the right position for the 
best formation and drainage. Ub has a minor 
effect on fiber orientation except as it relates 
to excessive turbulence and stock jump that 
may occur with too much pressure forming. 
In practice, pressure and velocity forming are 
defined based on the Ub ratio as follows:

-  = 0.5 pressure forming (2.26)

L > 1 velocity forming (2.27)

In pressure forming, the jet angle to the 
fabric is steeper. In velocity forming the jet 
angle is low and the jet travels relatively paral
lel to the fabric a longer distance. In modem 
machines, velocity forming is preferred. The 
jet should land on the fabric just before the 
leading edge of the forming board.

Pressure Forming

Pressure forming tends to move the impact 
point upstream toward the headbox, breast roll 
and slice. If the contact is too close to the 
breast roll, the nip vacuum may act upon the 
initial fiber mat. The drainage force can pull 
fiber, filler, fines and water through the form
ing fabric. As speeds get higher, the drainage 
forces get greater, deflecting the fabric down
ward and creating severe flow disturbances 
on the table. Fibers can become tangled in the 
mesh of the fabric, creating high draws at the 
couch. The higher the early drainage forces, 
the worse the wire mark.

Pressure forming is very sensitive to any 
defects or irregularities in the slice opening 
or headbox flow patterns. These defects be
come set into the fiber mat because of the high 
drainage rates and are virtually impossible to 
remove or correct on the table. Pressure form
ing also tends to seal the sheet on the fabric, 
making efficient drainage very difficult to 
achieve.

Velocity Forming

Velocity forming is more desirable because 
there is more latitude to impact the jet cor
rectly onto the fabric and there is a greater 
possibility of evening out flow irregularities 
from the slice or headbox if they exist.

Velocity forming, at the extreme of landing 
the jet completely on the forming board, will 
eliminate any possibility of drainage until the 
slurry is over an open area of the board where 
gravity alone will provide drainage force. De
livery may be smooth but the large amounts 
of water being carried down the table may 
give skating and other formation defects.

Ideal delivery lies somewhere between the 
two extremes of pressure forming and velocity 
forming. If the jet is directed so that it lands 
1/4" to 1/2" before the forming board and the 
balance lands on the board thus draining 10- 
20% of the flow between the slice and the 
trailing edge of the forming board, some of 
the initial drainage will penetrate the forming 
medium, filling the interstices or holes of the 
fabric. Water will replace the residual air in 
the fabric, giving a uniform layer of water in



Forming Section Configurations on Paper Machines 1 2 3

the fabric rather than an unknown mixture of 
air, water and fiber.

The slice delivery is important in making 
a success of a fabric. With pressure forming, 
the fibers will be driven toward the bottom 
of the holes, making drainage difficult and 
creating draw problems at the couch. Using 
velocity forming, the fibers will not penetrate 
the fabric as easily at contact and will have 
a chance to become partially cross machine 
direction oriented over the forming board. As 
they turn, the fibers have a better chance of 
bridging across adjacent MD yams, staying 
much further up toward the fabric surface and 
thus keeping the drainage paths more open.

The jet speed to wire speed (i.e., forming 
fabric speed) ratio is very important. This ratio 
can be changed to obtain a rush or drag effect 
during formation. Rush/drag changes are 
made to develop grade qualities. For example, 
if MD tensile is of top importance then the 
sheet may be dragged to a great extent to 
align the fibers in the machine direction. Other 
properties such as burst may need more rush 
to get some cross-direction orientation. When 
formation is of great importance, it is best to 
drag the sheet slightly to prevent the rolling 
of fiber which sometimes comes from a rush. 
The rolling fibers will make fiber clumps 
which result in poor formation. Rush/drag has 
essentially no effect on the angle of impact.

Breast Roll

In setting up the forming table, the center 
line of the breast roll is generally used as the 
point of reference from which the table layout 
is made. The roll must be very accurately 
positioned horizontally and vertically so that 
the slice lip and all other table elements are 
precisely aligned to one another. The geome
try of the slice, breast roll and forming board 
arrangement determines the area where the jet 
will contact the fabric.

The breast roll is directly beneath the head- 
box. Since this is a roll with a high amount 
of wrap, it must be large enough and strong 
enough to prevent deflection from the tension 
forces generated by the fabric. It should have 
a properly adjusted doctor.

Any roll on the paper machine is an exam
ple of a very powerful drainage force. Foil 
blades are a second example of the same force.

A vacuum is generated in any nip where a 
roll surface separates from the fabric. This 
vacuum induces drainage through the fabric. 
In general, the amount of vacuum induced in 
the nip is dependent on the machine speed. 
The higher the machine speed, the higher the 
vacuum. The drainage rate, Q, is calculated 
as follows:

Q
DV^

(2.24)

where

D = diameter of the roll 
R = drainage resistance factor of the furnish 
V = speed of the machine 
m  = coefficient related to the furnish being 

used

The nip where the fabric leaves the breast 
roll is the first area on the table where drainage 
of the headbox slurry can occur. This drainage 
should be avoided because of its effect on the 
sheet.

Forming Board

As machines became faster and wider, the 
diameter of the breast roll became larger. The 
span of unsupported fabric from the center 
line of the breast roll to the next supporting 
roll became longer and the forming medium 
sag or deflection became greater under the 
force of the jet and the lack of support. The 
forming board reduced the sag by enabling 
the support point to be moved in closer to the 
roll, and improved the landing zone conditions 
for the jet by allowing some control of the 
drainage of the sheet (Figure 2.84).

The board is used to provide a well-defined 
landing place for the jet. It also controls the 
drainage at the entry zone of the table. Drain
age at the forming board is largely controlled 
by gravity and is dependent on the open area 
of the board. The greater the open area, the 
greater the drainage. Doctoring by the blade 
nose also contributes to dewatering.
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slice

The forming board body must be ex
tremely rigid. The water forces that result 
from the jet impact are very high. If the 
body is not rigid enough, there will be 
vibrations which will affect the sheet quality. 
The body also supports the blades and keeps 
them correctly aligned for uniform drainage. 
Usually there are three, five or seven blades 
on a forming board. Ceramic blades have 
replaced early forming boards made of poly
ethylene. Most forming board blades have 
no built-in drainage angle (they are flat). 
Drainage over the board comes from the 
velocity of the jet as it impacts the fabric 
before and over the early part of the lead 
blade. No drainage can take place over the 
blade itself and gravity provides the balance 
of the drainage. Since elapsed time over the 
open area is short and the height of the 
water column is not high, little drainage can 
occur. What does occur is related to the 
ability of the blade nose to doctor water 
from the underside of the fabric. There are 
some signs that the more blades (and noses) 
that there are, the more dewatering will 
occur.

The forming board nose can be located such 
that it is easy to adjust the top slice lip to get 
good jet impact. The forming board also may 
need to be located at the point on the table

where the desired jet angle will put the jet in 
the right position with respect to the forming 
board.

S h e e t Form ation R egion

In this region, the sheet is formed with the 
help of turbulence and shear.

Turbulence

In the stock approach system and the head- 
box, the consistency of the furnish is run at 
as low a level as possible to disperse the fibers 
as completely as possible. Turbulence genera
tion in these systems ensures dispersion. On 
the forming table, dispersion must be contin
ued and turbulence is the primary tool for 
maintaining dispersion. Shear is the primary 
means of providing turbulence for dispersing 
the fibers. Shear is simply causing controlled 
flow disturbances which disperse fiber floes 
or bundles.

Shear

As the jet exits the headbox, shear may 
continue for a very short time due to surface 
friction between slurry and the slice surfaces. 
In addition, the way the jet impacts the fabric
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may be very turbulent depending on the entry 
zone setup. At speeds up to 2000 feet/min, 
dispersion may be accomplished by using the 
shake. On some machines, the shake may af
fect only the breast roll and on other machines, 
part of the table may also be shaken. The 
shake creates a cross machine direction shear 
in the fiber flow. As speeds increase from the 
very low to the 2000 fpm range, the time 
between the jet landing on the fabric and the 
sheet set point being reached becomes very 
short, decreasing the effectiveness of the 
shake.

As the fabric travels down the table, the 
foils create shear by deflecting the fabric 
downward. The change of direction of the 
fabric causes the water to attempt to travel 
vertically upwards from the fabric. This move
ment creates shear. If the angle is high and 
the consistency low, droplets may actually 
separate from the surface and travel through 
the air.

Collapse of ridges also provides a powerful 
source of shear and turbulence. A dirty slice 
or a damaged slice will exhibit streaks on the 
surface of the sheet at the defect. Slices can 
be purchased serrated which generate a CD 
series of streaks or ridges which collapse and 
reform. These streaks can be likened to valleys 
and peaks of hills. The hills collapse and are 
replaced by peaks. This cross-direction flow 
provides shear. At foil noses, peaks become 
valleys and valleys become peaks. This will

continue down the table for some distance 
depending mainly on consistency and spacing. 
Formation showers have the same effect as 
serrated slices.

Formation Shower

These showers are used to help form the 
sheet properly on the forming fabric. They are 
particularly helpful on heavier weights and 
may be harmful on lightweight sheets if the 
pressure and volume are not controlled to pre
vent complete penetration of the sheet on the 
fabric. The showers are stationary and use low 
pressure water to create ridges in the stock 
furnish on the forming fabric.

Quite often, these showers are simply a 
drilled hole shower which will work quite well 
with white water if the burrs are removed 
inside the pipe and around the circumference 
of the holes. The shower is positioned 5 to 10 
inches above the fabric over the forming board 
or first foil unit. The shower is angled down
stream 10-15° from perpendicular (Figure 
2.85). Suspending the shower from the ma
chine room crane for trials will allow easy 
adjustment for determining the optimum oper
ation. Permanent brackets can be designed to 
locate the shower at the best location.

W ater R em o va l R egion

In this section of the table, formation is 
essentially completed and the consolidation
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of the sheet begins. The foils do the work of 
water removal and the downward flow of 
water causes the fibers to be brought into 
closer contact with each other.

As the consolidation of the sheet is taking 
place, it is important to diminish the turbu
lence level constantly. If the sheet is disrupted 
by high turbulence this far down the table, it 
will not reform into an acceptable sheet.

Foil Precautions

Plastic foils will wear under the action of 
the fabric passing over the surface. Since the 
amount of water removal is dependent on the 
amount of time that vacuum can act on the 
underside of the fabric, a worn foil will not be 
able to dewater a fabric as well as a new foil.

If the dewatering rate appears to be reduced, 
it is always a good idea to check the condition 
of the blades. Ceramic blades or partial ce
ramic blades will retain their shape for long 
periods of time. However, great care must be 
used when handling these blades as they will 
chip and break rather easily. Damage to fab
rics may occur if blades are chipped.

If a pair of new foils are put onto a foil 
unit on each side of a worn unit, the worn foil 
will not contact the fabric, no nip will be 
formed and no doctoring or dewatering can 
take place. The same thing can happen if the 
total table is not accurately aligned. All foils 
should be at the plane of the fabric and level 
in all directions.

Low  Vacuum  Region

Dandy Rolls

Dandy rolls were originally used to impart 
special marks in the sheet for decorative and 
identifying reasons. Many dandies are used 
today to improve the formation of the sheet. 
This improvement comes from a shear action 
of the roll relative to the sheet and the fabric. 
The shear is intended to rearrange fiber in the 
sheet, breaking up large floes and reducing 
their size. In order for this shear to be effec
tive, it must take place when the sheet has 
enough water in it to permit the disruption of

floe and the rearrangement of fiber. If the 
sheet is too dry, the dandy will have no effect.

Special flooded boxes are sometimes used 
under the dandy to help with rearranging the 
fiber to improve formation and watermark 
clarity if a watermark is used. In the absence of 
these boxes, some dewatering can take place at 
the dandy but this is not a major function of 
the dandy.

It is generally accepted that 3% consistency 
is the highest consistency where good dandy 
operation will take place. This is somewhat 
grade dependent. It is best to run consistency 
trials to determine the optimum effectiveness 
of the dandy. In most cases, the dandy surface 
speed will exceed the wire speed by up to 
1.5%.

Spray from the outgoing nip of the dandy 
can cause water spot defects in the sheet if 
the drop hits the sheet after it is too dry. Some
times an internal fog shower with a water 
based defoamer in the spray will reduce or 
eliminate the spray.

Vacuum

Foils are capable of drying the sheet out to 
about 1.5% to 3.0% consistency, depending 
on the grade of paper being produced. Vacuum 
assistance of the foil drainage is necessary for 
further drying.

In the forming section, the sheet is being 
compacted and consolidated to create smaller 
and smaller flow paths to promote efficient 
dewatering. After the foil section, the sheet is 
a completely saturated fiber mat. As long as 
there is free water in the fiber mat, vacuum 
is useful in removing that water.

To remove the saturating water, low level 
vacuums are very effective. After the water 
film or saturating water has been removed, 
then high vacuums will remove much of the 
rest of the water.

Low Vacuum Equipment

The typical low vacuum unit consists of a 
stainless steel box which can be fitted with 
foil blades. There are several different designs 
of foils which can be used on the box. Each
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supplier of boxes has his own theories on what 
works best. All styles of units have deckle 
pieces which completely close the top of the 
box with a vacuum seal.

A vacuum inlet is provided to permit the 
application of vacuum to the underside of the 
fabric in the spaces between the foils. In many 
cases, this inlet is independent of the water 
drain of the box although a few units exist 
where the water comes out the same opening 
through which the vacuum is applied. In all 
cases, the water drain must be set up so that 
water can drain freely from the box without 
air leaking back in.

For best operation, the vacuum source 
should be different than the flat box vacuum 
source. One of the best arrangements is to use 
a low vacuum level blower with the vacuum 
line being connected to the inlet of the blower.

Low Vacuum Operation

Low level vacuum boxes are effective at 
removing water which is saturating a fiber 
mat. The water acts as a seal, allowing the 
sheet to drain into the box, evacuating the free 
water from the fiber mat. The water flow not 
only dries the sheet but the flow velocity cre
ates drag on the fibers that gradually compacts 
the mat into a denser sheet. The effectiveness 
of the low vacuum level is gone when air 
breaks through the sheet. This happens at the 
dry line.

Early on the table, the sheet is liquid enough 
that the deflection caused by the foil action 
and the applied vacuum provides additional 
turbulence for better formation. Late on the 
table, the sheet is no longer mobile enough 
to have any formation improvement. At this 
point, the effect is solely to remove water.

Low vacuums dry the sheet to 7 to 9% 
consistency, again depending on the grade. 
Vacuum augmented foils typically operate at 
1 to 20 inches of water vacuum.

Low Vacuum Troubleshooting

A vacuum foil body must drain water freely 
to work the way it should. There should be 
sufficient clearance under the seal leg. As a

rule of thumb, the surface area of the imagi
nary cylinder beneath the seal leg should be 
at least equal to the cross-sectional area of the 
seal leg.

The vacuum lines connected to the unit 
should be large enough in diameter and as 
short as possible to ensure the total effect of 
the vacuum source is carried to the unit. Small 
diameter piping will cause large pressure 
drops in the piping. There should also be no 
low spots in the piping to create a water pocket 
which will cause vacuum surges and uneven 
water removal in the machine direction.

A vacuum gauge or a manometer tube 
should be installed on each unit. The maxi
mum effective vacuum that can be applied to 
the unit is equal to the distance from the water 
in the seal pit to the bottom of the vacuum 
inlet. If this distance is exceeded, the vacuum 
level in the unit will vary and cause uneven 
drying.

High Vacuum

The water remaining in the sheet after the 
dry line is the water remaining on the fiber 
surface, in the fiber crossovers, and the water 
in the fibers themselves. The efficient way to 
remove the first two is to use high velocity 
air to strip the water off the surfaces and out 
of the crossovers. The last must be removed 
in the presses and dryer sections. Flat boxes 
with various types of open area (slots or holes) 
and high vacuums generate the high air veloci
ties necessary to accomplish the stripping of 
water.

A flat box must be rigid enough to with
stand the vacuum source applied and support 
the cover to prevent cover collapse. The num
ber of slots and the width of the slots depend 
on the grades being produced, speed of opera
tion and sequence of boxes on the table.

With polyethylene covers, the plastic of the 
cover will wear away and somewhat protect 
the fabric. The cover wear will however be 
uneven and eventually uneven water removal 
takes place over the cover. Profile problems 
and drying streaks will result.

Ceramic covers have a lower coefficient of 
drag than polyethylene covers. A good cover
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will last indefinitely and cause no fabric wear. 
However, the edges of the holes and slots must 
be very smooth to prevent fabric wear. Nicks, 
chips or rough margins will eat fabrics up.

High Vacuum Operation

Flat boxes are the greatest source of wear 
to a forming fabric. Covers for flat boxes have 
either drilled holes or narrow slots over which 
the fabric travels. The high vacuums cause 
the yams to be distorted and abraded on the 
hole edges or by abrasive particles trapped 
between the fabric and the cover.

Typical fabric wear patterns show high 
wear rates at the end of the slots on both the 
drive side and the aisle side of the machine. 
This wear area is generally the place where 
the fabric will wear and split in the machine 
direction. Several options such as lubrication 
showers, graduated vacuums and staggered 
slot ends will reduce the problem. It can hardly 
be eliminated.

Fabric wear can also be reduced by the use 
of wear resistant yams containing nylon or 
other special materials, by applying special 
resin treatments to the fabric and also by 
applying fabric wear beads to the high wear 
area of the fabric outside the trim squirts.

High power loads on the drive motors on 
the wet-end can be caused by poor flat box 
operation. In any vacuum application under 
the forming fabric, higher dryness and lower 
loads will result from graduating both the low 
and high vacuums from low to high, reserving 
the highest vacuum for the last box. This 
method of operation will also help reduce fab
ric wear.

The flat boxes should dry the sheet within 
the range of 16 to 18% if they are operated 
efficiently. Flat boxes operate generally at 1 
to 6 inches of mercury vacuum.

Steam boxes are used over flatboxes on 
some grades to heat the sheet water, lowering 
the water viscosity, making it easier to 
remove.

Couch

Some styles of fabrics will cause a loss in 
couch efficiency. Thick, open bottom fabrics

will carry air or permit radial air leakage into 
the couch box, bypassing some of the high 
velocity air under rather than through the 
sheet. However, the most common cause of 
low drying efficiency is the couch itself, either 
from worn seal strips, poor internal lubrica
tion, or a vacuum source not operating at de
sign standards.

The couch is the final opportunity to dry 
the sheet to the maximum prior to transfer to 
the presses. On most machines, a 4 to 6% 
increase in consistency can be expected over 
the couch.

Couch rewet results from excess water at 
the couch, particularly the water from internal 
and external couch showers. It is helpful to 
install a flow meter on the internal shower 
and seal water lines. By reducing the flow 
rate until a slight drag increase is noted and 
then increasing slightly will ensure the mini
mum of excess water and reduce rewet possi
bilities. In addition, locating the internal suc
tion box so that there is a very small airflow 
into the couch at the point of sheet release 
will remove the entrained water in the fabric, 
keeping that water from rewetting the sheet.

Lump breakers are used to compact the 
sheet over the couch. By compacting or densi- 
fying the sheet in this area, pore size is reduced 
which increases air flow velocity for more 
efficient dewatering.

2.5.2 Twin-Wires

Modem twin-wire machines were devel
oped to overcome the following disadvantages 
of fourdrinier machines [16]:

• two sidedness of the sheet
• lack of fine scale formation
• nonuniform profiles
• length and speed limitations

Twin-wire forming is the type of forming 
in which sheet is formed between two rotating 
forming fabrics. Although the idea of forming 
paper between two screens dates back to 1875, 
the credit for the first modem twin-wire ma
chine is given to Daniel Webster of Consoli
dated Paper who had a working model in 1953.



Forming Section Configurations on Paper Machines 129

Since then, many variations of twin-wire 
formers have been developed. Delivery is 
through a nozzle which may have layering 
capabilities. A detailed discussion of these 
machine types is out of the scope of this book. 
Therefore, only a brief description of the ma
chine types will be given below.

Twin-wire formers can be classified as gap 
formers and top wire formers.

Gap Formers

In a gap former, the slurry is injected from 
the headbox nozzle between two converging 
forming fabrics as shown in Figure 2.86.

Depending on the dewatering mechanism, 
there are three major types of gap formers:

1. Gap roll formers: roll wrap is the major 
dewatering mechanism (Figure 2.87). Since 
there are no stationary parts, fabric life is usu
ally longer in these machines compared to 
fourdriniers. Other advantages of gap roll for
mers are low drive power, reliability, speed 
capability, reduced two sidedness, less linting 
and improved printability. The disadvantages 
are higher headbox consistencies, potential for 
pinholes, lower internal bond and grainy for
mation.

Neglecting the centrifugal and vacuum 
forces, the following simplified formula has 
been accepted to determine the water removal 
force in gap roll formers:

outer (conveying) 
fabric

FIGURE 2.87. Schematic of a typical gap roll former (“C” wrap).
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P = R (2.25)

P = dewatering pressure
T = outer wire tension
R = radius of curvature of the forming roll

Gap roll formers were initially used for 
newsprint grades. Today, their uses include 
brown paper, newsprint and high speed, light
weight sheet manufacturing such as tissue. 
The two common tissue formers are called “C 
formers” or “S formers” with respect to the 
shape of the drainage zone. The “C former” 
has a “C” shape drainage zone as shown in 
Figure 2.87. The forming roll is either solid 
for one-sided dewatering or perforated with 
suction for two-sided dewatering.

Figure 2.88 shows the schematic of an “S 
former” with an ''S” shape drainage zone. 
Forming roll can be solid or with suction. In 
either case, two-sided dewatering takes place 
in this machine due to its configuration. The 
outer, conveying fabric also provides primary 
drainage.

2. Gap blade formers: blade action is the

major dewatering mechanism (Figure 2.89). 
The drainage zone can be straight or curved. 
If the drainage zone is curved, then Equation 
(2.25) can be applied for curves that are ap
proximately 500 cm in radius.

Gap blade formers have better formation, 
higher drive requirements and lower retention 
compared to gap roll formers [16].

3. Gap roll/blade formers: both wrap and 
blade actions are used for dewatering (Figure 
2.90).

Top-Wire Formers

In top-wire formers, a forming section with 
an additional fabric is placed on top of the 
fourdrinier table, which carries the bottom 
forming fabric (or conveying wire). There are 
a variety of top-wire formers which are called 
retrofits, hybrids, preformers or on-top for
mers. The common characteristic of top-wire 
formers is that they all have a preforming zone 
of “open-wire” papermaking like a fourdrinier 
machine. Following open-wire preforming, 
dewatering can be done with roll, blade, roll/ 
blade or adjustable blade. Figure 2.91 shows

mner



FIGURE 2.90. Schematic of a typical gap roil blade former.
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top (backing) fabric

hybrid blade preformer

top (backing) fabric

FIGURE 2.91. Examples of top-wire formers.

examples of top-wire formers. These formers 
are generally used for lighter weight sheets. It 
is reported that they improve two sidedness, 
reduce linting and improve formation com
pared to fourdrinier machines. Compared to 
gap formers, preformers have less streaking, 
good formation with improved first pass 
retention, better cleaning and drainage capa
bility.

2.5.3 Two-Wire Formers

In two-wire formers, two sheets are formed 
separately and combined later on the forming

section. Therefore, there are two headboxes 
on the paper machine as shown in Figure 2.92. 
These machines are usually used for heavier 
weight grades.

2.5.4 M u ltiw ire  F orm ers

In multiwire machines three or more four
drinier tables are used to form the sheet. As 
a result, there are at least three headboxes and 
three forming zones as shown in Figure 2.93. 
Proper bonding between the sheet layers is 
critical. Bonding is controlled by the consist
ency of the various layers of fibers being com
bined.
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top

FIGURE 2.92. Schematic of a typical two-wire former.

2J .5  Crescent Formers

A  Crescent former is basically an inverted 
“C” gap roll former that is used for tissue 
manufacturing (Figure 2.94). Felt and forming 
fabric are used in the Crescent former which 
are unique to this machine.

2.5.6 Cylinder Machines

Cylinder machines were especially suitable 
for heavyweight multiple board grades. Al
though cylinder machines are still running in 
some applications such as tube stock, core 
stock, jigsaw puzzle and other grades that are 
too heavy to be practical for fourdrinier pro
duction, their design has become obsolete and 
therefore they are not manufactured anymore. 
Figure 2.95 shows the working principle of 
these machines. The sheet is formed on the 
wire mesh of a rotating cylinder mold, par
tially submerged in a vat of fiber stock. Aided

by a couch roll, the fiber mat transfers from 
the cylinder to a making felt, which is a woven 
fabric combined with nonwoven batt. The 
flow of slurry into the vat can be in the same 
direction of or opposite to the rotation direc
tion of the vat. Several cylinder vats are placed 
in a sequential manner which allows forma
tion of a multilayer sheet structure. These ma
chines were slow and had some formation 
problems such as uneven basis weight.

2.6 Manufacture of Specific Paper
Grades

The sheet formation principles of different 
paper grades such as tissue, newsprint, fine 
paper, brown paper, etc., are basically the 
same. Nevertheless, there are some differ
ences in manufacturing of some grades. This 
section explains the major manufacturing

top
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head-box

dryer

FIGURE 2.94. Schematic of a Crescent former.

characteristics that are specific to each paper 
grade. The manufacture of nonwovens is quite 
different than the other paper grades. Special 
methods and equipment have been developed 
to manufacture nonwovens. A more detailed 
description of these methods is given.

2.6.1 Tissue M an u fac tu rin g

The tissue market covers a variety of 
low-weight sheets used primarily in sanitary 
(facial and bathroom tissue, towel, napkin, 
etc.) applications. A much smaller segment 
includes specialized grades such as con
denser, carbonizing and wrapping tissue [17]. 
Most sanitary tissue fabrics run CD knuckle 
proud to orient the fibers in the CD direction. 
The hole is longer in the CD direction.

Due to its low basis weight (as low as 5 g/m^) 
or loose structure, special machines have been 
developed to manufacture tissue. One ma
chine that has been used consists of a fourdri- 
nier forming section and Yankee dryer. The 
Yankee dryer is a large steam cylinder with 
a polished surface to dry the tissue. Tissue is 
pressed against the Yankee surface and trans
ferred to it. Through-air dryers are used before 
or after Yankee dryer to preserve bulk and 
increase drying efficiency as shown in Figure 
2.96 [17-19]. Modern tissue formers include 
“C” wrap, “S” wrap and Crescent former (Fig
ure 2.97). The wet tissue sheet must be sup
ported in forming, pressing and drying sec
tions of the paper machine.

In many cases, creping is done to increase 
the softness of tissue paper. As a result of
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Hood Supply

Dry Product Out
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Dead Zone

FIGURE 2.96. Through air dryer (courtesy of Valmet Paper Machinery).

creping, the MD and CD strengths of the paper 
are reduced. Extensibility is increased which 
increases the rupture resistance of the sheet. 
Creping also increases the bulk of paper.

Creping is done on the Yankee dryer cylin
der using a doctor blade (Figure 2.98). The 
web follows the dryer surface to hit the doctor 
blade. The degree of crepe has an effect on 
the bulk. The degree of crepe is defined as 
the difference in peripheral speed between the 
dryer and the pope divided by the speed of 
the dryer. Around 50% crepe, the bulk reaches 
a maximum. Crepe formation is affected by 
doctor blade geometry, adhesion between the

paper and dryer surface and mechanical prop
erties of the paper [20].

2.6.2 Newsprint a n d  Fine P aper  
M anufacturing

During formation of newsprint and fine pa
per, it is preferred that fabric speed is higher 
than the jet speed.

During printing, newspapers ran in the 
direction of reading which is the machine 
direction on the paper machine. There is 
considerable amount of tension on the sheet
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during printing; therefore, the paper should 
be strong in this direction. This is achieved 
by orienting the fibers in the machine direc
tion. In fine paper fabrics, the hole is longer 
in MD direction.

The major additives in the fine paper grades 
are fillers which give improved opacity and 
other optical properties to the sheet. The two 
major types of fillers are clays and carbonates, 
both of which are very small particles com
pared to fibers. To be effective, they must be 
retained in the sheet.

Limestone
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FIGURE 2.99. Schematic of PCC production.

Acid versus Alkaline Papermaking

Fine paper manufacturing can be done ei
ther in acid or alkaline environment. Alkaline 
papermaking results in longer paper life. 
Therefore, the use of alkaline papermaking is 
increasing. Ground Limestone (GL) is used 
in alkaline papermaking.

Contents of Precipitated Calcium Carbon
ate (PCC):

Figure 2.99 shows the schematic of PCC 
production. The acid and alkaline papermak
ing systems are compared in Table 2.15. Table 
2.16 lists the effects of alkaline papermaking. 
For better abrasion resistance, nylon yams are 
used along with polyester in forming fabrics 
that are used in alkaline conditions. In general, 
PCC produces less fabric wear than GCC 
(ground calcium carbonate).

(1) calcite
• rhombohedron (barrel shaped)
• scalenohedron (rosette clusters)

(2) aragonite
• needle shaped (3:1 aspect ratio)

2.6.3 N o n w o ven  M an u fac tu rin g

A  nonwoven product is made directly from 
a web of fiber. Although paper also fits this
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TABLE 2.15. Acid and Alkaline Papermaking Systems.

Acid Alkaline

pH 4.5-5 7.5-8
pH control Alum Calcium carbonate 

Soda ash
Fillers Ti02 Calcium carbonate

Clay TÌO2
Extenders Clay, extenders

Size Rosin Alkyl ketene dimer (AKD)
Alkenyl succinic anhydrides (ASA)

Cationic starch 
Points of addition

Tertiary amine Quaternary amine

Fillers Machine chest/blend chest Machine chest/blend chest
Size Machine chest Stuff box
Cationic starch Machine chest/blend chest Machine chest/blend chest

definition, paper is not considered to be a 
nonwoven product [21]. Due to manufacturing 
and product similarities between nonwovens 
and paper, a nonwoven product is usually con
sidered as an intermediate form between paper 
and conventional textile fabrics.

Comparison of major textile fabric and pa
per properties are shown in Table 2.17. Non
woven fabric properties generally fall in be
tween those of paper and conventional 
textiles. Therefore, nonwovens frequently

compete with textiles or paper in already es
tablished markets. Table 2.18 compares the 
production speeds of various processes.

Paper is a relatively low priced commodity 
compared to nonwovens which may be a moti
vational factor for paper companies to move 
toward nonwovens.

Five major types of nonwoven processes 
that use forming fabrics are wet laying, 
air laying, spunbonding, meltblowing and 
spunlacing. All of these processes are very

TABLE 2.16. Effects of Alkaline Papermaking.

Terms Effects

Deposits Generally less than with acid conditions, some press problems with size pick out 
in press section.

Drainage Since CaC03 does not contain hold water, drainage is more rapid under alkaline.
Draws May require slight changes.
Drying Alkaline sheets dry easier than acid sheets due to less water bonding.
Formation Table set up is critical. Refining is usually less and furnish has more long fiber.
Pressing Equal to acid conditions.
Retention Extremely important for filler and sizing efficiency. Early retention very 

important. Retention aids a must.
Runnability Providing good wet-end stability, runnability is equal to or better than acid. 

Deposits and holes are most common problem.
Sheet dryness Usually better under alkaline conditions. CaC03 and lower fiber mass drain

at couch easier.
Table set up Generally set up to carry water down the table. Grading of flatboxes is critical. 

Eorming zone also critical.
Fabric wear Proper fabric design and table setup minimizes wire wear. Equal to acid 

configurations under proper setup.
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TABLE 2.17. General Characteristics o f 
Paper and Textiles [21].

Paper Textiles

Less expensive More expensive
High production rate Low production rate
Short fiber Long fiber or filament
Simple structure Complex structure
Smooth surface Textured surface
Dense Bulky
Inextensible Some extensibility
Able to hold sharp 

folds
Noncreasing

Stiff, little drape Flexible, drapes 
relatively easier

Relatively nonporous Porous
Low wet strength Wet strength is essential
Low tear strength High tear strength

different from one another and may require
different designs of forming fabrics.

TABLE 2.18. Productivity of Various 
Manufacturing Methods [21].

Process

Linear
Speed

(m/hour)

Weaving 5-40
Knitting 100
Mechanical web formation 3,000
Spunbonding 4,500
Papermaking 50,000

in the manufacture of roofing shingles which 
is shown in Figure 2.101 along with the form
ing fabric used to make it. This mat is impreg
nated with asphalt and provides the strength 
in the shingle. Table 2.19 lists the require
ments of forming fabrics for wet-laying pro
cesses. Adhesives are required to replace the 
hydrogen bonding formed in papermaking.

Wet Laying

In the wet-laying process, a mixture of fi
bers and water are laid down on the moving 
forming fabric (Figure 2.100). The water 
drains through the fabric, leaving a web or 
sheet of entangled fibers. The fibers can be 
wood, cotton, glass, polyester, rayon or any 
mixture of these. The function of the fabric 
in this process is to provide a carrier that is 
adequate to support the fibers, keeping them 
from penetrating into and through the mesh. 
Good web release and exceptional wear resist
ance are required in the fabric. An example 
of a wet-laid product is fiberglass mat used

Air-Laying

In the air laying process, wood pulp is 
ground up, mixed in an air stream and fed onto 
the moving forming fabric (Figure 2.102). A 
variety of fiber types can be used, but wood 
pulp is very common. An example of an air- 
laid product is a wipe which is characterized 
by being very soft, bulky and absorbent.

Forming fabrics used in air-laying must 
have good fiber support for retention of fibers 
and relatively high air permeability to ensure 
fiber hold-down. Due to the very high static 
buildup in this process, antistatic cross-direc
tion yams are used.

suspension
of
fibers

FIGURE 2.100. Schematic of wet-laying process.
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FIGURE 2.101. Structure of wet-laid fiberglass mat for roofing.
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FIGURE 2.101 (continued). Forming fabric used to make wet-laid fiber
glass mat for roofing.
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fiber
condenser

Forming fabric characteristics for the air
laying process:

• good fiber support
• fiber retention
• high air permeability
• medium mesh range
• two layer designs
• antistatic properties

Spunbonding

In the spunbonding process, pellets of poly
mer are melted down and forced through a 
spinnerette, a device with tiny holes like a 
shower nozzle (Figure 2.103). Continuous fil
aments are extruded through the spinnerette, 
are blown about and spread on the moving 
forming fabric.

The forming fabric used in spunbonding 
must have good fiber support characteristics 
to stop fiber penetration, provide good web

TABLE 2.19. Forming Fabric Requirements 
for Wet-Laying Process.

Binder Position Forming Position
Stability Stability
Durability Durability
Good drainage Good Drainage
Fiber retention Fiber retention
Single layer designs No wire mark
Good seam joints Good seam joints 

Two layer designs 
Medium-fine mesh fabrics

release and not mark the sheet in any way. 
Figure 2.104 shows a polypropylene spun- 
bonded medical product along with the form
ing fabric used to make it.

Forming fabric characteristics for spun
bonding:

• stability
• durability

polymer
chips
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FIGURE 2.104. Polypropylene spunbonded medical product (top) and 
forming fabric used to make it.
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to
winder

web formation
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FIGURE 2.105. Schematic of meltblowing process.

• good fiber support
• high air permeability
• two layer designs
• medium-fine mesh range
• good seam joints
• anti-static properties on some 

applications

Spunbonded web characteristics are low 
weight, high stiffness and high tensile and tear 
strength.

Meltblowing

In meltblowing process, granules of poly
mer are melted down and blown with hot.

high velocity air through extruder die tips. 
The filaments are then stretched until they 
break and are deposited onto the moving 
forming fabric (Figure 2.105). The fibers 
break into short lengths, as compared to the 
continuous fibers in the spunbonding process 
and are also much finer in diameter. Thus, 
the web produced is often used for wipes 
and filters.

The forming fabric for the meltblowing 
process must provide adequate fiber support, 
release and good stability. Figure 2.106 
shows the fabric view from machine side 
with elastomeric polymer showing through. 
Figure 2.107 shows meltblown elastomeric 
polymer formed on a forming fabric.

■ S :,
#  '

f ' - - -X'

M
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FIGURE 2.106. Machine side view of forming fabric and elastomeric meltblown polymer.
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FIGURE 2.107. Photomicrograph of meltblown elastomeric polymer fabric formed on 
forming fabric.

Forming fabric characteristics for melt 
blowing process:

• large fabric design range
• single and two layer designs
• coarse-medium mesh range
• metal and synthetic fabrics
• good air permeability
• wire mark is less critical

Spunlacing (Hydroentanglement)

In this process, the finished product is pro
duced by entangling fibers in a preformed

web, generally carded, using high pressure, 
columnar water jets (Figure 2.108). As the 
jets penetrate the web and deflect from the 
forming fabric, some of the fluids splash back 
into the web with considerable force. Fiber 
segments are carried by the turbulent fluid and 
become entangled on a semimicron scale. In 
addition to bonding the web, spunlaced or 
hydraulic entanglement can also be used to 
impart a pattern to the web. Figure 2.109 
shows a spunlaced rayon wipe and the fabric 
used to make it.

Forming fabric characteristics for spun- 
lacing:

high pressure 
water jets

dry or wet formed web 0  0  0  0  0  0

. \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ - ^  '

hydroeutangled
web

to
dryer

forming fabric

FIGURE 2.108. Schematic of spunlacing (hydroentanglement) process.
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FIGURE 2.109. Spunlaced rayon wipe (top) and forming fabric used to make it.
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FIGURE 2.110. Schematic of filter belt application for cake washing (courtesy of Joy Manufac
turing Company.)

• variety of designs
• stability
• good release
• fabric uniformity
• seam is critical

2.6.4 S p ec ia l A p p lica tio n s

Fabrics with structures similar to paper ma
chine clothing are also used in end-use appli
cations other than papermaking. These fabrics 
are usually called “specialty fabrics.” Exam
ples of application areas for these fabrics are

food processing, drying, dewatering and 
textile printing. Figure 2.110 shows the sche
matic application of a filter belt in cake 
washing.

Specialty fabrics are similar to forming fab
rics or dryer fabrics (Chapter 4) for their struc
ture and functions. The common characteristic 
of specialty fabrics is their coarse structure. 
They are woven under higher tensions than 
forming or dryer fabrics. Heatsetting is also 
done at higher tensions. The air permeabilities 
of common specialty fabrics range from 300 
cfm to 1300 cfm.

Figure 2.111 shows the schematic applica
tion of a specialty fabric in textile drying

FIGURE 2.111. Schematic of textile drying application using a specialty fabric (courtesy of Santex AG Ma
schinenbau).
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f ig u r e  2.112. Leno design dryer fabric.

application. Figures 2.112 and 2.113 show two 
fabric designs that may be used for this type 
of application. Figure 2.113 is a leno design 
made of 100% Nomex® warp and Nomex® 
wrapped fiberglass filling. In the fabric shown 
in Figure 2.113, the warp yams are grouped

together to balance the weave and keep the 
fabric open. The fabric is made with 100% 
PPS monofilament.

Figure 2.114 shows a herringbone design 
that is used in recycled paper stock filtration. 
The design repeats on 12 warp yams. Figure

FIGURE 2.113. Fabric design with grouped warp yarns.
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FIGURE 2.114. Herringbone point draw design.

2.115 shows a specialty fabric that is used for 
drying in milk powder production.

Some of these fabrics are woven endless 
while others are woven flat and seamed later. 
Seam styles include single wire clipper seam, 
coil seam, etc.

Coil Fabric

Figure 2.116 shows a unique polyester 
monofilament fabric designed for wet and dry 
formed construction board products. The 
design allows maximum water removal. The
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FIGURE 2.115. Fabric used in milk powder production.
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FIGURE 2.116. Coil polyester fabric.

durable coil construction offers good abrasion 
resistance and a smooth surface enhances doc
toring properties for easy cake removal. The 
fabric can be supplied open ended without any 
type of conventional seam and is converted 
endless by merely inserting a synthetic filling 
yam after meshing the ends.

W atermarks

Watermark is a pattern in paper made with a 
raised or indented design that comes in contact 
with the paper when it is approximately 90% 
water and 10% fibers. Watermarking has been 
known for almost 700 years. Watermarks first 
appeared in Italy around a .d . 1280 which de
picted animals, fruits and flowers. Later two- 
color and light-and-shade watermarking were 
developed. One of the first commercial water
marks used in the United States was produced 
for Pennsylvania in 1777. Although it is not 
exactly known as to why watermarks were 
first used, they were probably used as a sym
bol of mysticism and religion. Today they 
are mostly used for aesthetic adornment and 
identification. Banks and insurance compa
nies use them to prevent forgery.

Dandy rolls are used to make watermarks. 
With a wire mark dandy roll, while paper is 
still being formed, the stock passes under the 
dandy roll, and the design displaces some of 
the fibers to form the watermark pattern. As 
a result, the paper is more translucent and the 
watermark appears lighter than its sur
rounding area. Shaded mark dandy rolls utilize 
the intaglio process in which the design is 
depressed to form the watermark. As the 
dandy roll presses on the paper being formed, 
compression occurs everywhere but in the cut
out design. Fibers accumulate more heavily 
in this depressed area, which results in a 
watermark slightly darker than its sur
rounding area.

2.7 Transfer o f Sheet from  Form ing to  
Press Section

After the sheet is formed on the forming 
fabric, it is transferred to the press section for 
water removal and sheet consolidation. Figure 
2.117 shows various configurations for sheet 
transfer from forming to press section.
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FIGURE 2.117 (continued). Sheet transfer from forming to press section.
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2.9 Review Questions

1 Why is the formation of sheet so critical 
for paper properties? Explain.

2 Explain how sheet is formed. What are 
the major forces acting on fibers during 
formation?

3 Explain the similarities and dissimilarities 
between textile structures and paper struc
tures.

4 How can you control the orientation of 
fibers on the forming section of the paper 
machine? Can you orient the fibers in any 
direction in three dimensions (XYZ)?
Why?

5 What kind of fillers are used in paper
making? What is the purpose of using a
filler?

6 Papermaking is an inefficient process in 
the sense that approximately for every 1 
kg of paper, 99 kg of water is required. 
Could you think of any other more effi
cient way to form the sheet with or without 
water?

7 Explain the functions of forming fabrics 
in sheet manufacturing.

8 What are the advantages and disadvan
tages of flat versus endless weaving of 
forming fabrics? Explain.

9 What are the major forming fabric de
signs? Explain the major differences 
among them for the following properties:
• drainage capacity
• fiber support
• fabric life
• strength

10 How can you change the percent open area 
of the forming fabric without changing the 
hole size?

11 Explain the major steps in forming fab
ric manufacturing. Why are very heavy
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weaving machines required to make form
ing fabrics? (hint: think of forces involved 
during weaving of forming fabric).

12 What are the advantages and disadvan
tages of polyester and nylon yams in form
ing fabric structures? Would a 100% nylon 
forming fabric work? Why?

13 Explain the extmsion process.
14 Calculate the denier and the weight per 

kg of the following yams:
• polyester diameter: 0.0055 inch
• nylon 6,6 diameter: 0.030 inch

15 What is the relation between fabric tensile 
strength and yam tensile strength? What 
other factors affect the fabric tensile 
strength?

16 Can air-jet weaving be used to make form
ing fabrics? Why?

17 How is pick count changed in weaving of 
forming fabrics?

18 What are the reasons for preliminary heat
setting of forming fabrics? Explain the ef
fects of heatsetting on fabric modulus with 
reasons.

19 How can you improve the seam strength 
of forming fabrics?

20 Can monoplane surface be achieved with 
proper weaving conditions? How?

21 Calculate the holes/cm^, hole dimensions 
and % projected open area of the following 
single layer forming fabrics:

Mesh
Warp

Diameter
Filling

Diameter
12 X 14 
24 X 19 
63 x49  
86 X 55 
95 X 96 
103 X 107

0.03"
0.024"
0.0095"
0.0067"
0.0055"
0.004"

0.03"
0.035"
0.0125"
0.009"
0.006"
0.005"

22 How is fabric permeability measured? 
How effective is the fabric permeability 
in predicting the drainage of forming 
fabrics?

23 When selecting a forming fabric for a spe
cial application, what kind of paper and 
fabric properties are need to be con
sidered?

24 Define contaminant resistance? Explain 
the ways to make forming fabrics more 
contaminant resistant?

25 What causes fabrics to bow and skew? 
What can be done to correct the problem?

26 Explain the following terms:
• pressure forming
• velocity forming
• rush/drag ratio

27 Why is turbulence is necessary in sheet 
formation?

28 In a gap roll former, if the tension on the 
outer fabric is 6 kg/cm, the forming roll 
radius is 75 cm, calculate the dewatering 
pressure (refer to Figure 2.87).

29 Explain the spunbonding process.



Pressing

The press section is the next part of the 
paper machine after the forming section. 

The function of pressing is to continue the 
water removal process which started in the 
forming section, consolidate the sheet, give 
texture to the sheet surface, support and trans
fer the sheet. The fabrics in this section are 
called press fabrics or press felts. The term 
‘‘fabric” has a broader meaning; “felt” is a 
type of fabric which is made of individual 
fibers only, i.e., no yam in the fabric structure. 
Nevertheless, the terms “press fabric” and 
“press felt” are used as identical terms in the 
papermaking industry. Although it depends 
on sheet grade and paper machine, typical 
sheet consistency at the beginning of the press 
section is 20% fiber and 80% water and at 
the end of the press section is 40% fiber and 
60% water. At the end of the press section, 
the sheet is transferred to the dryer section.

During pressing, the sheet is compressed 
between one or two fabrics and two rolls in 
the press nip to squeeze water from inside the 
web and out of the felt fibers. Figure 3.1 shows 
this process in a plain press nip. Increased 
compression increases water removal [1-3].

The main functions of a press fabric are 
water removal from the sheet, sheet support 
and transportation, providing uniform pres
sure distribution, and imparting proper surface 
finish to the sheet. The fabric should provide 
proper protection for the sheet to resist crush
ing, shadow marking and groove marking. 
Other functions include transferring the sheet

from one position to another in case of closed 
draws, driving the undriven felt rolls and cyl
inder formers. The amount of water that the 
felt can absorb and the water flow resistance 
are affected by the void volume (volume that 
is not occupied by fibers or yams) and air and 
water permeability of the fabric. Low flow 
resistance and ability to maintain void volume 
under load are important during operation. Im
portant press fabric properties include 
strength, adequate void volume, required per
meability, low compressibility, batt/base ratio, 
compaction resistance, abrasion resistance, 
contaminant resistance, heat and chemical re
sistance.

3.1 W ater Removal Theory

The basis weight of the sheet and its drain
age characteristics are critical factors in de
termining the mechanism for water removal. 
There are basically two types of nips that de
fine the water removal process.

3.1.1 Flow-Controlled Nips

In these nips, water removal is primarily 
influenced by water flow resistance in the 
sheet. In flow-controlled nips, the resistance 
to fluid flow within the mat of fibers controls 
the rate at which water can be pressed. These
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machine
direction

nips are characterized by high water loads, 
heavyweight sheets, slow draining and low 
freeness stocks.

Major symptoms of problems in flow-con
trolled nips are crushing and hydraulic flow 
mark. Water removal is aided by:

• soft roll covers
• large diameter press rolls
• double felting
• high sheet temperatures

Design Considerations

(1) Low flow resistance: In flow-controlled 
nips, it is very important that flow resist
ance be minimized. Typically, coarser 
batt deniers and higher permeability fab
rics are used to facilitate water removal 
without crush or hydraulic mark.

(2) High void volume: Because of the higher 
water loads, high void volume structures 
are usually required. Generally multilayer 
or laminated fabrics are used to handle 
the water flow in the nip.

(3) Flow-controlled nips, where the sheet 
structure restricts water flow, may occur 
with lightweight, low freeness sheets, 
such as carbonizing, condenser and glass
ine: In this case, coarser batt denier would 
not be applicable, and void volume re
quirements would be less.

3.1.2 P ressu re -C o n tro lled  N ips

In pressure-controlled nips, the mechanical 
resistance to compression within the sheet 
controls the rate of water removal. These nips 
are characterized by low water loads, light
weight sheets, fast draining and high freeness 
stocks.

Major symptoms of problems in pressure- 
controlled nips are vibration, poor consistency 
and physical impression mark. Water removal 
is aided by:

• hard roll covers
• small diameter press rolls
• pressing uniformity
• high sheet temperatures

Design Considerations

(1) Base pressure uniformity: Higher sheet 
contact during pressing is very important. 
High contact base designs are preferred.

(2) Mass uniformity: Because of the higher 
nip intensity and peak nip pressures, press 
bounce and vibration are potential 
problems.

(3) Batt stratification: Finer deniers are used 
to improve the pressure uniformity of the 
fabric. These are usually needled over 
coarser fibers for permeability control and 
resistance to filling.
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An understanding of the fundamentals of 
transversal flow pressing is necessary to opti
mize press and press fabric design. Figure 3.2 
shows a typical transversal flow press nip in 
which press operation has been broken down 
into different phases based on mechanisms 
involved in water transfer. The nip is defined 
by two solid rolls with paper and fabric pass
ing through the nip. Both the press fabric and 
paper are unsaturated entering the nip.

Phase 1 starts at the entrance of the nip 
where pressure develops in the sheet structure 
and continues until the sheet is saturated. 
There is no hydraulic pressure generated in 
this phase.

Phase 2 begins when the sheet becomes 
saturated and hydraulic pressure develops. 
Water is pressed from the sheet into the press 
fabric. If the press fabric becomes saturated,

hydraulic pressure causes flow of water into 
the voids of the roll (grooves, holes, etc.). 
This phase extends to the mid-nip or the point 
of maximum pressure.

Phase 3 extends from the point of maximum 
total pressure to the point of maximum dry
ness. Maximum dryness occurs at maximum 
structure pressure and where the hydraulic 
pressure in the paper reaches zero.

Phase 4 begins where the paper and press 
fabric start to expand resulting in negative 
hydraulic pressure. Both the fabric and paper 
became unsaturated and rewetting occurs due 
to capillary forces and pressure differences 
between the press fabric and paper. During 
the expansion phase, the sheet and fabric com
pete for the boundary water.

The press fabric is a necessary component 
of this water removal mechanism. The press
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fabric provides a porous structure to which 
the water can flow from the paper in the in
going nip and it should retain this water in the 
expansion phase of the nip. The ideal fabric 
should provide perfectly uniform pressure dis
tribution, lowest possible flow resistance, and 
smallest rewet in the outgoing nip.

An analysis of nip conditions using Wal- 
strom’s model [4] can help identify the terms 
of our compromise. The following equation 
represents a model for outgoing moisture ratio 
for a nip.

MRoat = k - f i  - f 2 - h
- P  - R W  -  R^ - R2  (3.1)

where

M/̂ out = outgoing moisture ratio
k = moisture ratio of maximum paper 

dryness at zero flow resistance and 
uniform pressure distribution 
determined by compression 
characteristics of the paper 

fi = increase in moisture ratio due to 
flow resistance in the fiber wall 

/2  = increase in moisture ratio due to 
flow resistance in the paper 
structure

/3  = increase in moisture ratio due to 
flow resistance in the press fabric 

P = increase in moisture ratio due to 
nonuniform pressure application

RW = increase in moisture ratio due to 
rewetting, redistribution of water 
between paper and fabric 

i?i = increase in moisture ratio due to 
rewetting of the press fabric from 
the pressure structure 

i?2 = increase in moisture ratio due to 
rewetting after the nip

A closer look at this model suggests how 
press fabric properties influence water re
moval.

/ 3, the effect of fabric flow resistance, is 
dependent on speed, capillary structure, in
coming moisture, moisture change, tempera
ture, and basis weight. It is worth noting that 
open press fabric structures, to reduce flow

resistance, are in direct conflict with the prop
erty of uniform pressure distribution.

P, the effect of uniform pressure distribu
tion, is likely determined primarily by the 
press fabric. The fabric should bridge the 
grooves, suction holes, etc., to exert a uniform 
pressure to the paper.

RW, R\ and i?2 concern rewet and are depen
dent on press nip conditions, paper and fabric 
structure and their dryness.

The relative importance of each factor and 
the direction of fabric design compromise are 
determined by the following:

• water load
• nip pressure and width
• speed or nip dwell time
• sheet properties; freeness, furnish and 

weight
• temperature

At low basis weights, free sheets, and low 
speeds, flow resistance in the paper or fabric 
ifi, h )  is relatively negligible; P and rewetting 
dominate. Smooth, dense fabrics are pre
ferred. At the other extreme—high basis 
weights, low freeness, and high speeds—flow 
resistance is highly important. Double felting 
and/or high-void volume fabrics can be of 
benefit. Pressure distribution and rewetting 
continue to be important.

In between the two extremes, all press vari
ables need to be considered. Also it should 
be noted that the relative importance of each 
of these variables changes with water load. 
First presses with high water loads tend to 
behave more as flow-controlled nips, even on 
lightweights. Last presses have lower water 
loads and move toward pressure-controlled 
conditions. Table 3.1 shows the relative im
portance of fabric characteristics for pressure- 
and flow-controlled nips.

Figure 3.3 shows the distribution of hydrau
lic and compressive forces at the first, second 
and third nip in a press section. Hydraulic 
force is greater in early presses; compressive 
forces are higher in later presses. Table 3.2 
lists typical sheet consistencies for various 
grades.
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TABLE 3.1. Relative Importance of Fabric Characteristics for Pressure- and Flow-Controlled Nips.

Fabric Characteristics Pressure-Controlled Nip Flow-Controlled Nip

Caliper i t

Permeability t

Void volume t

Pressure uniformity t

3.2 Press Fabrics (Felts)

3.2.1 H istory

Until the 1930s papermakers’ felts had im
proved very little over the woven or pressed 
woolen fabrics observed in China by Marco 
Polo. In this pre-World War II era chemical 
treatments were developed to alter the woolen 
molecule. This improved the ability of wool 
to resist chemical, mechanical and bacterial 
degradation. In 1946 the introduction of staple 
man-made fibers contributed greatly to the 
strength and durability of wet felts. Early at
tempts to full or felt 100% synthetics resulted

in fabrics that were too open or porous and 
unstable.

Since about 1944, the asbestos cement in
dustry had been using fabrics made by a pro
cess known as needling. This was the process 
of laying a carded web of textile fibers on a 
woven base and needle-punching the web fi
bers into the base with barbed needles. It was 
considered that higher synthetic, unfulled fab
rics might be made by this method to not only 
achieve desirable properties of woven, fulled 
felts, but also to make improvements in terms 
of life, finish and drainage. Needled fabrics 
were then produced in the synthetic ranges 
from 35% to 49%. In the late sixties, 75% to

hydraulic
force

Ì

compressive
force

1st nip

n
2nd nip 3rd nip
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TABLE 3.2. Typical Press Dryness Number [5].

Load Exit Sheet
kN/m pii Consistency, %

Newsprint
First press 60 300 33
Second press 80 450 38
Third press 95 550 43

Bond
First press 60 350 37
Second press 80 450 41
Third press 95 550 43

Corrugating medium
First press 70 400 37
Second press 105 600 41
Third press 315 1800 46

Linerboard single felted
First press 70 400 35
Second press 105 600 39
Third press 175 1000 42

Linerboard double felted
First press 105 60 38
Second press 210 1200 43
Third press 350 2000 46

100% synthetic needled fabrics appeared and 
provided what some thought was the optimum 
in felt construction.

The introduction of the fabric press (inner 
fabric), whereby an incompressible fabric of 
monofilament or highly twisted multifilament 
synthetic is run between the felt and the press 
nip, resumed the evolution of the wet felt. The 
principle of the fabric press was built into 
the needled felt using a base fabric in mesh 
construction which provided significantly 
greater void volume within the total fabric 
structure. This improved the water handling 
capacity of the felt, allowing increased press 
loading. The fabric was easier to clean, and its 
tremendous strength and comparative rigidity 
provide remarkable improvements in felt life. 
The batt-on-mesh felt was, therefore, devel
oped and felt-making took another step for
ward to the benefit of the papermaking in
dustry.

3.2.2 Press Fabric Functions

Once the sheet has left the headbox, the 
general requirement of the paper machine is 
to increase the fiber consistency of the sheet 
from 0.2-1.5% to 92-96%. After the forming 
fabric, water removal costs far less in the press 
section than the dryer section. The value of 
efficient press fabric performance, therefore, 
can not be overemphasized.

Water removal, however, is not the only 
function of the press fabric. Its basic perfor
mance criteria includes other functions as 
well. In general, the press fabric must:

(1) Accept the water that is expressed from 
the sheet in the press nip.

(2) Provide the proper protection for the 
sheet to:
• resist crush
• resist shadow mark
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base
.fabric

FIGURE 3.4. Schematic of a typical press fabric structure.

• resist groove mark
• resist base fabric mark

(3) Present the proper surface to the sheet so 
that the necessary degree of smoothness 
or finish requirement is imparted to the 
grade of paper to be manufactured.

(4) In case of closed draws, transfer the sheet 
from one position to another

(5) Provide desirable durability in terms of 
strength, resistance to mechanical abra
sion, chemical degradation and fill-up.

3.2.3 Construction of Press Fabrics

Press fabrics, in general, consist of two 
components as shown in Figure 3.4: base fab
ric and batt.

The Base Fabric

Today, most press fabrics are made of 100% 
synthetics, primarily polyamide (nylon) poly
mers. Base fabrics are usually woven or 
constructed with cabled monofilament, plied 
multifilaments, spun yams and/or single mo
nofilaments (Figure 3.5).

Each yam has properties that influence the 
operational characteristics of the press fabric. 
They are designed into the weave of the base

fabric to affect sheet quality, water removal 
performance, mnnability and ease of installa
tion. Primary characteristics of the more com
monly used yams are given in Table 3.3.

The base fabric may be a single layer or 
multilayer mesh. The fabrics can be woven 
endless or woven flat and joined with a seam 
(Figure 2.3, Chapter 2). The weave of the base 
fabric is engineered to manipulate pressure 
uniformity, flow resistance, void volume, and 
compression properties. The basic classifica
tions of press fabrics are conventional (end
less) designs, stratified (laminated) designs 
and seam fabrics. Figure 3.6 shows the main 
types of base fabrics used in press fabrics.

Seam fabrics have shown a substantial in
crease in usage since their introduction in the 
late 1980s. The primary factors for the in
crease in use of seam products are safety, 
reduced installation time and, in some cases, 
improved press fabric performance. There are 
basically two types of seam products as shown 
in Figure 3.7.

Pin seam fabrics are woven flat with loops 
woven into the fabric in a separate process. 
These fabrics are characterized by crimp in the 
machine direction yarns. Woven loop seam 
fabrics are woven endless with loops formed 
during the weaving process. Like conven
tional endless fabrics, the woven loop design

C abled Mono M ultifilam ent

/
M ono

FIGURE 3.5. Yarn types used in manufacture of base fabrics.
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TABLE 3.3. Characteristics of Multifilament and Monofilament Yarns Used in Press Fabrics.

Multifilament Monofilament

Very durable Durable
Supple Stiffer than multifilament
Compressible Resists compression
Higher elongation Less stretch than multifilament
Low resistance to chemical attack Better resistance to chemical attack

has crimp in the cross machine direction. Both 
products can also be made with laminated 
fabrics on the surface.

The Batt

The process in which the batt is locked to 
the base fabric is called needling. The batt is 
carded into a uniform web first and then is 
applied in a series of layers onto the base 
fabric. The web and base fabric are fed 
through a zone where several thousand re
versed barbed needles are needle-punched 
into the composite to lock the web to the base 
fabric. The batt is typically spliced at the start 
and stop of web application. Some processes 
can apply the web in a spiral method that 
eliminates the cross machine direction ori
ented splice. These processes are generally

applied on fabrics for critical press bounce 
and vibration prone positions.

The needling process can be engineered to 
affect the density, surface properties and per
meability of the press fabric. The batt fibers 
that are used in the manufacture of press fab
rics are purchased in standard sizes. The most 
commonly used unit to indicate the density of 
the fiber or yarn is the denier. Denier is actu
ally a weight measure but it has become syn
onymous as an indicator of fiber fineness 
(Section 2.2.3). As long as the specific gravity 
of the polymer is approximately the same, 
denier can be used to compare fiber diameter. 
The relative sizes of the most common fibers 
used in press fabrics are shown in Figure 3.8. 
As can be seen from the figure, a 30 denier 
fiber is not twice as large as a 15 denier, and 
a 6 denier fiber is not twice as large as a 3

Singla Layar Straüfitd Dûwbla Laytr

Dûyblt Layar
-CMO"

Stratiís^tí Triple Layer 
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Ô • o o o o, 0 0 
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o r oo ?  V
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FIGURE 3.6. Major types of base structures used in press fabrics.
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Woven Loop

FIGURE 3.7. Seam fabrics.

denier fiber. The relation between denier and 
diameter is explained in Section 2.2.3 for 
some common paper machine clothing mate
rials.

Many factors influence the selection pro
cess of the fiber denier. These include:

• water handling requirements of the 
fabric

• break-in time
• available uhle box vacuum
• sheet control issues such as drop offs, 

blowing and sheet stealing
• fiber shedding propensity
• filling propensity
• bleed through propensity

Fibers with different deniers can be blended 
or applied in stratified layers for desired per
formance attributes. Figure 3.9 shows the most 
common means of batt application.

3.2.4 P ress  Fab ric  D es ig n s

Conventional woven felts, which were wo
ven with spun yams became obsolete. Other 
major press fabric designs that have been used 
are explained below. Of these, the first two 
designs also have become obsolete.

Batt-on-Base Felt

A woven fabric, usually of spun yams, is 
used as the base fabric on which fiber batt is 
needle-punched. Batt-on-base felts were made 
of either a combination of wool and synthetic 
fibers or 100% synthetic fibers (mostly nylon), 
which became the standard. The base fabric, 
which can have synthetic content between 50- 
100%, can be woven as endless belt or can 
be woven flat and joined later. The batt web 
has synthetic content between 20 and 100%. 
After washing and chemical treatment, the felt 
is stretched on the dryer to the operating di
mensions. Singeing is usually done to prepare 
the surface and remove the loose fibers. Fi
nally, the felt is dried at an overstretch length 
for easy installation. Figure 3.10 shows the 
random nature and stmcture of the top surface 
of a needled felt.

Batt-on-base felt designs have become ob
solete and are not used anymore.

Baseless Felt

In this type of structure, no base fabric is 
used; felt is made by needle-punching only. 
The absence of base yams reduces marking

24 Oeniar

O
15 Denier 0 Oenler 3 Denier Paper Fiber

FIGURE 3.8. Relative sizes of the most common fibers used in press fabrics.
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J  ® « a ,■  a »® a a® a® « ̂  ® a®J s® s a® s 0® a b®J a®f a® » s® ® a“ « a“ ? a“ i> a® 8 s® ® a® s a® » a® ̂  a® a a® a a® a 0® « a® » a® s a® a ̂

f̂cV-̂ aqr’i>C' *! ''H'-.\“-'!‘i ffe*,®«*“ “ a %  ̂» >Ç1IBHBHPia % • %?QhS8Bf%« v« «u.
a®® a“® a®® a“" i ® 0®® i® a®® a®® a°“ a®̂a“® a®® b"̂ b®" a « B®® i ® «̂>̂0“®̂«®»

Blended Coarse And Fine Deniers
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FIGURE 3.9. Most common ways of batt application.

and provides a uniform pressure distribution 
in the press nip. Nonwoven felts are suitable 
for suction, grooved and shrink sleeve presses, 
to provide a smooth sheet finish for fine paper 
and board machines. This type of design is 
outdated and not used anymore.

Batbon-Mesh Felt

Needle-punched batt-on-mesh felt struc
ture is similar to batt-on-base felt structure, 
Batt-on-mesh fabrics are generally made of

100% synthetic materials. The base structure 
may be a single or multilayer fabric woven 
with 100% monofilament, a combination of 
mono- and multifilament, all high twisted 
multifilament, all high twisted multifilament 
treated with resin for rigidity, or any combi
nation of these yams. Since these yams are 
stiffer than spun yarns, batt-on-mesh fabrics 
have higher resistance to compression and 
compaction than batt-on-base felts. The base 
mesh is woven endless and the batt is applied 
on needle-punching machines. Figure 3.11
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FIGURE 3.10. Random nature of the top surfaoe of a needled press fabric.

shows a batt-on-mesh felt with single layer 
monofilament base fabric. Installation of 
batt-on-mesh fabrics may be more difficult 
than batt-on-base fabrics due to stiffer base 
structure.

Multifilament batt-on-mesh fabrics are suit
able for suction, grooved and shrink sleeve 
presses. Resin treated multifilament fabrics 
are applicable on first and second suction 
presses for coarse paper grades such as kraft. 
Monofilament or mono- and multifilament 
combination base structural felts have excel
lent stability, resistance to wrinkles, and pro
vide good finish for fine paper applications 
on suction pick-up positions, straight suction 
presses, and grooved or shrink sleeve presses.

Felts with No-Crimp Base-Fabric 
(Knuckle-Free)

In this type of design, the base fabric is not 
a woven fabric but is formed by two or more, 
completely separate uncrimped yam layers. 
Figure 3.12 shows a two layer no-crimp felt 
stmcture. It is reported that the no-crimp base 
fabric stmcture provides improved sheet de
watering, good resistance to compaction and

dimensional changes, resistance to filling and 
improved microuniformity of pressing. Elimi
nating knuckles in the base structure reduces 
the possibility of paper fines and dirt being 
trapped at the yam crossover points. More
over, it reduces sheet marking. Other advan
tages of knuckle-free felts include improved 
abrasion resistance, easy cleaning and 
smoother surface. However, due to lack of 
interlacing of yams, void volume is drastically 
reduced and fabric stability may suffer.

Laminated (Stratified) Press Felts

In this relatively new press fabric stmcture, 
two or more base fabric structures are in
cluded in the fabric. The top base fabric is 
usually a single layer. The bottom base fabric 
can be a one, two or three layer integrally 
woven fabric (Figure 3.13). Laminated fab
rics allow a wider range of base fabric 
pressure uniformity and low batt-to-base ra
tio which is critical for open and clean 
operation. As the machine speeds increase, 
the nip resistance time decreases and better 
surface contact between the sheet and press 
fabric becomes a requirement.
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FIGURE 3.11. Batt-on-mesh press fabric structure; paper surface with exposed 
base fabric and cross-sectional view along the MD.

Continuous research is being done to de
velop new and improved press fabric designs. 
The latest developments include utilization of 
round, hollow yams in cross machine direc
tion. Hollow yarns flatten under pressure and 
immediately rebound after exiting the nip as

shown in Figure 3.14. Flexing of yams pro
vides better sheet contact which in turn im
proves water removal and smoothness. Ma
chine runnability and printability on the sheet 
are also improved. Another development is 
100% monofilament (no batt) press fabrics.
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FIGURE 3.12. Two-layer no-crimp base press fabric 
[6],

Table 3.4 shows the base fabric weight, 
total fabric weight and air permeability ranges 
of typical single and multilayer fabrics.

3.2.5 M an u fac tu rin g  o f  P ress  Fabrics

Due to batting, manufacture of press fabrics 
is different than forming or drying fabrics. 
Figure 3.15 shows the major manufacturing 
steps for press fabrics.

Batt fibers are blended, carded and usually 
preneedled first. Base fabrics are woven (ex
cept no-crimp base fabrics) similar to forming 
fabrics. They can be woven as a flat or endless 
belt as shown in Figure 2.3 (Chapter 2). The 
warp (MD) direction of an endless woven belt 
becomes the CD direction on the paper ma
chine.

Flat woven fabrics have to be joined or 
pin-seamed to make an endless construction.

Process t i ir o o g li  th e  n ip

FIGURE 3.13. Cross section of a laminated press 
fabric.

b ase  fa b ric

FIGURE 3.14. Fabric with hollow yarns in CD.

Today, approximately 25- 30%  of the press 
fabrics are seamed. Usually pin seaming is 
used which makes installation of the fabric 
on paper machine a lot easier. Figure 3.16 
shows a press fabric seam. Monofilament 
warp yam ends are looped and woven back 
into the fabric at the two ends of the fabric. 
A monofilament pin passes through the loops 
connecting the two ends together after the 
installation of the fabric on the paper machine.

Endless fabrics are woven in a spiral with 
the filling yam forming the length of the fab
ric. Fabric length will be twice the reed width. 
Woven loop seam fabrics are woven similar 
to an endless fabric; however, loops are 
formed at the ends of the fabric (Figure 3.17). 
Some looms for endless weaving are as wide 
as 31 meters (Figure 3.18).

After base fabric manufacturing, carded fi
ber web is needle-punched into the base strac-
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TABLE 3.4. Typical Property Ranges of Single and Multilayer Press Fabrics.

Structure
Base Fabric Weight 

(oz/sq ft)
Total Fabric Weight 

(oz/sq ft)
Air Permeability 

(cfm)

Single layer 0.9-1.8 2.3-4.9 8-160
Two layer 1.9-2.7 3.7-5.8 12-140
Three layer 2 2 - 1.1 4.0-6.0 15-120
Laminated two layer 2 .5- 2.1 4.6-S.2 12-90
Laminated three layer 2 .2- 2.1 4.9-7.0 15-130
Laminated four layer 3.4-3.S 5.2-7.0+ 15-130-1-

ture to form the batt. Batt laying can be applied 
from preneedled web (Figure 3.19) or as part 
of a direct lay batting system (Figure 3.20). 
Figure 3.21 shows the schematic of needling 
process and a barbed needle used for this pur
pose. The needle plate moves up and down 
into the batt and base fabric several hundred 
times a minute. In the process, the barbs on

the needle grab and penetrate the batt fibers 
into the base structure. In modem press 
fabrics, different length and diameter fibers 
can be used to obtain stratified batt layers, the 
coarsest fibers typically being next to the base 
fabric and the finest fibers being on the sur
face. Special purpose fibers such as fusible 
fibers can be used to improve bonding.

batt <

^  blending J

^  carding ^

^ preneedlmg ^

^  warping ^

^  weaving J

^  burling ^ 

^fìrst finishing j

f

wet finishing

r

2nd finishing

1r

^ shipping J

V/  fabric

FIGURE 3.15. Manufacturing steps of press fabrics.



FIGURE 3.16. Pin seam press fabric.

FIGURE 3.17. Woven loop seam fabric.
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FIGURE 3.18. Weaving machine for endless base fabric manufacturing (machine width = 31 meters).

FIGURE 3.19. Preneedling.
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FIGURE 3.20. Direct-lay batting.

barbed needler
base fabric

FIGURE 3.21. Schematic of needling.
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FIGURE 3.22. Press fabric heatsetting.

The remaining major manufacturing steps 
are heatsetting for stabilization (Figure 3.22), 
washing (Figure 3.23), treatment and singe
ing. Treatments can refer to a chemical addi
tive, a special process, or a specialty fiber that 
is designed to improve the properties of the 
press fabric. Most treatments are either color
less or reddish-brown in appearance. The most 
common uses for treatments are:

improved flexibility 
improved batt adhesion 
shed resistance
resistance to chemical degradation 
resistance to mechanical wear 
improved compaction resistance 
inhibit contamination 
inhibit wad bums

Singeing is done to remove loose fibers and 
properly prepare the surface. Press fabrics are 
sealed in packages prior to boxing in order to 
protect the fabric against moisture and dirt. 
The fabric remains in this package until ready 
for installation. Certain types of press fabrics 
are rolled and put into a paper tube to prevent 
possible creasing of the fabric.

3.2.6 P ro p erties  o f P ress  F abrics

Based on their stmctures (number and di
mensions of base yams, size of batt fibers, 
the smoothness of the surface finish), press 
fabrics are classified as superfine, fine, me
dium and coarse. The important properties of 
press fabrics are as follows.

Fabric Mass and Thickness

Fabric “m ass” is defined as the fabric 
weight per unit area (oz/sq ft or g/m^). Press 
fabric should have a uniform mass distribution 
across the width. Uneven mass or thickness 
(caliper) may cause press bounce or vibration. 
Thickness is important for felt wear and com
paction characteristics which influence void 
volume and drainage of the fabric. The rate 
of thickness change during the operation de
pends on the fabric design. The thickness de
creases quite rapidly during the early days of 
the operation. After a certain thickness loss, 
the fabric has to be removed from the machine. 
Thicker fabrics are also used to increase nip 
width and residence time.
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FIGURE 3.23. Press fabric washing.

BatMo-Base Ratio

Batt-to-base ratio is defined as the mass of 
the batt fibers divided by mass of the base 
fabric. As this ratio increases, compactness 
of the felt also increases, which is not very 
desirable for dewatering capability. However, 
a small batt to base ratio may cause marking 
on the sheet due to base yarns.

Air Permeability

Similar to forming fabrics, it is measured 
as the air volume (cubic feet) passing through 
of per unit area (square feet) of fabric per 
minute (cfm) at 0.5 inch water column.

Void Volume

Void volume is the volume that is not occu
pied by the yams and fibers in the fabric. It 
is an indication of the amount of water that the 
felt can absorb. Void volumes are measured at 
various loads to predict the fabric’s perform
ance on different types of presses.

Flow Resistance

Properly designed fabrics should provide 
adequate drainage and filtration of water and 
therefore should have minimum resistance to 
flow. Resistance to water flow in the fabric 
is measured in three directions using water 
permeability testers: machine direction, cross 
machine direction and vertical direction. Low 
flow resistance indicates higher water accept
ance capacity of the fabric.

Compressibility and Resiliency

Compressibility is a measure of compact
ness under load and resiliency is a measure 
of rebounding capability of the fabric after 
compaction. Compaction resistance is a de
sired property in press fabrics. A compaction 
resistant fabric can be either incompressible 
or compressible but resilient.

Uniformity of Pressure Distribution

Pressure from the rolls should be trans
ferred to the sheet uniformly by the felt in
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order to prevent uneven sheet moisture pro
files. Press fabrics with fine base structure and 
fine batt fibers provide more uniform pressure 
distribution. Too coarse base yams, improper 
weave design or insufficient batt may also 
cause sheet marking.

Fabric dimensional stability, abrasion re
sistance, contaminant and chemical degrada
tion resistance are important requirements of 
modem press fabrics. The fabric should be 
dimensionally stable throughout its operation. 
Some fabrics may get narrower after running 
some time due to heat from furnish and steam 
boxes. Smooth sheet transfer also requires di
mensional stability. Abrasive inorganics in al
kaline paper making and paper making chemi
cal additives for mechanical conditioning have 
increased the importance of abrasion resist
ance in press fabrics. Increased use of second
ary fibers has made contaminant resistance a 
necessity in today’s press fabrics. Paper mak
ing chemical additives such as bleaching, oxi
dizing and cleaning agents require chemical 
degradation resistance.

3.3 Applications of Press Fabrics

3.3.1 In s ta lla tio n  a n d  O perating  
P rocedures

Before Installation

• Clean press and other machine 
components thoroughly.

• Check all machine components such as 
uhle boxes and roll faces for rough 
surfaces.

• Ensure that stretch roll and hand guide 
are perpendicular to the machine.

• Check automatic guide for free 
movement and guide palm for cuts or 
grooves.

Installation

• Install fabric to run with the arrow and 
fabric number (if applicable) on sheet 
side.

• Keep fabric as dry as possible during 
installation.

• Spread fabric out evenly across width 
of the machine and make certain that 
the guideline is straight and parallel to 
the CD.

• Ensure that the fabric is flat and free of 
wrinkles and machine debris.

• Adjust stretch roll until fabric is snug.

Start-Up

• Load press to dead weight and jog 
slowly while checking that the fabric is 
flat and free of creases and wrinkles.

• Increase fabric tension to normal 
running level (14-22 pli) making 
certain that tension does not exceed 30 
pli (5.4 kilogram per cm).

• Maintain tension during start-up and 
check frequently.

• Wet up by applying water evenly 
across the fabric using a full width 
shower, making certain that no 
puddling occurs.

• When the fabric is uniformly wet, load 
press to normal weight and turn on 
vacuum equipment.

Trimming

Trimming should be delayed, if possible, 
in the event that the width comes in during 
break-in. If trimming is necessary, the follow
ing procedure is recommended:

• The fabric should be trimmed on the 
non-guide paddle side.

• A guide mark should be made with a 
pen or marker on the edge to be 
trimmed.

• A razor or sharp knife should be held 
firmly on the guide-mark where the 
fabric is supported

• Jog the fabric a full revolution; then 
cut the trimmed loop and pull it free.

• If raveling occurs after trimming, a 
heat-sealing iron is effective at 
stopping the raveling.
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If a seam fabric is trimmed, special caution 
should be taken to ensure that the pintle is not 
cut so that it can be stitched back into the 
fabric. This will keep the seam from opening 
on the edges.

should be turned off and the machine stopped. 
Release the fabric tension by backing off the 
stretch roll. This will prevent excessive ten
sion from developing and roll deflection from 
occurring as the fabric dries.

3.3.2 F abric  S hu td o w n  P ro ced u res

When a machine is scheduled for a shut
down exceeding two hours and the clothing 
is to remain on the machine, the following 
procedures will help to extend fabric life as 
well as prevent start-up problems.

W ash Fabric and Follow with a 
Thorough Rinsing

It is important to remove contaminants from 
the fabric. If allowed to remain in the fabric, 
they would harden and be difficult to remove 
and may affect start-up.

• Reduce the machine speed to a crawl 
to increase the dwell time at the 
suction boxes and rolls.

• Shower on the felt cleaner and allow it 
to act on the fabric for 15-20 minutes. 
Ensure that the whole fabric has been 
treated.

• Reduce the press load to the lowest 
practical level and leave the uhle box 
vacuum on.

• Rinse the fabric using flooding 
showers, lubricating showers, or high 
pressure showers (use low pressures so 
the felt is not damaged)

• Set showers at normal operating 
pressures for 10-15 minutes to 
thoroughly rinse the fabric

• Shut off the showers.
• Use vacuum boxes to dewater the felts 

uniformly and to the lowest practical 
moisture levels.

• A fabric softener or wetting agent can 
be applied to improve wet-up of the 
fabric at start-up.

Relax Fabric Tension

Once the fabric has been cleaned, rinsed, 
and conditioned, the showers and vacuum

Inspect Rolls, Showers and Uhle Boxes

• Inspect all roll surfaces for wear or 
damage which could cause abnormal 
wear to the fabric.

• Inspect and clean shower nozzles and 
uhle box covers.

3.3.3 R ep a irin g  D am ag ed  A reas  o f  
Fab ric

Occasionally during the normal operation 
of a paper machine, fabrics may become dam
aged by some object producing a hole or tear 
in the fabric. Due to the rising cost of down
time, it may be feasible to try and repair the 
damaged area temporarily until an extended 
downtime is scheduled. Sewing kits utilizing 
nylon thread or similar type yam with curved 
needles may be supplied by the various paper 
machine clothing suppliers usually free of 
charge.

While there is no one method for repairing 
these areas, some suggestions are given 
below:

• The mended area should not be 
appreciably thicker than the fabric 
itself.

• In stitching, caution should be used not 
to pull the thread too tight causing the 
area to pucker, allowing for normal 
widening and stretching during 
machine operation.

• Two steps may be necessary for 
complete repair: closing the damaged 
area with stitching and then covering 
the closure with additional stitching.

® After stitching is completed, the ends 
should be left untied. A resin used for 
sealing edges of seam fabrics may be 
applied thinly to the roll side to 
prevent the yarns from coming loose.
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FIGURE 3.24. Damaged areas running in the cross machine direction and corresponding stitch types.

• Inspection of the damaged area as 
often as possible is recommended for 
safety purposes in case the fabric starts 
coming apart causing injury to 
personnel.

For damaged areas extending in the cross 
machine direction (Figure 3.24), the repair 
must be strong enough to prevent the fabric 
from ripping off the machine when run under 
tension. The stitch should extend vertically at 
least 2 inch on either side of the tear. The 
length will depend on the fineness of the fabric 
and the paper grade. Various stitching meth
ods are shown in Figure 3.24.

If the tear is in the machine direction, 
the stitch will be predominantly back and 
forth horizontally. Since there will not be 
tension on the MD yams seen in the cross 
machine direction shear, the stitch need to 
be only minimum of 1 inch on either side 
(Figure 3.25).

Depending on the size and direction of the 
tear, both vertical and horizontal stitching as 
a backup may be required on both types of 
tears. In addition, a ‘‘needle punch board” and 
batt can be provided for by punching the batt 
back and forth in the damaged area for grades 
such as fine paper.

3.3.4 G uid ing

In general, a press fabric will line up at 
right angles to the surface it touches first. As 
shown in Figure 3.26, a guide roll angled or 
pivoted with the run of the press fabric will 
cause it to guide in the direction of the roll 
side that it contacts first. If the guide roll is 
angled in the opposite direction or pivoted 
away from the run of the fabric, it will cause 
it to track to the other side.

The above principle is valid for a normal 
guide roll wrap of 25°  to 35° (Figure 3.27). 
Angles greater than recommended could cause 
a distance effect and skew the fabric. Angles 
less than recommended could result in poor 
fabric response to the guideline roll effect. 
The distance from the lead in roll to the guide 
roll should be approximately twice that from 
the guide roll to the lead-out roll. This ensures 
that the fabric response to the guide roll is 
effective.

Other Factors Influencing Guiding

Misalignment of a roll can cause guiding 
problems. The symptoms are typically charac
terized by a fabric that consistently tracks to

. CMD
1 - r

FIGURE 3.25. Machine direction tear and stitch types.
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guide roll

FIGURE 3.26. Press fabric guiding.

one side. It can occur with any roll but usually 
it is the stretch roll that is the culprit. With 
independent movement on each side of the 
stretch roll, it is inherently more likely to be 
skewed. The influence on the fabric is the 
same as by the guide roll. However, because 
of the large degree of wrap by the press fabric, 
the guideline will skew due to distance effect

that is created. The stretch roll should be 
checked periodically for misalignment.

Bowed Rolls

A bowed roll positioned in the same plane 
as the fabric run operates on the guiding prin
ciple, guiding the edges away from the center.

1/3 lead out 2/3 lead out

25 - 35° Wrap
y - y
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FIGURE 3.28. Widening effect of the bowed roll.

In this position, it provides the maximum wid
ening or flattening effect on the fabric (Figure
3.28).

If the bow is turned into the plane of the 
fabric run, the widening and flattening effect 
will be lessened, proportional to the angle. 
A distance effect will be created, increasing 
proportional to the angle, causing the tradeline 
to lag in the center.

Press fabrics are designed to run with a 
straight guideline. A line that is bowed or 
skewed will distort the weave changing the 
permeability and other properties of the fabric. 
This could negatively impact water handling 
capability and result in a poorer response to 
conditioning and cleaning. The distortion 
could also cause the fabric to become unstable 
and possibly wrinkle.

Press fabric distortion is caused by two ef
fects: distance-producing devices and speed- 
producing devices.

Distance Producing Devices

A distance-producing device is anything 
that causes a point on the fabric to travel a 
greater distance than any other point on the 
fabric during a revolution of the fabric. A 
cocked or skewed stretch roll, for instance, 
is such a device. However, any roll that is 
misaligned can cause the distance effect and 
fabric skew (Figure 3.29).

Side “B” would travel a shorter distance 
than side “A,” and all points between “A” and 
“B” will travel progressively shorter distances 
per revolution than side “A.” This will result 
in the “B” side skewing ahead. Adjustment to

3.3.5 F ab ric  o r  G u ide line  D is to rtion
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equal the horizontal positioning of both “A” 
and “B” side of the stretch roll will usually 
correct the skew.

Limber press fabric rolls or too high fabric 
tension causing roll deflection can cause the 
edges of the fabric to travel a greater distance 
than the center (Figure 3.30). The center trav
els a shorter distance resulting in the fabric 
and guideline running ahead in the center.

A bowed roll, such as Mt. Hope roll, that 
is turned into the press fabric run will also 
cause a distance effect in the center of the 
fabric. As the effect is greater length in the 
center, causing the tradeline to bow behind, 
the bowed roll is frequently used to correct a 
guide line that chronically runs ahead in the 
center.

Speed"Producing Devices

A speed-producing device is anything that 
causes a point on the fabric to travel at a 
different speed per revolution than any other 
point on the fabric. A crowned roll is such a

device (Figure 3.31). If point “B” is the center 
of the crowned roll and point “A” is the edge 
of the roll, it can be seen that point ‘"B” must 
travel at a greater speed to make one revolu
tion in the same time that it takes point “A” 
to make one revolution. As a result, the center 
and all points of greater in diameter than point 
“A” are pushed ahead. The result on the press 
fabric is a guideline that is bowed ahead. The 
degree of bow is proportional to the difference 
in circumference.

Other S peed-P roducing  D evices
(Figure 3.32)

Concave rolls have the opposite effect as a 
crowned roll. The edges are greater in circum
ference resulting in higher surface roll speed 
at the edges. The effect on the fabric would 
be to correct a chronic problem with guideline 
bowing ahead.

Leadered roll is a roll that has had the sur
face altered to create a greater diameter. This 
usually involves wrapping the roll with fabric

FIGURE 3.31. A crowned roll as a speed-producing device.
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concave roll

leadered roll

FIGURE 3.32. Concave (negative crown) and leadered rolls.

and/or tape, resembling a screw thread. 
Thread direction changes at the roll center line 
and must be set to widen, not narrow, the 
sheet or fabric running across it.

There may be other speed or distance pro
ducing devices that cause guideline distortion, 
but the point to remember is that distortion is 
caused by one of these devices. It follows then 
that one of these devices can also be used to 
correct distortion. Occasionally, it will be seen 
that fabrics from two different suppliers will 
show a different guideline distortion on the 
same position. Usually several devices on a 
position are affecting the fabric guideline, 
whose position is the net result of these several 
devices. The internal resistance to distortion 
of fabrics from different manufacturers may 
result in a different net effect.

3.3-6 Press Fabric Problems— 
E valuation  G u ide lines

Table 3.5 gives a summary of common 
press fabric problems.

Measure length and width (preferably 
at start-up and after running at least 
one day). If accurate measurement is 
not possible, determine sizes relative to 
fabric rolls and to amount of jack. Also 
note the tension (tight/slack).
Determine if fabric was trimmed and 
how much.
Measure tradeline distortion. Determine 
when it occurred. Is it bowed or 
skewed?
Measure maximum running width; 
usually equal to fabric roll width. 
Measure minimum running width. This 
will usually be at least two inches 
outside maximum sheet width on either 
side or “wire” width for a pick-up 
fabric.
Determine whether previous fabrics 
and succeeding fabrics exhibited the 
same problem.
Determine operating temperature of 
press fabric or wet end.
Determine whether steam boxes were 
used on press.

Too Wide

Dimensional Stability 

Too Narrow

The question is whether the fabric started 
too narrow or became too narrow after 
running.

The same procedures apply for the items 
above, additionally:

• Check to see whether variable bowed 
rolls are used.

• Check to see if press fabric is worn 
excessively.
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TABLE 3.5. Common Press Fabric Problems.

Blowing Common on last press on machines that make lightweight fine paper and news 
at high speeds. The sheet rides on the fabric entering the nip. Usually during ini
tial start-up the sheet will bubble or lift off the felt prior to entering the nip.
This can cause a wrinkle in the sheet as it passes through the nip.

Drop-offs Occurs on PU positions usually during initial start-up as the sheet rides on the 
bottom of the fabric from the pick-up roll to the first nip.

Bleed-through Occurs primarily on machines that make highly refined (slow draining stock) 
and highly filled grades. Paper stock and/or filler material will collect on inside 
felt rolls causing guiding problems and vented rolls to plug.

Bounce/vibration Typically occurs on highly loaded, hard roll presses (last press positions). The in
tensity of the nip makes the press sensitive to mass variations in the fabric 
which usually causes once or twice per revolution bounce. Most high frequency 
vibrations are caused by machine problems.

Shedding Most critical on coated grades which can cause coater streaks or printing prob
lems with the sheet of paper. It usually occurs later in life as the fabric is start
ing to wear and the batt fibers weakened by mechanical or chemical action.

Poor drying A common problem on all grades in which the felt causes poor water removal in 
the nip, either from rewet or misapplication of design. It is usually indicated by 
high sheet draws and/or increased steam usage in the dryer section.

Difficult installation Common problem on older machines in which the stiffness of the fabric makes 
it very difficult to bend around rolls and pack into tight spaces. Single monofila
ment CD structures and heavier designs make fabrics relatively stiffer.

Seam wear (mark) Occurs with all seam products in which the batt over the seam wears prema
turely, exposing the seam and base. This causes an impression mark in the 
sheet.

Shadow mark Usually occurs in the first nip suction presses, where water loads are high. If 
flow resistance in a nip is too high, fines and filler material in the sheet will 
migrate to areas of low pressure causing a density variation in the sheet. It can 
also be caused by the suction couch roll.

Press Bounce or Vibration

Press bounce may be caused by either the 
press rolls or the press fabric. Improperly 
balanced rolls, worn rolls, corrugated rolls, 
or flat areas caused by leaving rolls nipped 
when the machine is down may cause 
bounce.

Answers to the following questions may 
reveal the cause of bounce:

• What is the machine speed? What is 
the frequency of bounce? (Once or 
twice per revolution of the press 
fabric? Where relative to tradeline? 
Once per roll revolution? Which roll?

Is it more of a high frequency 
chatter?)
Was bounce present at start-up? When 
did it begin? Is it getting worse or 
better?
Was bounce present prior to last press 
fabric change?
Were any press rolls changed 
immediately prior to start of bouncing? 
Did the next press fabric bounce? If so, 
answer the first two questions again.
Is the fabric length a multiple of a 
press roll circumference? (What are 
the roll hardnesses? What is press 
loading? What was the effect of 
cocking the tradelines?)
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Water-Handling Problems

Running Wet or Speeds Down

Press water removal may be less than stan
dard resulting in slow speeds, increased dryer 
steam, increased draws, crushing, or increased 
paper breaks. Profiles may also be poor. 
Causes of running wet or slow speeds can 
be stock-related, machine-related or clothing 
related. Analysis of the problem can be very 
complicated:

(1) When did poor water-handling occur?
• Were start-up speeds down? How 

long?
• Were speeds slow late in life?

When?
(2) How much were speeds down?

• What is normal speed?
• What is normal break-in time?

(3) Were press loads normal? If not, why?
(4) Was water removal equipment operating 

normally? How much uhle box capacity 
was available? Measure air flows if pos
sible. How did uhle box vacuum (inches 
Hg) compare to normal?

(5) Were furnish and grades normal? Was 
the sheet wet on the wire?

(6) Did problem occur after any change such 
as press fabric or forming fabric change?

(7) How did the steam use compare to 
normal?

(8) Did any crushing occur? In what press? 
Was it localized?

(9) How was press fabric tradeline? Dis
torted tradelines can close up fabrics.

(10) Is the problem localized? If so, where?
(11) What is the effect of cutting back lube 

or cleaning showers?
(12) Is nip condition flooded or dry? Is there 

a save-all pan? What is the condition of 
roll doctors or purge showers?

(13) How did the previous and succeeding 
fabrics perform?

Marking

Sheet marking is typically caused by either 
the press rolls, press fabrics or the forming

fabric. The marks can be either a physical 
impression or a flow pattern.

Physical impression marks are almost al
ways a result of nonuniform pressing by the 
press fabric. It can be caused by yams in the 
base fabric that are too large, too widely 
spaced, or too rigid. If insufficient batt is used 
or if the fabric is worn, base fabric yams may 
become exposed and mark the sheet. Physical 
impression marks will typically occur in the 
latter presses where nip intensities are usu
ally high.

Flow pattern marks are usually a result of 
flow resistance in the nip that causes lateral 
water movement in the sheet. This causes a 
concentration of fines and/or filler material in 
the sheet that shows the vented pattern of the 
press roll. The area over the suction holes 
or the roll grooves represents zones of low 
pressure under load that can cause a density 
variation in the sheet that may be visually 
apparent. Flow marks usually occur in nips 
where water loads are high. Worn press rolls 
are usually the cause; however, filled fabrics 
or fabrics that ran too wet can contribute to 
the problem.

D eterm ination  o f the C auses o f 
S h ee t M arking

(1) Examine sheet samples in low angle
light (best at about 20°).

(2) What is the pattern of the marks?
• Can it be associated with the pattern 

of the press roll in the machine? 
Trace pattern from spare roll if 
possible or, if a grooved roll, count 
the number of grooves per unit 
length.

• Are there large number of marks per 
unit length? This will distinguish a 
press fabric mark from a groove 
mark.

• Is the direction of the mark 
diagonal? This will confirm or 
eliminate a forming fabric related 
mark.
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• Is the mark on the top side or wire 
side? Which press fabrics and rolls 
contact which side? It needs to be 
determined which press fabric or 
roll is causing the problem.

(3) When did the marking begin?
• Does the date coincide with a roll 

change?
• Does the date coincide with a press 

fabric change?
• Have any press fabric or roll 

changes occurred since the 
beginning of the sheet mark 
problem?

• Did a roll change, press fabric 
change, or a forming fabric change 
eliminate the problem?

(4) What are the grinding schedules of the 
rolls in the machine? What is the re
maining roll cover thickness compared 
to new?

(5) What are the loads? Are they normal?
(6) What are the roll hardnesses? Are they 

normal?
(7) How does the existing caliper of the 

press fabric compare with the initial or 
edge caliper?

(8) Is the press fabric surface soft; is the 
batt worn away?

(9) Is the press fabric carrying more water 
than normal?

(10) In all instances obtain a sample of both 
the objectionable mark and the sheet that 
is considered satisfactory.

• worn or rough suction box covers
• improper high pressure shower 

oscillation
• excessive shower pressure
• abrasives in the system
• worn or rough press rolls
• drag on the save-all

(2) Hydraulic causes: In some cases the press 
fabric is unable to handle water properly 
under load in which case hydraulic dam
age may occur to yams and batt material.

(3) Chemical causes
• reductive agents in the system
• oxidative damage

Wrinkling

Uniform fabric tension across the entire 
width of the fabric is the best way to avoid 
press fabric wrinkling. The most common 
cause of uneven tension is uneven moisture 
distribution during press section start-ups. 
Proper wet up procedures will avoid slack 
areas or pockets that may develop wrinkles. 
Tradeline alignment can be an indicator of 
potential wrinkling. On exceptionally long 
draws, a supporting press fabric roll or bowed 
roll may be necessary.

In the event that wrinkling occurs, the press 
should be relieved and the fabric spread 
evenly across the width of the machine. Hot 
water or a steam hose may help flatten the 
wrinkle. The press should then be loaded 
lightly and started up slowly.

Fabric W ear

Excessive press fabric wear has many 
causes which can be divided into three catego
ries: mechanical, chemical, and hydraulic.

(1) Mechanical causes
• improper roll crown/load
• improper roll dubbing
• bad press roll bearing
• scissored rolls (misaligned press 

rolls)

Drop-offs

Proper pick-up usually depends upon the 
presence of a uniform water film on the sur
face of the fabric to adhere the sheet to the 
fabric. Drop-offs can occur during the initial 
start-up or later in life. Many factors can influ
ence the propensity for drop-offs:

• freeness of the stock
• press geometry
• sheet weight
• pick-up roll vacuum
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Most drop-off problems occur during initial 
start-up of a new press fabric. In this situation 
the press fabric is usually designed too open 
or the batt component applied too coarse. 
Sometimes adding filler to the fabric or cutting 
back on uhle box vacuum will alleviate the 
problem. While the problem may be related 
to the design of the fabric, other factors could 
contribute to the problem:

• poor deckle trim
• improperly set pick-up roll vacuum 

deckle
• plugged suction pick-up roll
• improperly positioned pick-up roll
• worn forming fabric (poor sheet 

release)
• improperly set draws

Crushing

Crushing may be caused by press loading 
too high for the flow resistance of the sheet. 
It also occurs when the press fabric can not 
accept the water at the rate it is squeezed 
into the fabric at the press. The result is a 
deformation of the sheet. On a new press fab
ric the problem may be too low a permeability 
or insufficient void volume within the press 
fabric. On an older fabric anything that re
duces the void volume such as wear, filling or 
compaction contributes to crushing. Possible 
temporary solutions to minimize crush are to 
increase sheet temperature and to reduce press 
loads.

Troubleshooting guidelines for press sec
tion are given in Appendix C.

Blowing

Blowing, like drop-offs, is influenced by 
the same factors and can either occur during 
the start-up of a new fabric or later in life. 
The majority of problems are usually initial 
and occur in the last press. Blowing is usually 
seen as a bubble or layer of air between the 
fabric and the sheet. The propensity for blow
ing is contributed by the press geometry. The 
sheet and fabric are in contact with each other 
entering into the nip. Air that is either en
trained in the fabric or expressed backwards 
in the nip causes the sheet to lift off the fabric 
ahead of the nip. This can cause sheet wrinkles 
or breaks.

If the sheet blows when the fabric is new 
but stops after break-in, the fabric design may 
need to be modified to decrease the potential 
air volume in the fabric by increasing its den
sity. Modifying the surface characteristics of 
the fabric may provide better contact between 
press fabric and the sheet. If the sheet does 
not blow when the fabric is new but blows as 
the fabric gets older, conditioning and clean
ing efficiency may need improving or the fab
ric may need to be manufactured more open.

Sometimes, increasing sheet draws between 
the presses or running the fabric tighter can 
reduce or eliminate the blowing.

3.3.7 P ress  F ab ric  C ond ition ing

Press fabrics must be kept clean of filler 
materials that accumulate in their structure. 
Very seldom are press fabrics removed be
cause they are worn out. They are generally 
removed because they are filled or compacted 
to the point where they no longer handle water 
uniformly or lack the drainage capabilities to 
maintain pressing efficiency. All fabrics 
should be continuously and mechanically con
ditioned from start-up to removal.

Good cleaning systems use hydraulic forces 
from high and low pressure showers to loosen 
and flush contaminants from the press fabric 
structure through a uhle box. A typical system 
includes a high pressure needle shower, a lu
bricating shower, and a uhle box and vacuum 
system (Figure 3.33). Chemical showers are 
sometimes used to facilitate the cleaning pro
cess.

Showers

High pressure showers provide hydraulic 
forces to loosen contaminants and minimize 
felt compaction. Continuous operation on the 
sheet side generally is most effective. Contin
uous application is recommended as it is easier 
to keep a fabric clean than to clean a fabric
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Lube
• 2 0  - 30ps l
• Continuous
• .03 - .06 gpm/in. of fabric width
• 3 - 4 "  spacing
• Stationary -  90  to 120° spray, 

single coverage Running Direction

Uhh B ox
• .5  to .75“ slot width
• 15 to 18 cfm/sq.in.

Hiab-Eressure
•  1 7 5 -2 5 0 p s i
• Continuous
o .0 5 - .10 gpm/in. of fabric width
• Oscillation - 1 nozzle width p er rev. Chemical

FIGURE 3.33. Press fabric conditioning system.

once it has become contaminated. Sheet side 
showers are more effective as the contami
nants are usually filtered or trapped by the 
surface batt fibers and sheet side showers are 
more able to remove or loosen the contami
nants. Roll side high pressure showers are 
usually not an effective means to clean the 
fabric. The pressures required to penetrate the 
base fabric and affect surface contaminants 
usually damage the press fabric.

Oscillator speed should be coordinated with 
machine speed so that the shower jet moves 
one nozzle width per fabric revolution. This 
provides complete coverage and cleaning of 
the fabric.

High pressure shower pumps must be inter
locked with press drives so the shower will 
not operate when the fabric is not running, or 
if the oscillator fails.

Lube showers should be located immedi
ately ahead of each uhle box on the same side 
of the fabric as the uhle box. These showers 
provide lubrication to reduce wear between 
the fabric and the uhle box cover.

Chemical showers provide a solvent or de
tergent that facilitates the cleaning process. 
The showers may be located either on the roll 
or sheet side and chemicals are applied at the 
point where the felt and felt roll converge.

This provides a flushing action that allows the 
chemical to penetrate the fabric thoroughly. 
Chemicals that are used continuously should 
be applied to the fabric as far ahead of the 
uhle box as practical to allow sufficient time 
for the cleaning solution to work.

pH of the shower water and cleaning solu
tions is critical in that there should not be a 
large differential between the stock and the 
showers. The pH of the sheet and showers 
should not vary more than ±1. This is to 
prevent pH shock that could cause precipita
tion of filler material. This guideline does not 
apply to batch cleaning as stronger solutions 
can be used to clean the fabric as long as it is 
thoroughly rinsed afterwards to neutralize pH.

Temperature of the shower water should be 
within ±10°F of the stock temperature. As 
with pH, this is to prevent upset of the sheet 
in the press section.

Dewatering

The typical dewatering system consists of 
one or more uhle boxes connected to a 
vacuum pump. The variables that can usually 
be controlled in vacuum dewatering are dwell 
time (slot width), pressure difference (inches
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slotted

herringbone

serpentine

trapezoid

FIGURE 3.34. Common cover patterns.

of Hg) and pump capacity (cfm/sq in. of 
open area). Pump capacity is an important 
measure of dewatering energy and it should 
not be sacrificed to maximize one or more 
of the other variables. Uhle boxes do more 
than dewater fabrics. Showers loosen surface 
contaminants. The uhle box, not the showers, 
is the primary mechanism of fabric cleaning.

The ability to clean and dewater is related 
most closely to permeability. To optimize 
press fabric conditioning, a pump capacity of 
15-18 cfm/sq in. is required. Uhle boxes on 
a single press fabric should be connected to 
a dedicated vacuum source. In nonisolated 
vacuum systems, air flow is proportionate to 
the fabric permeability.

Most uhle box covers are made from high 
density polyethylene. Other cover materials 
used are ceramic or ceramic composites. 
While ceramic covers are significantly more 
durable than polyethylene, they require 
greater care to prevent chipping and damage, 
and felt wear is usually increased. If ceramic 
is used, the radius of the trailing edge of the 
cover should be no less than 1/16 inch.

The most common cover pattern is single

or double slotted. Other patterns used are the 
herringbone, serpentine, and trapezoid (Figure
3.34).

The illustrated specialty patterns are used 
primarily on positions where seam fabrics are 
used. They are designed to minimize wear at 
the seam by providing support over the slots 
and reducing the degree in which the fabric 
is pulled into the slots. It is recommended 
that slot widths be no wider than 1 inch to 
minimize wear and shedding.

In order for a press fabric conditioning sys
tem to operate efficiently and effectively, spe
cial attention should be given to the design of 
the vacuum system. There are four common 
sources of problems with the vacuum system 
(Figure 3.35).

(1) Uhle box and piping diameter: Uhle box 
tubes should be sized to keep the linear 
air velocities through the pipe below 5000 
fpm. Air velocities significantly in excess 
of this speed induce a pressure gradient 
from the blanked end of the uhle box tube 
to the outlet side. This creates a skewed 
moisture profile in the fabric.

(2) Convolution: Excessive turns and angles 
in the piping results in a loss of vacuum 
efficiency. This is important with systems 
that are marginal for vacuum.

(3) Infiltration: Atmospheric air that enters 
the system through improperly sealed 
joints or holes in the piping robs the fab
rics of vacuum.

(4) Drop leg: An inch of Hg is roughly equiv
alent to a foot of water. If the drop leg to 
the seal pit lacks sufficient height, the 
inches of Hg at the uhle box can exceed 
the footage height of the drop leg. This 
can result in water being sucked from the 
seal pit back into the uhle box.

3.4 Service for Press Fabrics

3.4.1 Service Laboratories

Paper machine clothing manufacturers es
tablished customer service laboratories to en
able the papermaker to learn more about the
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solution to press fabric problems. Working 
with returned, used fabrics, the laboratory of
ten identifies the conditions that help deter
mine the cause of the less-than-satisfactory 
fabric performance.

A comparison of the initial and residual 
measurements are made to determine the con
dition of the fabric. As a general rule, a labora
tory analysis on a used fabric is a good tool 
for trend analysis and data comparison as well 
as to identify press section and machine-re
lated problems.

Laboratory analysis, in general, does not 
provide enough information to understand ap
plication related problems. Application prob
lems, such as initial blowing and drop-offs, 
that result from the design specification of the 
press fabric are usually diagnosed with data 
gathered from on machine performance com
pared to normal operation (Chapter 5). In 
some cases, the physical analysis of the fabric 
helps resolve application problems.

Chemical Analysis

Standard fill-up analysis determines the 
general type of plugging materials. These are 
divided into four categories:

• alkaline extractables—pitch/oil, starch, 
dyes, salts, dirt and detergents

• alcohol extractables—grease, oil, tar, 
wax, ink, pitch, and stickies (resins and 
latex)

• ash—alum, titanium, clay, iron, sand, 
talc and all inorganics

• cellulosic materials—paper stock and 
fines

Qualitative analysis is done for positive 
identification of any material in the four cate
gories above. Infrared spectrophotography is 
used for specialized identification of foreign 
materials in the used fabric that are difficult 
to identify. Chemical degradation tests are 
done for acid, alkaline, reductive and oxida
tive damage.

Physical Analysis

Strength tests and profiles are done to deter
mine the residual strength of used fabrics com
pared to original strength. This often reveals 
if the fabric could have performed longer. Pro
files indicate possible problem areas such as 
undercrown, overcrown, misaligned rolls, 
worn suction boxes or any source of unusual 
machine wear across the width of the fabric. 
Weight profiles can confirm these problems 
as well. Caliper profiles reveal problems of 
uneven compaction and/or uneven physical 
wear. Air permeability profiles can reveal any
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filled or compacted streaks across fabric 
width.

3.4.2 Technical Service

In today’s practice in the papermaking in
dustry, technical service is the primary contact 
a clothing supplier has with its customer and 
product. Outside of direct communication 
with the paper machine superintendent usually 
performed by the sales engineer, the technical 
service engineer is the main source of running 
performance information.

In general, technical service is made up of 
the following:

• general visual observations of the press 
clothing and sheet

• physical measurements of the press 
clothing and sheet using specialized 
instrumentation

• a thorough analysis of the data to 
translate how well the clothing is 
performing

• a usable report documenting findings 
and making pertinent recommendations

The technical service engineer reviews the 
press section performance and records base
line information for future comparisons. Engi
neers use a variety of instruments to collect 
baseline information. These instruments are 
useful to the papermaker as troubleshooting 
tools and as capable aids in setting and main
taining machine variables. The most widely 
used instruments and measurements are listed 
below:

• tensiometer: This instrument measures 
fabric tension in pli.

• running caliper gauge: The running 
caliper gauge is used to measure the 
thickness of running fabrics, which is 
useful when predicting fabric removal 
and determining loading conditions.

• gamma gauge: The gamma gauge 
measures the mass of the fabric. The 
reading obtained with the gamma 
gauge can be used to help determine 
the water balance in the press.

• water content in the fabric: Microwave 
measuring instruments are used to 
measure the amount of water in the 
fabric. These measurements are used to 
evaluate the profiles of the press 
fabrics.

• draw measurement gauge: Tachometer 
devices are used to measure clothing 
and sheet draw in real time to 
determine draw schedule throughout 
the machine.

• vibration analysis: Synchronous time 
averaging with Fast Fourier Transform 
(FFT) analyzer can isolate vibration 
sources and determine how much 
influence each source is having on the 
overall vibration in a press section.

The following TAPPI procedures can be 
used to analyze press and press clothing per
formance [7].

(1) TIS 014-46 Press Section Monitoring: 
This method discusses the following pa
rameters: fabric thickness, fabric total 
mass, fabric water content, sheet water to 
fiber ratio, degree of fabric filling/open- 
ness (permeability), running fabric length, 
fabric tension, fabric tradeline distortion, 
fabric and roll speeds, press vibration, 
press roll alignment, press roll crown.

(2) TIS 014-54 Paper Machine Clothing Per
formance Analysis: This method provides 
guidelines for good clothing performance 
analysis

3.5 Press Types

Press types have evolved over the years to 
achieve faster speeds, improve water removal, 
and influence sheet properties. The following 
illustrations and discussion will comment on 
these press types and how they relate to the 
degree of two-sidedness in the sheet and how 
they can influence press fabric performance.

Two sidedness is defined as the percent 
drop in brightness from top side of the sheet 
to the bottom side based on the K&N ink test 
[8]. K&N ink test measures the percent drop
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in brightness between the uninked and inked 
sample.

% Drop

Initial 
Brightness

Final \ 
Brightness/ X 100

Initial Brightness
(3.2)

Two Sidedness = % Drop Bottom

-  % Drop Top (3.3)

The sheet from a fourdrinier is more dense 
on the top side due to the wash out of fines 
and fillers on the bottom side of the sheet. 
The surface density of the sheet is increased 
on the fabric side of each nip. The effect on 
sheet density is greater with each proceeding 
nip. Surface smoothness is used to indicate 
two sidedness. Sheet smoothness is measured 
with the Sheffield and Parker Print methods.

3.5.1 Straight-Through™ Press
(Figure 3.36)

This press type covers an extremely wide 
grade and speed range as well as a range of 
nip conditions. Specific fabric requirements 
depend on water load, speed, sheet properties, 
sheet weights and nip conditions.

• used on virtually all grades
• variations in this type of press include 

inverted and reversed 2nd press 
(fabrics on the top side of the sheet)

• open draws prone to sheet breaks
• prone to blowing and wad bums, if top 

roll not doctored
• speeds limited due to sheet breaks at 

open draws.
• installation a problem with 

multilayered fabrics

3.5.2 Inver Press (Figures 3.37)

This type of press is generally used to make 
light to medium weight fine paper grades at 
low to medium speeds.

• common press arrangement for fine 
paper grades

• prone to drop-offs with some grades
• 2nd press prone to sheet blowing
• KN: +2 to +4

3.5.3 Twinver™ Press (Figure 3.38)

This type press configuration was a foremn- 
ner of the no-draw cluster press. Newsprint 
and LWC grades at medium to high speeds 
are generally made on the Twinver™.

• common press arrangement for light 
weight, high-speed grades (news and 
fine)
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• prone to sheet stealing or edge flipping 
by pick-up at the center roll

• 3rd press prone to vibration
• prone to drop-offs with some grades
• prone to sheet blowing in the 3rd press
• KN: +5 to +7

3.5.4 Com bi P ress (F igure 3 .39)

This press has many of the characteristics 
of the Twinver^M press but without the disad
vantage of a long inverted run which is prone 
to drop-offs. It is a compact arrangement that 
can be applied in a limited space.

• compact press arrangement
• no-draw effect through first two nips

less prone to drop-offs compared to a 
Twinver^^ or Inver press 
pick-up prone to shadow mark with 
suction holes greater than 9/16 inch 
loads limited by single-felting (crush) 
and load differential between 1st and 
2nd nip on center roll 
without 3rd press, KN: +10 to +13 
(very two sided); with 3rd press KN: 
about +7
difficult press fabric installations

3.5.5 Four-Roll, No-Draw Presses

TriNip™ is the most popular press arrange
ment for all high speed fine and newsprint 
grades (Figure 3.40). Double felted first nip 
allows for higher press loads without crush. 
A 4th press adds symmetry to sheet quality.

• popular no-draw, high-speed press
• double-felted first press prevents 

crushing and allows higher loads
• prone to shadow mark due to two nips 

on suction roll
• prone to sheet stealing by pick-up with 

some geometries
• 3rd press prone to vibration
• KN: +9 to +12 (very two-sided); the 

last two presses have fabrics on the top 
side.

TriVent™ is evolved from TriNip™ press 
arrangement (Figure 3.41). Separate 2nd press
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FIGURE 3.41. TriVent™.

reduces propensity for shadow mark and 
allows for higher loads in the 2nd and 3rd nips.

• able to obtain higher press loads in the 
2nd and 3rd press nips

• prone to water rejection in the 2nd nip
• other characteristics same as TriNip™

3.5.6 Three-Roll, No Draw Presses

Alternative to TriNip™ arrangement, the 
BiNip™ press is popular on medium to heavy
weight grades (Figure 3.42). It improves bot
tom side sheet densification.

• less two-sided due to last felt on 
bottom side; KN: +5 to +7

• double-felted first press prevents 
crushing and allows higher loads

• prone to shadow mark due to two nips 
on suction roll

• prone to sheet stealing by pick-up with 
some geometries

• 3rd press prone to blowing and wad 
bums

BiVent'^^ is evolved from the BiNip™ 
press arrangement (Figure 3.43). Separate 2nd 
press reduces propensity for shadow mark and 
allows for higher loads in the 2nd nip.

• prone to water rejection in the 2nd nip
• able to obtain higher press loads in the 

2nd and 3rd press nips
• other characteristics same as BiNip™

3.5.7 Shoe Presses

Shoe presses were developed to increase 
the nip residence time for improved water 
removal and sheet densification. These 
presses operate up to 8500 pli with nip widths 
up to 10 inches. Sheet consistencies in some 
instances have improved 3 to 4% out of the 
press section. In all cases, sheet density is 
increased. The predominant grades made with 
shoe presses are linerboard and cormgating 
medium with some bleached board machines 
equipped with shoe presses. Recent innova
tions have seen application of shoe presses 
for fine paper and newsprint grades.

The original shoe press developed by Beloit 
consists of a special blanket or belt that runs 
inside the felt run and is pressed by a hydraulic 
shoe that forms the nip. Recent developments 
have eliminated the blanket run and contain
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Beloit ENP Voith FLEXONIP Nipco INTENSA-S

FIGURE 3.44. Shoe presses.

the shoe press inside a large diameter roll 
(Figure 3.44). Felt compaction and mark are 
potential problems with shoe presses. High 
water loads necessitate high void volume 
press fabrics.
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3.7 Review  Q uestions

1 Explain how water is removed from the 
sheet in the press section.

2 What are the differences between flow con
trolled nips and pressure-controlled nips?

3 Compare the requirements of press fabrics 
to those of forming fabrics. Which type 
requires more stringent properties?

4 Explain the differences in manufacturing 
of press fabrics from forming fabrics.

5 What are the reasons for press fabric treat
ments? Explain.

6 Define press vibration. What are the causes 
of it? What are the remedies?

7 What are the effects of distance- and speed- 
producing devices?

8 Find out how the K&N ink test is done. 
What is the significance of this test?



Drying

Drying is the last major process in paper 
manufacturing. The sheet, which is 

formed in the forming section and consoli
dated and dewatered to a certain extent in the 
press section, enters the dryer section for the 
removal of remaining extra water in its struc
ture. The consistency of pulp at the entrance 
to the forming section is approximately 99% 
water and 1% fiber. A significant amount of 
this water is removed in the forming and press 
sections. Typical sheet consistency after the 
press section is 40% fiber and 60% water 
(in shoe presses, the ratio is 50%/50%). The 
remaining extra water in the sheet has to be 
evaporated in the dryer section. During the 
drying process, the loose network of fibers is 
consolidated into a more compact, continuous 
web structure. The moisture content of the 
sheet after drying is approximately 5%.

Although the effect is not very pronounced, 
the drier the sheet is coming to the press, if 
all other things remain constant, the drier the 
sheet will be going to the dryers. A dry, well 
compacted sheet from the forming and press
ing sections will help the dryer section to run 
more efficiently, resulting in better machine 
operation. Dryer cleanliness and fewer sheet 
breaks are advantages but the big effect comes 
from better heat transfer and easier drying. 
Better dryer contact from a smooth, well 
formed sheet will result in easier drying. The 
drier the sheet is coming to the dryers, the 
less steam will be required to dry the sheet. 
Drying is a costly process. Therefore, every

effort should be made to remove as much 
water as possible from the sheet prior to drying 
section of the paper machine. A 1% increase 
in sheet dryness to the dryers will result in 
about a 4% increase in dryer efficiency.

Significant improvements in sheet runna- 
bility in the dryer section have been accom
plished in the last fifteen years. These systems 
have not only increased the efficiency of ex
isting machines, they have made possible ever 
increasing machine speeds and sheet quality 
improvements.

Dryer fabric quality and design have also 
had to keep up with these innovations in ma
chine design. The dryer fabrics are becoming 
a more crucial element in successful machine 
operation.

4.1 Paper Drying Theory

Figure 4.1 shows the schematic of a typical 
dryer configuration. The sheet is pressed 
against the heated cylinder by the dryer fabric. 
The drying of paper is accomplished by two 
interdependent actions: heat transfer and mass 
transfer. Heating of the water in a sheet of 
paper is accomplished by contacting the sheet 
with the hot surface of a steam heated dryer. 
This contact results in energy (heat) transfer 
from the dryer to the sheet and progresses to 
mass transfer of the water into the surrounding 
air with evaporation.

191
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dryer cylinder

FIGURE 4.1. Drying configuration.

Heat transfer takes place from hot dryer to 
cooler sheet. As a result, the water in the sheet 
is warmed up. The evaporation of water under 
any drying conditions requires heat be trans
mitted to the water in the sheet to raise the 
temperature of the water to the evaporating 
temperature. Once the water molecules absorb 
enough energy that they leave the sheet to be 
carried away by the surrounding air, the sec
ond activity known as evaporation or mass 
transfer begins.

Now that the water molecules are ready to 
leave the sheet, they must be allowed to leave 
the sheet and enter the surrounding air. The 
temperature of vaporization (temperature nec
essary for evaporation to occur) is lowered in 
the presence of unsaturated air by increasing 
the velocity of the air movement. Therefore, 
if we provide air around the sheet that is dry 
enough to hold the moisture evaporating from 
the sheet at an adequate velocity, the air will 
carry the moisture away. The need to supply 
dry air to all areas around the sheet and to 
eventually exhaust the newly moisture laden 
air from the machine is critical.

If we did not supply dry air and exhaust 
the wet air, the air surrounding the sheet would 
become saturated. At this point, the drying 
slows down or stops. Pocket ventilation sys
tems are used to feed air into the dryer pockets 
for the entire width of the machine. This air 
picks up evaporated water and carries the air 
and water to the sides of the machine where

it, in turn, is picked up by the exhaust fans 
and exhausted from the machine.

When the moisture evaporates from the 
sheet, this evaporation cools the sheet. The 
now cool sheet can then be heated by the next 
dryer and the process starts over again.

Many things affect both the heat transfer 
and the mass transfer rates. Drying will take 
place at almost any sheet temperature and air 
moisture content. Even if a sheet of paper is 
laid out on the floor on a very humid day, it 
would eventually dry. In fact, the first sheets 
of paper were made this way. Today’s drying 
technology requires fast and effective drying 
of the sheet.

4.1.1 Drying Rate

The term drying rate refers to the amount 
of water evaporated per hour per unit area of 
drying surface. Since most papermakers are 
interested in getting maximum production 
which is commonly limited by drying capac
ity, an improvement in the drying rate without 
a negative impact on quality is an ever con
stant pursuit. If the focus of effort to improve 
the drying rate on a given machine is centered 
around the heat transfer side of drying, then 
production will only be increased if heat units 
get into the paper more rapidly.

The law of heat transfer states that the 
amount of heat transferred varies directly as 
the temperature difference between the source
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of heat (i.e., the steam inside the dryer) and 
the material being heated (i.e., the paper sheet 
in contact with the dryer) is increased [1]. 
Increasing the temperature difference will in
crease the amount of water evaporated or pa
per dried in direct proportion. The temperature 
difference can be increased by raising the 
steam’s temperature (i.e., raise the steam pres
sure) or decreasing the drying temperature of 
the paper.

4 J  «2 Saturated Steam Pressure

The first step is to heat the sheet to get 
more of the water molecules to leave the sheet 
in a shorter time. This is done using steam 
heated dryer cylinders. Saturated steam at 
pressures which generally range between 30 
psi up to 150 psi is supplied into the dryer. 
The temperature of the steam at 30 psi is 
274°F while at 150 psi the steam temperature 
is 365°F. The drying rate does not increase 
linearly with increased dryer steam pressure. 
Table 4.1 shows this characteristic about 
steam.

As steam pressure increases, the condens
ing saturation temperature increases and the 
latent heat decreases. Therefore, the heat 
transfer rate increases with pressure, but more 
steam must be condensed for a given amount 
of heat transferred. In other words, the rate of 
increased drying capacity resulting from an 
increase in dryer pressures decreases as the 
steam pressures are raised. For example, the 
drying rate for a dryer with 150 psi of steam 
is only twice that of a dryer with 25 psi of 
steam.

4.1.3 S u perheated  Steam

An alternative to raising the saturated steam 
pressure in a given dryer is to superheat the 
steam. Superheat in the steam raises the steam 
temperature at a given pressure. This would 
allow an increase in the temperature differen
tial between the steam and the paper without 
the need for higher steam pressures. Unfortu
nately, it does not work that way. Superheated 
steam is a gas which gives up its heat slowly 
to the dryer shell as compared to the flow of 
heat from saturated steam. In addition, the 
amount of heat available above the saturation 
temperature is small compared to the latent 
heat.

Paper drying is not just a simple function 
of water removal. The use of high steam pres
sure is impractical if the result is an unaccept
able quality paper. High steam pressure accen
tuates or causes picking, puckering, and 
cockles. In addition, high steam pressures in 
the first dryers may actually retard drying (by 
sealing the sheet) and are detrimental to sizing.

4.1.4 C ondensate

We must maintain a given differential pres
sure between the steam supply and condensate 
siphon within the dryer to remove the con
densed steam as it forms. Condensate removal 
must function properly or the dryer will fill 
up with hot water. The condensate buildup 
within the dryer acts as an insulator inhibiting 
the direct heat transfer from the steam to the 
dryer shell. The thinner the condensate layer, 
the more efficient the heat transfer. There is 
a minimum required condensate layer for heat

TABLE 4.1. Change of Enthalpy with Steam Pressure and Temperature.

Saturated Steam 
Pressures (psig)

Saturated Steam 
Temperatures (°F)

Enthalpy 
(latent heat)

(Btu/lb)

0 212 971
5 227 961

10 239 953
15 250 946
20 259 940
30 274 928
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transfer to take place and the thickness of 
this minimum layer is determined by siphon 
design.

4.2 The Role of a Dryer Fabric in 
Drying

Another requirement for heat transfer is to 
maintain and/or improve the sheet’s contact 
with the dryer. This is the primary function 
of a dryer fabric. If a wet object is placed 
against a heat source, the water on the surface 
will heat up. In the case of a sheet of paper, 
the evaporation of the heated water creates a 
positive pressure which will tend to lift the 
sheet off the dryer. This reduction or loss of 
contact with the dryer will result in poor heat 
transfer.

There is also a layer of air between the 
sheet and the dryer that is carried by the mov
ing sheet and dryer (Figure 4.1). The dryer 
fabric presses the sheet onto the dryer reduc
ing the air layer and minimizing any sheet 
lifting due to heating the sheet.

It is very important to maintain adequate 
tension on the fabric. This tension is normally 
in the 8 to 12 pound per linear inch range. 
The general tendency is towards increased 
tensions. Higher fabric tensions (20 pli and 
above) are being utilized on some newer or 
rebuilt machines and grades to provide further 
heat transfer efficiencies.

Most of the dryer fabrics are woven textiles 
made of synthetic yams. The fabrics are per
meable in that air can pass through the fabric 
structure. This characteristic is called perme
ability.

Permeability is expressed as the amount of 
air (cubic feet per minute) that will pass 
through a square foot of fabric per minute at 
a pressure drop of 0.5 inch of water. The 
common value is stated as cfm. The range of 
permeability for today’s dryer fabrics is from 
a low of 50 cfm up to 1000 cfm.

Fabric permeability is determined by the 
stmcture of the fabric and the sizes and types 
of yarns used. In order for more air to pass 
through a fabric, the open spaces in the fabric 
have to be larger. One way to accomplish this

is to simply use fewer yams. There is a lower 
limit for the number of yams to be used before 
the fabric becomes too flimsy to run on the 
machine. Other factors that affect permeabil
ity are design pattern and yam size.

Dryer fabrics carry or pump air as they run 
through the machine. This air carrying is a 
benefit to drying efficiency in machines with 
inadequate pocket ventilation systems. Stud
ies in a wind tunnel showed that the amount 
of air carried by the dryer fabric is the highest 
right next to the surface of the fabric and it 
decreases very quickly as the distance to the 
fabric surface increases. The amount of 
boundary air carried is directly proportional 
to the speed of the fabric. At a given point of 
a specific fabric, the height of boundary layer 
air remains unchanged, independent of differ
ent shapes. Air permeability and material type 
have the most influence on the amount of air 
carried. The effect of surface roughness is 
negligible [2-4].

Similar to drag coefficients on cars, a drag 
coefficient, Ca was developed for dryer fab
rics to characterize the air carrying capacity. 
This coefficient is used to compare the run
ning performances of fabrics regarding their 
capacity of carrying air. The Ca value of a 
fabric is the quotient of the division of the 
amount of air carried by the fabric and the 
amount of air carried by the reference surface 
which is a glass plate (Figure 4.2). This pro
portion remains constant for any running con
ditions. The smallest possible value of Ca is 
1. Typically, dryer fabrics have Ca values in 
the range of 2.0 to 14.7.

As an example, if Fabric A has a of 4 
and Fabric B has a Q  of 8 and both fabrics 
are running in the same paper machine posi
tion under the same conditions, then Fabric B 
would carry always twice as much air as Fab
ric A and always eight times more than an 
'‘ideal” reference surface of the glass plate.

There is a limit on how high a permeability 
can be utilized which is dependent upon the 
machine speed, paper grade and basis weight 
regarding heat transfer properties. A fabric 
can pump so much air that it creates sheet 
flutter and other sheet handling difficulties, 
depending on Ca value. Normally, machines
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The air carrying ability of a flat ribbon fabric with symmetrical weave design is the 
same on bots sides: C^= 1.5.

The air carrying ability of a common fabric: Paperside C^= 2 Backside C ^  = 2.4

The air carrying ability of a glassplate:

(reference value) =1 

FIGURE 4.2. Air carrying by dryer fabrics.

run as high a fabric permeability and air car
rying characteristics as possible, but below the 
point that they cause sheet handling problems. 
Pocket Ventilation Systems are designed to 
blow the air through the fabric. These systems 
are typically designed for fabrics with a maxi
mum permeability of 150 to 400 cfm. There is 
no benefit to use higher permeability fabrics.

There is some evaporation that takes place 
through the fabric when it is pressing the sheet 
to the dryer but in most cases, this is not a 
major factor, especially with the recent paper 
machine constructions where the dryer diame
ter can be up to 1.8 m.

Sheet surface quality can also be a limiting 
factor in the fabric permeability. In most

conventional weave patterns, the higher the 
permeability, the coarser the fabric surface. A 
coarse fabric surface can damage the sheet 
surface.

4.3 Effects o f Drying on Sheet 
Properties

Although the main function of drying is to 
remove the remaining extra water in the sheet, 
several properties of the sheet are influenced 
by the drying process. The drying process af
fects the sheet structure, strength and behavior 
during the end use later on [5].Various ten
sions are applied to the paper from entrance
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to the exit of the dryer section. The paper 
quality is affected by the draw (wet stretching 
or straining) in the dryer section. Increasing 
draw reduces bursting strength. Tight draw 
reduces extensibility and increases machine 
direction (MD) tensile strength. In-plane 
stretching reduces the strength in the thickness 
direction [6-8].

Changes in moisture content during drying 
change the sheet dimensions. For example, 
reducing moisture content will result in sheet 
shrinkage. If shrinkage is restricted during 
drying, the tensile strength of the paper will 
be increased and residual stretch decreased. 
As a result, the sheet will carry high applied 
loads but will have low yield and impact re
sistance. It was shown on handsheets which 
were dried freely that sheet shrinkage takes 
place mostly in the region between 55% and 
85% dry solids content (Figure 4.3).

Restraint-free drying produces lower ten
sile strength paper which will be tougher due 
to ability to stretch. Cross-direction (CD) re
straint is applied to the paper when the sheet 
is on the drying cylinders on multicylinder 
machines. Continuous sheet support provides 
cross-direction restraint. When the sheet is not 
supported in the draws, it shrinks freely in the 
CD. The shrinkage is not uniform and usually 
concentrates at the edges [9]. Excessive 
shrinkage negatively impacts sheet smooth
ness and contributes to cockle and edge curl.

Overdrying of the sheet causes brittleness

FIGURE 4.3. Effect of dry solids content on shrinkage 
for a handsheet made of unbleached kraft pulp [5].

and reduces strength of the sheet. Blistering 
is caused by an inappropriate dryer fabric or 
by an excessively hot cylinder. Wrinkles in 
the sheet are mainly caused by sheet fluttering 
and edge lifting. Coarse seams in dryer fabrics 
may mark the sheet.

4.4 Dryer Fabrics

Figure 4.4 shows the dryer fabric design 
characteristics. The dryer fabrics are similar 
to both forming and press fabrics in many 
aspects. An important characteristic of a dryer 
fabric is the requirement for hydrolysis re
sistance.

4.4.1 Yarns

A  greater variety of synthetic yams is used 
in manufacturing of dryer fabrics than the 
forming or press fabrics. Resistance against 
hydrolysis, dry heat, abrasion, acids and alka
lis is important for dryer materials. Other re
quired properties include uniform density, ten
sile strength, elongation strength, thermal 
shrinkage, loop and knot resistance, affinity 
for resins, dirt repellence, cleanability and 
thermostability.

Figure 4.5 shows several yarns that are used 
in dryer fabrics. The four major categories of 
materials used in dryer fabrics are:

• staple yams
• multifilaments
• monofilaments
• special yams

Staple Yarns

The polymers that are used for staple yams 
are polyamides, acrylic, polyester and ara- 
mids. Polyamide (nylon) has excellent tensile 
strength, good spinnability and good proper
ties, which have very positive effects on the 
affinity of impregnation. Hydrolysis resist
ance is good and acid resistance is mediocre. 
Acrylic is 100% hydrolysis resistant and has 
good resistance against chemical attacks (acid.
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FIGURE 4.5. Major types of yarns used in dryer fabric manufacturing in addition 
to round monofilaments. Top: longitudinal view, bottom: cross sections. From left: 
staple Nomex® aramid, multifilament polyester core with nylon sheath, flat PET 
(PolyEthylene Terephthalate, i.e., polyester) and Nomex® aramid wrapped glass.

alkali, solvents, etc.). Its disadvantage is medi
ocre tensile strength. Polyester has good ten
sile strength and acid resistance. However, 
most of the time acrylic will be preferred due 
to some hydrolysis problems with polyester. 
Nomex® aramid is a high performance fiber 
with excellent hydrolysis, heat and chemical 
resistance. It also has good affinity for syn
thetic resins (impregnation).

Fibers from these polymers are spun either 
purely or as a mixture with other fibers in 
order to optimize their properties depending 
on their specific use. Polyamides and acrylics 
are usually mixed in order to produce yams 
with a very high hydrolysis resistance and a 
good impregnation affinity. Depending on the 
density and twist, they are used as filling for 
multilayer fabrics in order to reach a specific
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air permeability and surface structure. It is for 
example possible to reach a smooth, homoge
neous dryer fabric surface without any mark
ing by using a bulky fiber yam. Polyester spun 
yams are used to mantle monofilament yams 
for specific applications in cases where hydro
lysis resistance is a less significant factor. Ara- 
mids are either spun purely or as a mixture 
with acrylic to obtain high performance yams. 
These are used as filling yams for fabrics 
requiring a high hydrolysis, heat and chemical 
resistance.

Multifilaments

Multifilaments are made of a multitude of 
very thin monofilaments. In addition to the 
polymers used in spun yams, fiberglass is also 
used for multifilaments. Multifilaments, ex
cept glass yam, are supplied by the manufac
turer without or with very little twist. There
fore, they must be twisted in house. During 
the process, several multifilaments are twisted 
to obtain one single yam (twisted yarn). This 
process is very often used to obtain a yarn with 
very specific properties by twisting several 
synthetic yams:

• polyester with acrylic: The excellent 
tensile strength of polyester is 
combined with the hydrolysis 
resistance of acrylic. This compound 
has given excellent results both in MD 
and CD of multifilament fabrics.

• acrylic with Nomex® aramid: This 
compound has high performance 
properties and is used as a warp 
material for fabrics used in an 
environment requiring excellent 
hydrolysis, chemical, heat and 
mechanical resistance.

• acrylic, Nomex® aramid and polyester: 
Hydrolysis properties are the same as 
for acrylic with Nomex® aramid, but 
this combination has even better 
mechanical properties due to polyester. 
This MD yarn is therefore used for 
dryer fabrics with a small number of 
warp threads running in dryer sections 
with very strong conditions.

100% pure multifilament yams are also 
used. Polyester is used in fabrics that do not 
require much hydrolysis resistance. It is the 
standard MD yam for transport fabrics and 
CD yarn for polyester monofilament fabrics. 
Polyamide is used as a filling yam with high 
impregnation affinity for multifilament fab
rics. Polyacryl is suitable as a warp yam for 
fabrics requiring high hydrolysis but low me
chanical resistance. Glass filaments are sup
plied by the manufacturer in different densi
ties. Each single filament is impregnated with 
a special resin in order to avoid abrasion. Glass 
yams have high tensile strength, good heat 
resistance and stability. Their bending 
strength, however, is low. Glass yam is a tradi
tional filling material for positions with high 
temperatures.

Monofilaments

The cross section of monofilaments can be 
round, oval or rectangular. Special cross sec
tions are mainly used as filling yams.

Polyester is the most widely used monofila
ment material. Hydrolysis stabilizers are 
added to polymer of monofilaments to im
prove hydrolysis resistance. In addition, fluo- 
ropolymers are added to polyester to impart 
contaminant resistance properties. Several 
types of polyamide monofilaments can be 
used depending on the mechanical, physical 
and chemical property requirements. How
ever, in dryer fabrics. Nylon 6.6 has given the 
best results. It is often used with polyester in 
the same fabric.

Polyphenylensulfide (PPS), e.g. Ryton®, 
has very good resistance against heat, chemi
cals and hydrolysis; however, it has mediocre 
tensile strength and abrasion resistance. Addi
tives are used to improve some of these prop
erties. PPS is relatively expensive.

Polyetheretherketone (PEEK) has excellent 
heat, hydrolysis and chemical resistance. 
However, due to its high price, it is only used 
in special cases in fabric form. PEEK is very 
often used in special parts of dryer fabrics, 
e.g., seam spirals, insert wires and possibly 
also reinforced edges.

Polypropylene (PP) has good hydrolysis
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and chemical resistance and also it is not ex
pensive. The main disadvantage is low perma
nent heat resistance. Therefore, PP is not used 
anymore in dryer fabrics.

Polytetrafluoroethylene (PTFE), e.g., Tef
lon®, is a pure fluorocarbon polymer, the chain 
of carbon atoms of which is totally protected 
by fluor atoms. PTFE offers the best anticon
taminant properties with excellent chemical 
properties. However, its mechanical proper
ties such as elongation strength, abrasion and 
tensile resistance are rather low. Furthermore, 
it is difficult to extrude and it is very expen
sive. PTFE is not used as a yam material in 
dryer fabrics.

Small monofilament yams (usually polyes
ter and larger than multifilament) twisted to
gether are called cabled yams. They are used 
in certain monofilament fabrics.

Copolymers

The term copolymer stands for all monofila
ments where two or more polymer systems 
are mixed. Strictly speaking, this term should 
only be used for polymer systems, which dif
fer very much in their molecular stmcture. 
This is for instance the case for polyester with 
a fluoro polymer additive or for PPS with a 
polyamide additive.

PCTA is a very well known monofilament 
which is very often called a copolymer. In 
reality, it is a copolyester, i.e., a mixture of 
two different polyester raw materials. PCTA 
has very good hydrolysis resistance, but low 
mechanical and technical properties. There
fore, its use is limited to humid-hot groups in 
the paper machine.

Special Yarns

In the dryer fabric industry, some special 
yams are used, which are specifically pro
duced for this purpose.

Preimpregnated Twisted Yarns

They are generally made with multifila
ments. There are also multimonofilament 
twisted yams. These yams are impregnated

with resins that allow stabilization of the final 
product (twisted yam). The disadvantages of 
these yams are not only their high price, but 
also their thermoplastic impregnation: the sta
bilizing effect will get partly lost when in 
contact with heat in the paper machine.

Wrapped Yarns

These consist of a carrier material which is 
equipped with a cover or coating, mostly made 
from a different type of material. Cabled fiber
glass, resin treated and wrapped with coated 
polyester and nylon multifilament is an exam
ple of wrapped yams. This yam is used as CD 
yam in multifilament fabrics.

Yarns Coated during Extrusion

A  prefabricated core out of multifilament, 
multifilament twisted yam or monofilament 
is coated through extmsion. Examples:

• polyester multifilament coated with 
polyamide: This yam is very effective 
as filling.

• polyester multifilament coated with 
different fluorocarbon polymers: These 
yams are mainly used as warp or 
filling material in anticontaminant 
fabrics.

• polyester monofilament coated with 
polyester: The coating is made with 
polyester which has different properties 
than the polyester used in the core, 
e.g., low melting point. These yams are 
specially developed to be used as 
filling.

• polyester monofilament coated with 
polyamide: The special advantage of 
this yam is a slightly increased 
abrasion resistance compared to pure 
polyester. The main advantage 
however is that it is relatively 
smooth, i.e., the coating can be easily 
formed. It can be easily cropped and 
therefore has a very good form 
stabilizing effect, especially for fabric 
types with a low warp and filling 
number. This yam is generally used
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as a filling material.
• polyester monofilament with 

fluorocarbon polymers: The relatively 
stiff monofilament core increases the 
stability of the fabric.

• polyamide and/or polyester core coated 
with polypropylene: This relatively less 
expensive combination is very unusual 
due to the low melting point of PP.

Yarns Coated during the Spinning 
and/or Twisting Process

During this process, a core yam is coated 
with multifilament or staple yam. Examples:

• Glass yam coated with multifilament 
gives a hard and very smooth yam. 
Glass yam with polyacrylnitrile gives a 
very hydrolysis resistant yam.

• Glass yam with staple yam; e.g., 
acrylic also gives a bulky, hydrolysis 
resistant yam. As it can be easily 
impregnated, it is an excellent filling 
material for stabilizing piece 
impregnated skip-dent fabrics.

• Polyester core with staple yam is used 
in positions that are less subjected to 
hydrolysis. It is also an excellent 
stabilizing filling material for 
monofilament fabrics.

• PPS core with acrylic multifilament is 
a high performance product used to 
meet stringent requirements such as 
high hydrolysis, dry heat and chemical 
resistance. Its use is limited to a filling 
yam for fabrics with a monofilament 
warp and to fabrics with a 
multifilament warp, which are 
impregnated afterwards.

• Each type of core coated with 
multifilament and/or staple yarn in an 
open-end process. During this process, 
core and coat are combined very 
tightly and permanently. It was 
however found that the uniformity of 
these yams did not meet the 
requirements. Therefore, they are at 
best to be used as a filling material.

• Coating made during special processes.

There is at least one yam that can be 
classified under this category: flock 
yam. In this process, a carrier material 
(core) of multi- or monofilament is 
equipped with a bonding agent and put 
in an electrostatic field, where very 
short (0.5 to 1 mm) fibers are added 
and bonded onto the core. The fibers 
do not entangle, but are bonded evenly 
perpendicular to the surface of the core 
yam such as in a cylinder brush. The 
average number of fibers per meter of 
yam is 800,000. This yam has proven 
good as a surface filling against 
different contaminations, but especially 
against white pitch.

Table 4.2 shows several properties of a 
polyester yam used in dryer fabrics. Figures
4.6 and 4.7 show hydrolysis and dry heat re
sistance of various dryer fabric yams, respec
tively.

4,4.2 Dryer Fabric  S tructures

Table 4.3 gives the general requirements of 
dryer fabrics. Some of these requirements are 
machine specific, i.e., they depend on the ge
ometry of the machine, the position where the 
fabric will be used on the machine and the 
type of paper to be produced.

Theoretically, a dryer fabric should meet 
all of these requirements. Since some require
ments are often in opposition to others, there 
is no dryer fabric that meets all possible re
quirements without any exception. Therefore, 
the dryer fabric manufacturer has to meet a 
maximum of general requirements and possi
bly some well defined strategic requirements. 
This results in production of so called “all
round” fabrics as well as fabrics with very 
special properties. Figure 4.8 shows the MD 
profiles of the major dryer fabric types used 
by the paper industry. Depending on their 
manufacturing process, dryer fabrics can be 
divided into three main groups:

(1) Woven fabrics
(2) Spiral fabrics
(3) Needled fabrics (batt on base)
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TABLE 4.3. General Requirements 
of Dryer Fabrics.

Heat transfer 
Reconditioning 
Contact area 
Caliper 
Permeability
Amount of carried air ( Q  value)
Surface properties, i.e., nonmarking 
Fabric stability (mechanical and thermal) 
Tensile strength and modulus 
Contaminant resistance properties 
Cleanability
Physical and chemical resistances:

• Hydrolysis
• Dry heat 
® Abrasion
• Acid and alkaline 

Sheet stretching (neutral line)
Sheet fluttering
Moisture profile 
Permeability profile

Woven Dryer Fabrics

The big majority of dryer fabrics are woven. 
This may be due to the fact that, from a histori
cal point of view, woven fabrics have been 
closely linked to the development of paper 
production than the other fabric types. More
over, nonwoven fabrics and fabrics manufac
tured with other methods do not meet the same 
wide range of requirements as woven fab
rics do.

The main characteristics which allow the 
differentiation of woven fabrics and have a 
direct influence on the requirements are:

• raw materials
• types of yams
• yam crimping and floating
• density
• number of warp and filling layers

The choice of raw materials depends on the 
specific requirements that have to be met in a 
special position. Therefore, different materials 
may be combined in the same fabric such that 
the positive characteristics of one raw material 
make up for the negative characteristics of 
another.

This type of combination is frequently used

for slight to medium strength hydrolysis con
ditions: polyester is combined with another 
hydrolysis resistant material such as PPS. The 
sequence of the raw materials in the fabric 
constmction depends on the application of the 
fabric. For example, in the case of slight to 
medium strength hydrolysis environment, it 
is advisable to use all hydrolysis resistant raw 
materials on the fabric surface since it is the 
place where hydrolysis usually attacks. Such 
a sequence can be chosen for the whole fabric 
width or just for the edge areas.

Regarding the yam types, woven dryer fab
rics may be roughly subdivided into two cate
gories, regardless of any other characteristics: 
monofilament and multifilament fabrics.

M onofilam ent Fabrics

Today, monofilament fabrics are used in 
almost all positions in the dryer section. Their 
main characteristics in comparison with multi
filament woven fabrics, nonwoven fabrics and 
spiral fabrics are as follows:

• Most of the time, the monofilament 
fabric is less thick, which improves 
heat transfer and reduces steam 
consumption.

• For the same raw materials and fabric 
constmction, monofilament fabrics 
have a better tensile strength which 
increases the lifetime of the fabric.

• One hundred percent monofilament 
fabrics are easier to clean. This is a 
major characteristic considering the 
increasing number of fabric cleaning 
installations in the paper machine due 
to increased use of recycled paper.

Fabrics are considered monofilaments if at 
least the warp yams are made with monofila
ment yams. These may be made with all possi
ble yam profiles. Monofilament fabrics can 
be divided into three types according to the 
shape of the yams used:

• round yam fabrics
• flat yam fabrics
• ribbon yam fabrics
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Different yam cross sections allow fu rth e r 
constmction possibilities for the manufactur
ing of woven dryer fabrics and may have an 
influence on the different technical properties 
such as contact area, maximum tensile 
strength, elongation, abrasion resistance, diag
onal stability, air carrying capacity and others. 
From a technical application point of view, 
however, the advantages of a specific yam 
cross section and thus of a whole type of a

woven monofilament dryer fabric cannot be 
exclusively defined according to one single 
yam, but depend on several other constmction 
characteristics.

In monofilament woven dryer fabrics, sin
gle monofilament yams, mostly with a round 
cross section and with different diameters, are 
also used as filling. Moreover, any other types 
of yams may also be used as filling yams 
(Figure 4.9). These are mainly used in order
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FIGURE 4.9. Top view and MD profile of a monofilament fabrio with staffer yarn. 
MD: flat PET, CD: round PET, stuffer: cabled PET.
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to create a special fabric structure to control 
air permeability or to increase the stability of 
the fabric.

Most of the woven monofilament fabrics 
used today are made of round and flat yams. 
The so-called flat ribbon fabrics are a new 
generation of dryer fabrics. The flat ribbons 
have a rectangular cross section where the 
proportion between the width and height is

more significant than the traditional flat yams.
With the use of flat ribbon yams, it is possi

ble to make new kinds of fabric and seam 
structures as shown in Figure 4.10 [10] .With 
the rectangular cross section, the warp yams 
can be stacked on top of each other without 
slippage. It is also possible to realize a fabric 
with two separate warp layers based on one 
single filling layer. In traditional fabrics, two

I
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FIGURE 4.10. Top view and warp profile of Monotier® dryer fabrio.
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separate warp layers necessarily require three 
filling yam layers that makes the fabric much 
thicker which is a disadvantage. The new type 
of construction also allows a twistless warp 
loop seam. This kind of fabric and seam con- 
stmction is a fundamentally new development 
in the constmction of dryer fabrics that meets 
a maximum number of requirements with a 
single dryer fabric constmction:

• longer life
• smooth surface with high contact area
• wide air permeability range (50-600 

cfm)
• uniform permeability profile
• low air carrying capacity
• reduced sheet stretching (Figure 4.11)
• contamination resistance and 

cleanability
• high tensile strength
• no seam marking

M ultifilam ent Fabrics

Fabrics in which at least the warp yams are 
made with spun and multifilament yams are 
considered as multifilament fabrics (Figure 
4.12). The twisted warp and filling yams may 
be made with different raw materials in order 
to combine several special properties. The use 
of multifilament fabrics in the dryer section 
is decreasing.

Multifilament fabrics can be classified as 
piece-treated and pre-treated. In piece-treated 
multifilament fabrics, multifilament yams are 
usually processed as raw yams. Therefore, 
in order to be stabilized, a multifilament 
fabric has to be treated before being used 
in the paper machine. This is called piece- 
treatment.

Pre-treated multifilament fabrics are made 
with the yams that are already pre-treated. 
Stability of fabrics made with pre-treated 
yams cannot be altered. Moreover, the cross
ing points of the fabric constmction do not 
have the same stability as in a piece-treated 
fabric, which is another disadvantage.

For all multifilament woven dryer fabrics, 
any possible type of yam can be used as filling 
yams.

Crim ping and Floating

Similar to forming fabrics, crimping and 
floating (long knuckles) are significant for 
the dryer fabric construction and its subse
quent properties. They also determine the 
constmction of the fabric surface, which is 
very important. Floating is the case where 
a warp yam is woven over several filling 
yams or if a filling yam is woven over 
several warp yams. The main attention is 
given to the constmction of the fabric side 
which is in contact with the paper. Thus, 
the crimping and floating also determine the 
contact area of the dryer fabric. Figure 4.13 
shows contact areas of several dryer fabrics.

Referring to floating, woven dryer fabrics 
may be divided into two groups: fabrics 
with length oriented floating (warp float) and 
fabrics with cross machine oriented floating 
(weft float). Fabrics where the contact area 
with paper mainly consists of floating warp 
yams are called warp float weave patterns 
(Figure 4.14). In this case one warp is 
floating over several filling yams. Fabrics 
where the contact area with the paper mainly 
consists of floating weft yams are called 
filling float weave patterns. In this case, one 
weft yam is floating over several warp yams. 
In general, a filling float weave pattern has 
a much higher yam density on the upper 
weft layer. The covering of one fabric side 
with a high number of weft yams is on 
purpose, e.g., in order to reach the best 
possible cover with yams having special 
properties (such as anticontamination) or in 
order to protect the weft yarns against abra
sion. Dryer fabrics with warp float weave 
patterns are used more than the fabrics with 
filling float weave patterns. Figure 4.15 
shows a filling float weave pattern with a 
large spun face side, which is called “soft 
face” fabric. Soft face fabric has a limited 
market and is used primarily on slower, non
blow box UnoRun positions and marking 
sensitive grades.

Floating can be used to design the contact 
area of the fabric for a particular application. 
If the float weave patterns are the same on 
both sides of the fabric, the fabric design
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FIGURE4.12. Hydrolysis resistantmultifilamentfabric. MD; spun Nomex® aramid, 
CD: acrylic wrapped glass.

is called a symmetrical weave pattern con
struction (notice the difference in symmetry 
definition of forming fabrics). Symmetrical 
weave patterns have the same smooth or rough 
embossing on both sides of the fabric. If the 
yam cross sections of all warp and weft layers 
are the same, the neutral line (Section 4.6.3) 
in symmetrical weave patterns lies exactly in

the middle of the fabric constmction. If the 
float weave pattern is not the same on both 
sides of the fabric, this is called an asymmetri
cal weave pattern constmction which has one 
smooth and one rough surface. The neutral 
line in an asymmetrical weave pattern is not 
situated in the center of the fabric constmc
tion, but more towards one side of the fabric.
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FIGURE 4.13. Contact areas of various dryer fabrics.

Mesh

Similar to forming fabrics, the number of 
warp and filling yams per unit length has a 
direct influence on many properties of dryer 
fabrics including:

® contact area
• fabric and seam tensile strength

• air permeability
• air carrying capacity
• stability

Warp density can exceed 100% in some 
designs. In certain designs, the warp yam 
count is decreased on purpose to reach high air 
permeabilities and/or to obtain a good fabric 
ventilation.
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FIGURE 4.14. Top view and MD profile of a warp float weave fabric. MD: flat 
PET, CD: round PET and sheath-core.

N u m b er o f M D  an d
CD Layers

Usually a woven dryer fabric has 1 to 4 
MD (warp) layers. In some special cases, there 
may also be more layers. More than one warp 
layer is used to obtain a special dryer fabric 
surface and/or to improve the stability of the 
fabric. Figure 4.16 shows 1 and 4 MD layer

fabrics. The disadvantage of a traditional 
woven fabric with several warp layers is the 
thickness. However, this disadvantage is mini
mized in recent multilayer fabric construc
tions [10].

Woven dryer fabrics generally have 1, 2 or 
3 CD (filling) layers. Fabrics with only one 
CD layer are generally thinner than fabrics 
with 2 or more CD layers. For fabrics with
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FIGURE 4.15. MD profile and top view of a soft face fabric. MD: round PET, CD: 
spun acrylic and round PET.

only one weft layer, it is difficult to obtain a 
warp loop seam which is easy to close, without 
marking and which meets the dynamic re
quirements of the paper machine. This prob
lem can be solved with a design with only 
one weft layer combined with two warp lay
ers [10].

Spiral Fabrics

Spiral fabrics are not woven but are made 
with monofilament yams that are put in 
spiral form. The spirals are linked together by 
monofilament cross yams or pintles (Figure
4.17).



FIGURE 4.16. One (left) and four MD layer fabrics.
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FIGURE 4.17. Spiral fabric. Coil: round PET, pintle: round PET.
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FIGURE 4.18. Schematic of filled spiral fabric.

Dryer fabrics manufactured with this pro
cess have been known since 1978 and have 
reached a limited market share. The main ad
vantages of spiral fabrics are good dimen
sional stability and good fabric ventilation. 
The seam joint has the same construction as 
the rest of the fabric. Nevertheless, from a 
technical application point of view, woven 
dryer fabrics are preferred over spiral fabrics. 
Disadvantages of spiral fabrics are a relatively 
high fabric thickness and a limited contact 
area. High air carrying capacity also limits the 
use of spiral fabrics. The high air permeability 
of spiral fabrics (800-1000 cfm or 14632- 
18290 m^/m -̂h) can be reduced by filling the 
spirals with different filling materials (Figure 
4.18). Spiral fabrics are mainly made with 
polyester monofilament yams.

Needled Fabrics (Batí on Base)

Needled dryer fabrics are made up of a base 
fabric with a nylon web layer needled to face 
on sheet side. This web layer is fixed onto the 
base fabric in a special process called needling 
(Section 3.2.5). The structure of the base fab
ric may be a woven monofilament or multifila
ment structure or a spiral fabric.

Needled dryer fabrics are especially used 
in positions or for paper types liable to mark
ing. A ir permeability is limited to about 50- 
200 cfm (915-3658 m /̂m -̂h). A  disadvantage 
of these designs is the relatively high thickness 
of the fabric.

4.4.3 S eam  S ty les

Seams are often the most sensitive part of 
a dryer fabric. In general, dryer fabrics are 
woven flat and seamed later to form an endless 
belt. The seam consists of formed loops or 
inserted coils at the two ends of the fabrics

which later on are connected together. To join 
the seam, a stainless steel wire is used as a 
leader. The real pintle wire (yam) is connected 
to the end of the steel wire. This pintle wire 
is either a monofilament yam or a braided 
multifilament with a monofilament wire. To
day, use of one pintle wire is common. The 
diameter of the pintle wire depends on the 
channel size formed by the loops and coils. 
The form, the size, the amount and arrange
ment of the spirals/coils as well as the dimen
sion and stmcture of pintle wire determines 
if a seam is easy and quick to join together.

Besides easy installation, the major require
ments of seams are good tensile strength, wear 
resistance and nonmarking surface. The seam 
tensile strength, which is usually lower than 
that of the fabric, can be increased by proper 
selection of yam materials, yam profiles and 
seam construction. Press-marking can be 
avoided if the thickness of the seam is made 
identical to the fabric. Wet-marking can be 
avoided if the permeability of the seam and 
loops/coils are identical with the fabric perme
ability. The nonmarking will be reached by 
using a suitable yam profile and seam con- 
stmction.

Dryer fabric manufacturers have developed 
various devices for joining seams. Mainly 
these devices remove the tension of the seam 
so that loops/coils can build a channel for an 
easy inserting of the pintle wire.

Pin Seams

There are different variations of pin seams. 
The standard pin seam is nonmarking and de
signed for wear resistance (Figure 4.19). Stan
dard pin seam may mark in the bolt area in 
some grades. In some designs, caliper of the 
weave back may be slightly higher than the 
caliper of the body. Potential wear areas are 
weave back, loop and tie back loop.
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FIGURE 4.19. Standard pin seam.

The air permeability of the weaveback area 
is often not identical to the permeability of 
the fabric itself. A ir permeability in the loop 
area is significantly higher which may result 
in wet-markings on the sheet.With flat ribbon 
fabrics, the same permeability in weave back 
area and fabric is obtained. In addition, the 
permeability of the loop area can be altered 
by using additional filling yarns in order to 
avoid wet-markings.

Coil Seam

In this seam type, coils are wrapped by 
all M D  yams which results in a strong seam 
(Figure 4.20). Half of the CD  yams are re
moved in fold back area. It is recommended 
for less mark sensitive grades or positions not 
requiring a thin line coil seam. There is a 
potential for thermal mark on some grades by 
the sewing lines or coil. The seam type relies
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FIGURE 4.20. Coil seam.

on the sewing lines for seam strength. There 
is a difference in air permeability of the seam 
area (joint and fold over) and the body of the 
fabric. Potential areas for wear on the sheet 
side are sewing lines, tie back and coil (very 
rare). Potential nonsheet side wear areas in
clude fold back shoulder, sewing lines, tie 
back and coil (very rare).

Thin Line Coil (TLC) Seam

Thin line coil seam is nonmarking and uni
form with the sheet side and back side of the 
body of the fabric (Figure 4.21). It is very easy 
to join. TLC  has good seam wear resistance.

TLC  seam is recommended for less mark 
sensitive grades or positions that do not



Dryer Fabrics 219

FIGURE 4.21. Thin line coil seam.

require a pin seam. It has potential to thermal 
mark on some grades. There is a potential 
for side wear on the coils with excessive 
distortion of the seam. Possible wear areas 
are tie back, coil and weave back. A ir perme
ability of the seam joint is usually higher 
than that of the body of the fabric in some 
designs.

King Pin Seam

Figure 4.22 shows the schematic of the 
King Pin Seam. Seam strength is a function 
of the sewing, coil, M D  warp and weave 
back. It has excellent seam wear resistance 
because the sewing lines are embedded and 
the shoulder is ramped. Weave back area
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FIGURE 4.22. King pin seam.

provides improved seam strength and a ramp 
reducing the shoulder wear seen in coil 
seams. Potential wear areas are sheet side 
and nonsheet side tie back and nonsheet 
side shoulder ramp. There is a permeability 
difference between the weave back and seam 
area to the body. Mono King Pin Seam is 
a variation of this seam style.

Double Wire Double Offset Clipper 
Seam (DWDOCS)

Metal hooks are clipped to a tape which is 
sewn to the fabric (Figure 4.23). This seam 
is easy to manufacture. Seam strength relies 
totally on the sewing. Seam mark potential is

high. Potential wear areas are side wear on 
hooks, nonsheet side flap and nonsheet side 
sewing on flap. There is a permeability differ
ence between the weave back and seam area 
to the body.

4.4.4 D ry e r F ab ric  M an u fac tu rin g

The dryer fabric manufacturing is similar 
to forming and press fabric manufacturing. 
The common manufacturing steps are warp
ing, weaving, heatsetting, seaming and finish
ing. However, some of the manufacturing ma
terials and process parameters are different as 
explained below.

Fabric Butt abraids Embedded Sewing

C — Caliper of the Flap + Fabric 
® D = Caliper o f the Hooks

FIGURE 4.23. Double wire double offset clipper seam (DWDOCS).
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Warping and Weaving

The major formation method for dryer fab
rics is weaving which is explained in Section 
2.2.3. The machine direction (warp) yams are 
wound onto drums containing an exact 
amount of the specified yarns which is called 
warping (Figure 4.24). These drums are 
loaded onto the loom and provide the machine 
direction yams for the specific fabrics sched
uled to weave.

A  wide variety of cross machine direction 
yams is used as explained earlier. The looms 
can be equipped with shuttle, projectile or 
rapier as the transportation mean for CD  yarn 
insertion. These systems maintain a supply of 
the CD  yam at each fabric edge. The carrier 
grips the filling yarn and carries it across the 
loom. The shuttle is usually pimless (i.e., 
without quill) which allows the looms to run 
nearly continuously without having to shut 
down to repenish the yarn carried by the shut
tle in the old systems (Figure 4.25).

Wide and heavy duty looms are used for 
dryer fabric weaving (Figure 4.26). Spiral

fabric manufacturing, on the other hand, does 
not require a traditional weaving method. 
The yams are made into spirals which are 
assembled together in groups to form the 
fabric (Figure 4.27).

Once the fabric has been woven to the re
quired length, it is removed from the loom 
and the next fabric is begun. The fabric is 
next examined completely on both sides in 
burling.

Heatsetting

Temperature, moisture, and tension in the 
paper machine affect the stability of a dryer 
fabric because of the thermoplastic properties 
of the different raw materials used. Besides, 
the yarns woven into the fabric have not 
fully conformed to the weave pattern. For 
stability of the fabric, they must permanently 
conform to the weave by developing crimp. 
For these reasons, to achieve a sufficient 
dimensional stability, a dryer fabric has to 
be heatset. An unheatset (raw) fabric that is

FIGURE 4.24. Canister warping.



FIGURE 4.25. Pirnless shuttle.

. 'M -

FIGURE 4.26. Dryer fabric weaving.
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FIGURE 4.27. Spiral fabric assembly.

put onto a paper machine would go through 
heatsetting while heating up the machine but 
in an incomplete and insufficient manner. The 
uncontrolled changes in length and width of 
the fabric would quickly lead to problems like 
guiding the fabric or tension limits.

The heatsetting is done with the fabric un
der tension on either a hot oil cylinder or a 
hot air oven (Figure 4.28). The fabric is put 
on the calender in an endless manner and is 
rotated several times (called “passes”) at the 
right heatsetting temperature. Tension and 
high temperature during heatsetting do not 
only affect the length and width of the fabric, 
but also its permeability and thickness.

Heatsetting using hot oil cylinder calender 
with a surface temperature of 425°F generates 
a fabric surface temperature of 360°F. In gen
eral, the face side of the fabric is towards the 
cylinder during heatsetting. Usually, a hood 
is used with the cylinder to blow hot air on 
the other side of the fabric to reduce the differ
ence in temperature on both sides of the fabric. 
Heatsetting using the hot air calender is done 
at a typical temperature of 420°F. It should

be noted that these temperatures may vary 
slightly depending on the fabric thickness.

Heatsetting of common dryer fabrics is 
done around 8 pli of tension which is consid
ered to be the optimum tension to avoid slack 
edges while getting length stability. Ideally, 
heatsetting of a fabric should be done at a 
tension equal to or slightly greater than the 
paper machine running tension.

Seaming

Dependent upon fabric style and seam type, 
the flat woven fabric is seamed either before 
heatsetting, after a partial heatset with full 
heatset following seaming, or after full heatset 
with the seam “leveled” on the calender. Fig
ure 4.29 shows pin seaming of a dryer fabric.

Resin Treatment (Impregnation)

A ll multifilament fabrics which are not 
manufactured with preimpregnated yams are 
piece impregnated after seaming to obtain sta
bility. For these fabrics, generally thermoset



FIGURE 4.28. Heatsetting of dryer fabrics.

FIGURE 4.29. Pin seaming of a dryer fabric.
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resins are used. These resins keep their stiff
ness under heat in the paper machine. How
ever, in some cases thermoplastic resins are 
also used. The use of thermosetting or ther
moplastic resins and/or a mixture of them 
depends on the type of fabric and/or the condi
tions in the paper machine. The recipe (con
centration of resin components) is prepared 
according to the application conditions.

For fabrics with a smooth fiber yam surface 
thermosetting resins are used in low concen
tration. For open fabrics, stabilization is a sig
nificant factor. In this case, thermosetting res
ins are used in high concentration. Fabrics 
with a hard resin and high stiffness tend to 
develop folds. In this case, a mixture of ther
mosetting and thermoplastic resins gives good 
results. Depending on the type of resins used 
and their concentration, there are many possi
bilities to vary the grade of stiffness. For fab
rics with high elasticity warp yams, the use 
of a highly stabilizing mixture of thermoset
ting and thermoplastic resins gives good re
sults.

Special Treatments

There are other treatments that are used to 
impart different characteristics to the dryer 
fabrics. These treatments are not necessarily 
used for stabilization nor are they specific to 
multifilament fabrics.

In some cases, it is necessary to have a low 
air permeability on the edges of a dryer fabric 
(Figure 4.30). A  thermoplastic, smooth resin 
is used for this purpose to obtain a similar 
stiffness in the edge areas as in the other, 
nonimpregnated areas.

Anticontamination impregnation is also 
applied to dryer fabrics. Considering that 
the paper material is an aqueous suspension 
with dirt particles in it, a fluorocarbon resin 
is applied to the fabric to reduce contamina
tion. As a result, monofilament or multifila
ment fabrics develop hydrophobic properties. 
The resin layer is very thin which makes it 
susceptible to abrasion on the yam surface. 
However, hydrophobia is maintained longer 
in the fabric gaps which helps to slow down

75
cfm 100 cfm

75
cfm

resin treated 
areas

FIGURE 4.30. Graduated permeability.

the dirt accumulation on the fabric and keep 
the air permeability high.

E dge Treatm ents

Due to the conditions in the paper machine, 
the edges of dryer fabrics must be protected 
against mechanical damage. Mechanical dam
age generally occurs due to a permanent or 
temporary contact with the pallets. An edge 
protection treatment must meet the following 
requirements which are specific to the condi
tions on the paper machine:

• protection against edge raveling
• elasticity and flexibility adapted to the 

fabric
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• edge protection should not attack the 
fabric or further enhance the existing 
damage

• sufficient temperature, hydrolysis and 
abrasion resistance

• sufficient acid and alkali resistance
• have no or minor influence on the 

thickness of the fabric

Fabrics are trimmed to width and edges are 
treated on a calender. Basically there are three 
methods for edge treatment:

• welding
• bonding
• sealing

Welding simply consists of welding the 
edges of the fabric. The warp and filling yarns 
are welded to each other on their crossing 
points with heat. The elasticity, flexibility and 
other properties of the fabric edge should not 
be altered significantly during the welding 
process. During bonding and sealing, a sealant 
is put onto the fabric edge.Warp and filling

yams are combined through the action of 
bonding. Sealing does not result in an adhe
sion between warp and filling yams; it encap
sulates the warp and filling yams in the edge 
area (Figure 4.31).

The efficiency of an edge protection treat
ment depends on the type of welding or the 
properties of the respective bonding or sealing 
products. The edge protection treatment can 
also be improved by combining different pro
cesses.

Finishing

Auxiliary items like Zip or Velcro seam 
assist (Figure 4.32), leader skirt, hook protec
tor, trade line, seam alignment arrows, etc., 
are installed in the finishing process. After 
finishing, fabrics are packed in a tube or box 
container.

Zip tape device is a stapled-on zipper. When 
closed, the zipper holds the seam in exact 
position for insertion of the joining wire. Once 
the seam is joined, two strips are pulled to 
remove the assembly. Zip tape is installed

FIGURE 4.31. Sealant application to fabric edges.
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on the side opposite from which the seam is 
joined. Velcro assist systems consist of a strip 
of self-adhesive Velcro across the width of 
the fabric on each end (just behind the seam). 
Upon installation, the two ends of the fabric 
are brought together and the strips applied 
across the seam. This holds both ends together 
while seaming to avoid tension from the 
fabric.

A ll fabrics are equipped with a leader skirt 
attached to the seam end on the outside of the 
roll and a hook protector on the seam end at 
the core.

4.4.5 D ry e r F ab ric  Testing

The following tests are done on dryer 
fabrics:

percent elongation 
modulus
seam tensile strength 
air permeability 
air carrying capacity 
heat transfer 
thickness (caliper) 
coefficient of friction 
diagonal stability 
hydrolysis resistance 
stiffness
acid/caustic resistance 
contact area
edge binder tensile strength 
thermal stability (dimensional) 
dynamic behavior 
neutral line
contamination tendency and 
cleanability

• abrasion resistance
• dry heat resistance
• distortion resistance (shear force)
• weight
• tensile strength

Hydrolysis tests are done in autoclaves 
(Figure 4.33). One type of test is done at 250°F 
and 1.5 lb gauge pressure which may last be
tween 1-30 days. In a faster test, which is 
called Parr Bomb test, the sample is left in

'3
1

'V

7  I

Í’ í ? í

FIGURE 4.33. Autoclaves for hydrolysis testing.
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FIGURE 4.34. Photomicrographs of a used dryer fabric (which is the fabric shown 
in Figure 4.9).

the pressure cooker for 5.5 hours at 325°F. 
After the tests, the residual tensile strength is 
measured.

Some of these tests are done on returned 
fabrics from the field. Figure 4.34 shows the 
photomicrograph of a used dryer fabric. Fig
ure 4.35 shows the comparison of original and 
residual tensile strength and air permeability 
values of a dryer fabric that is run 362 days 
making uncoated free sheet.

4.5 A pp lica tions of Dryer Fabrics

4.5.1 Installation

Proper installation of a dryer fabric is the 
first requirement for a trouble-free perform
ance. Any maintenance work to correct possi
ble misalignment on the machine should be 
done prior to installation [11].

A  careful examination will identify the face



FIGURE 4.35. Comparison of original and residual tensile strength and air permeability values of a typical 
dryer fabric.
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FIGURE 4.36. Use of plumb bob for proper plaoement 
of box.

and back sides of the fabric as well as the 
running direction. If necessary, the fabric is 
lifted and placed into its saddles so that it 
can turn freely during installation. When these 
steps are accomplished, the fabric is ready to 
be placed into the machine.

Some machines have permanent saddles 
bolted to the machine frame to hold the fabric 
during installation. Fabrics for these positions 
may be packaged in tubes. The machine frame 
saddles minimize the problem of potential 
misalignment as the fabric is pulled onto the 
machine.

If the fabric is to be pulled directly from

the box onto the machine, proper placement 
of the box is critical. It must be level, perpen
dicular to the machine center line, and placed 
to provide adequate clearance from the ma
chine frame and other obstructions. Figure 
4.36 shows a method of using a plumb bob 
to find the proper placement of the fabric. 
Once this position has been accurately deter
mined, lines should be painted on the floor to 
save time on subsequent installations. Once 
properly in place, the box should not be moved 
during the rest of the installation.

It is important to use the crawl speed assist
ance to pull the fabric as far as possible in 
the section. Therefore, normal running direc
tion has to be chosen and the entry should be 
at the first “back way” roll (Figures 4.37 and 
4.38).

Mostly, old fabrics are used to pull the new 
fabric onto the position. In this case, the old 
fabric should be stopped with the seam spotted 
near the point where the new fabric will be 
tied on. This serves a twofold purpose:

• It allows observation of seam bow or 
misalignment so that the proper 
corrective action can be taken.

• The seam area provides a tougher and

/77777777777777777777777777777777777777777T7“

FIGURE 4.37. Example of a top fabric in conventional geometry.
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FIGURE 4.38. Example of a bottom fabric with roll, driven apron.

Stronger portion of the fabric for the 
tie-in.

The old fabric should be cut just behind the 
seam area, and a series of holes should be 
punched just ahead of the seam area. This 
allows a series of ropes to be used for the tie- 
in as shown in Figure 4.39. If the old fabric 
is bowed, the lengths of the ropes are varied 
so that the new fabric will be pulled on straight 
and true. This is most easily accomplished by

tying a set of long lengths of rope onto the 
old fabric and then tying off each one at the 
length required to correct for the seam bow.

If the bridle arrangement is to be used, a 
rope is tied into the center of the old fabric 
as it is cut. The old fabric is then run off into 
the basement as it threads the rope through 
the section. If there is no old fabric on the 
position, the rope must be passed through by 
hand. In either case, it is essential that the 
rope run straight along the center line of the



Applications of Dryer Fabrics 233

FIGURE 4.41. Lead-on harness arrangement.

FIGURE 4.39. Tying new fabric to the old fabric.

machine. Figure 4.40 illustrates a ring bridle 
arrangement. In using this rig, it is important 
to make sure that the fabric is pulled onto the 
machine properly aligned. Each of the ropes 
attached to the fabric must carry an equal 
portion of the load.

Some of the potential problems with the 
ring bridle can be solved by using a lead-on 
harness as shown in Figure 4.41. The harness 
consists of a triangular-shaped leader which 
connects to the fabric leader and has a fringed

area across its width to which the ropes can 
be tied.

The usual procedure in cases where the fab
ric box seems to be in the wrong position is 
to go ahead and pull the fabric completely 
onto the machine without moving the box and 
to join the seam even if the fabric is not in 
the right position and alignment.

During these operations the guide palm has 
to be turned and tied off the swing arm at the 
midpoint of its range as shown in Figure 4.42. 
This will place the guide roll in the center of 
its range, and the fabric will go on straight. 
When seaming is completed, the guide palm 
is turned back to its normal position and untied 
before the fabric is started up. A  newly in
stalled and seamed fabric should be turned 
slowly (crawl speed) until it has time to com
pletely align itself before any tension is ap
plied (“hanging felt”). This will often elimi
nate or minimize any errors made during 
installation and ensure that the fabric will 
track true and correct upon start-up.

FIGURE 4.40. Ring bridle arrangement.
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Seaming

Joining the ends of the fabric and installa
tion of the pintle wire in the seam should be 
done on a good, flat surface if possible. This 
might be a catwalk or a portable platform 
which can be inserted in the machine frame 
at the point where the seam is to be joined.

A  flat surface is a better work area, and it 
makes the joining operation easier. If it is not 
practical to provide a flat surface, a dryer drum 
surface is the next most preferable location. 
A  felt roll is usually the least desirable location 
for joining. As the amount of curvature at the 
joining point increases, the operation becomes 
more difficult.

As the pintle wire is inserted some distance 
into the seam, it may become difficult to push. 
This difficulty may be overcome by using the 
“sewing method” (Figure 4.43). This tech
nique consists of pointing the needle out of 
the seam when progress becomes difficult. 
The full length of the cable is then pulled into 
the seamed part of the fabric and a large loop 
is made with the pintle wire. The needle is 
then reinserted and progress across the seam 
continues until seaming is completed or an
other sewing operation is required.

A  zip tape can be used to minimize the 
problems encountered with seam joining (Fig
ure 4.44). The two ends of the fabric are joined 
without effort and zipped together over the 
entire width of the fabric. This removes the 
stress and strain from the fabric to make the 
seaming operation easier and faster. Use of a 
zip tape can reduce the manpower required to 
join a seam, since it eliminates the need for 
a group of people trying to hold the seam 
together across its width as the wire is inserted.

A  properly installed seam should have the 
edges flush and no mismatched hooks. After 
joining the seams at the factory, the edges are 
sealed and trimmed to assure matched edges 
during installation on the paper machine. Ob
servation of mismatched or “left-over” hooks 
at the back edge is an indication that hooks 
have been skipped or mismatched as the wire 
was inserted and this condition should be cor
rected.

The recommended procedure is to tuck both

edges back into the seam so that it is flush 
with the front edge where the fabric contacts 
the guide palm. When tension is applied to the 
fabric, the joining wire will be held in place 
securely (Figures 4.45 and 4.46).

FIGURE 4.45. Step 1, tie back of pintle wire (dinnen- 
sion in nnm).
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FIGURE 4.46. Step 2, tie back of needle wire (dimen
sion in mm).

4.5.2 G uid ing

When dryer fabric guiding problems are 
encountered, the first step should be to exam
ine the seam. The seam usually could provide 
a key to the underlying causes of guiding 
problems.

Close attention should be given to front-to- 
back misalignment. If one edge of the seam 
is running ahead of the other edge, then there 
is a high likelihood of misalignment some
where in the section. Misaligned roll(s) can 
affect guiding of the fabric. Before any other 
changes are attempted, the section should be 
realigned and front-to-back seam misalign
ment should be minimized. In this case, the 
lateral displacement of the fabric is cyclical 
with the running length and this problem is 
commonly called “oscillation” (independent 
of guiding system). A  symmetrical seam bow, 
with the edges roughly even and the middle 
leading, is evidence of other problems which 
do not affect guiding. If there are oscillations 
and the seam remains straight, the origin of 
the problem may be “too early tightened felt” 
after mounting (not yet aligned before tight
ening and crashed near the tension roll). If 
the lateral displacement is not cyclical but 
happens during a time much longer than one 
revolution of the fabric, then there must be a 
guiding problem.

Guiding of dryer fabrics is dependent on 
friction between the guide roll and the fabric. 
Anything that increases the coefficient of fric
tion between fabric and roll will improve the 
guiding action of the roll.

Increasing the diameter of the roll, or cov
ering it with rubber or fiberglass, will increase

FIGURE 4.47. Increasing fabric contact with the in
crease of angle of wrap.

the friction coefficient and guiding effective
ness. However, these solutions require capital 
outlays and downtime, which may make them 
impractical.

Increased fabric tension provides more fric
tion and can help guiding, but there is a limit. 
Fabric tensions above 10-15 pli can cause 
other problems.

Friction is directly proportional to the 
amount of fabric surface in contact with the 
guide roll. As shown in Figure 4.47, increasing 
the angle of wrap increases friction and guid
ing effectiveness. The minimum acceptable 
angle of wrap is 30°. This wrap should be 
equally divided on each side of the roll, i.e., 
the moving direction of the roll must be per
pendicular to the bisection of the wrap angle. 
Experience has shown that 17° into the guide 
roll and 17° on the outgoing side, as shown 
in Figure 4.48, will give significantly better 
performance.

angle "IN” = angle "OUT"

FIGURE 4.48. Splitting the angle of wrap evenly.
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C IN® + OUT® I = 30® minimmi

The ratio of lead-in and lead-out distances 
between the guide roll and rolls just ahead 
and just following also have a dramatic effect. 
These distances must be correctly interrelated 
with angle of wrap for good guiding.

There is a common rule of thumb among 
papermakers: “the 2:1 ratio,” i.e., the lead-in 
distance should be twice the lead-out distance. 
This longer lead-in distance allows the guide 
roll to work with the fabric and steer it. The 
lead-out roll is located closer to the guide roll 
to take hold of the correction and maintain it 
(Figure 4.49).

A  second point to consider, although not 
as important as the 2:1 ratio, is the lead-in 
distance from the roll just ahead to the guide 
roll should be between one-third and one-half 
of the width of the fabric. Machine width is 
also a factor. On narrow machines the lead- 
in distance should be one-half the width of 
the fabric. As machine width increases, the 
relative lead-in distance may be decreased, 
and one-third of the fabric width is adequate 
on the widest machines.

Today’s dryer fabrics are constructed to 
provide a lot of internal resistance to bowing 
and narrowing. This internal resistance causes 
the fabric to try to return to its natural path 
of travel before it was guided. A  single lead- 
out roll may be incapable of holding the cor
rection if it is not wrapped enough. To over
come this problem, a third roll is located after 
the lead-out roll and can be chosen to be the 
tension roll. The 2:1:1 configuration is shown 
in Figure 4.50.

The first lead-out roll should have at least 
70° to 90° wrap (then, no third roll is needed). 
The roll eventually following the lead-out roll

should have as much wrap as practical; 180° 
wrap on this third roll has proven to be the 
most effective.

Both oscillation and guiding problems 
could appear simultaneously. In that case, they 
have to be solved separately.

4.5.3 B ow ing, Skew ing , N arro w in g  
a n d  D is to rtio n

If all conditions on a paper machine were 
perfect, the dryer fabric seam would run 
straight throughout its life. In reality, this sel
dom happens because of a number of factors. 
Analysis of the cause and effect of seam bow 
or skew is a key step to getting the most from 
a dryer fabric and the paper machine on which 
it runs. Schematics of a bow and skew are 
shown in Figure 2.68.

Seam bows and skews have a variety of 
effects on dryer fabric and paper machine per
formance, and most of these effects are unde
sirable. The most notable results are:

(1) Loss in width of the fabric: A  severe bow 
or skew can cause so much width loss 
that the edge of the sheet will be unfelted. 
This in turn, leads to a host of paper ma
chine problems and also to premature fab
ric removal. Table 4.4 shows the amount 
of width loss for bowed fabrics. For exam
ple, a 240 inch wide fabric with a 30 inch 
long bow will regain 9.8 inches of width 
when the fabric seam is straightened.

(2) Variations in fabric tension and drying 
are also caused by seam distortion of the 
fabric. The tension profile and amount of
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variation change with the type of length 
of seam bow and skew. A  fabric with a 
symmetrical bow runs tight on the edges 
and relatively slack in the middle. This 
tension profile tends to add to overdrying 
of the edges of the sheet and high moisture 
in the middle. Moreover, this condition 
places unduly high stress on the edges of 
the seam. The edges of the seam carry 
most of the tension load of the entire fab
ric. If left uncorrected, a symmetrical 
seam bow can contribute to early seam 
failure at the fabric edge. A  fabric with a 
front-to-back seam skew has lower ten
sion on the edge that is running ahead. 
The greatest amount of stress is being 
applied to the edge of the seam that trails. 
A  seam running with a front-to-back skew 
leads to uneven moisture profiles in the 
front and back edges of the sheet and 
lower overall permeability.

(3) Variations in permeability are character
istics of bowed or skewed fabrics. A  dis
torted fabric will not pass air at the same 
rate as an undistorted fabric.When woven, 
a dryer fabric is “square” and the openings 
in it are uniform in size. This produces a

fabric with uniform permeability. If this 
fabric is distorted as it runs on the ma
chine, the openings change shape and 
may restrict the passage of air. These 
variations in permeability can cause 
nonuniform drying and moisture profile 
problems.

The major causes of bows and skews and
the possible solutions are as follows:

(1) Symmetrical bows are usually caused by 
roll deflection. The most common causes 
of roll deflection are high fabric tension 
(depending on the paper machine con
struction) and/or old rolls that merely sag 
or deflect. For new paper machines, the 
accessories are calculated and constructed 
for tension up to 20 pli or more. High 
tensions always improve drying ratio as 
well as fabric guiding. High tension in 
old paper machines can cause seam fail
ure, high fabric wear rate, increased likeli
hood of accidental damage and bearing 
failure, in addition to roll deflection. Roll 
diameter differences, due to buildup of 
stock, rust, or other foreign materials on
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TABLE 4.4. Width Regained by Straightening Bowed Fabrics (inch).

Bow
Length
(inch)

Fabric Width (Measured in Bowed Condition, inch)
80 120 160 200 240 280 320 360 40

3 0.2 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0
6 1.1 0.7 0.5 0.4 0.3 0.3 0.2 0.2 0.2
9 2.6 1.7 1.3 1.0 0.8 0.7 0.6 0.5 0.5

12 4.7 3.1 2.3 1.9 1.5 1.3 1.1 1.0 0.9
15 7.3 4.9 3.7 2.9 2.4 2.1 1.8 1.6 1.4
18 10.3 7.0 5.3 4.2 3.5 3.0 2.6 2.3 2.1
21 13.9 9.5 7.2 5.8 4.8 4.1 3.6 3.2 2.9
24 17.9 12.4 9.4 7.5 6.3 5.4 4.7 4.2 3.8
27 22.4 15.5 11.8 9.5 8.0 6.8 6.0 5.3 4.8
30 19.0 14.6 11.7 9.8 8.4 7.4 6.6 5.9
33 22.8 17.5 14.2 11.9 10.2 8.9 8.0 7.2
36 26.9 20.7 16.8 14.1 12.1 10.6 9.5 8.5
39 31.3 24.2 19.7 16.5 14.2 12.5 11.1 10.0
42 35.9 27.9 22.7 18.9 16.5 14.5 12.9 11.6
45 40.8 31.8 25.9 21.4 18.9 16.6 14.8 13.3
48 45.9 35.9 29.4 24.1 21.4 18.8 16.8 15.1
51 40.3 33.0 26.9 24.1 21.2 18.9 17.1
54 44.8 36.8 29.9 26.9 23.7 21.2 19.1
57 49.5 40.8 33.1 29.9 26.4 23.6 21.3
60 54.5 44.9 33.1 29.2 26.1 23.5
63 32.1 28.7 25.9
66 35.1 31.4 28.4
69 38.3 34.2 31.0
72 41.5 37.2 33.7

the roll face, can also be a cause of a 
symmetrical bow.

Replacement of deflecting rolls with 
either stronger rolls or roll of larger diam
eter will normally solve a symmetrical 
bow problem. However, this can be a 
costly operation. Old rolls can also be 
removed from the machine and fiberglass 
or rubber covered to add enough stability 
to prevent sagging or deflection.

It may be more practical to install con
cave rolls. The installation of one or two 
concave rolls will usually eliminate even 
an extreme symmetrical bow, but it in
creases the fabric tension at the edges. In 
a concave roll, the center has a smaller 
diameter than the edges (Figure 3.32). At 
any given rotational speed (rpm), the sur
face speed of any point on the roll varies

with the circumference at that point. Thus, 
the middle has the lowest speed and the 
edges higher speeds. This causes the 
edges of the fabric to run ahead to correct 
the symmetrical bow. Proper placement 
of a concave roll and the amount of nega
tive crown required are dependent on a 
complex set of factors. Generally a high 
wrapped roll gives the best results.

(2) Skews result from rolls that are out of 
line and/or differences in roll diameter. 
A ll the rolls in a dryer fabric run, includ
ing all the return rolls and all the pocket 
rolls, should be parallel to one another 
and to the dryer cylinders. If any roll is 
out of line, the seam will react by showing 
a front-to-back misalignment. The magni
tude of the effect of a single out-of-line 
roll is dependent on the amount of wrap
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on that roll. Thus, pocket, hitch, comer 
and stretch rolls are potential problem 
points .When a fabric encounters a misa
ligned roll, the edge that has the shortest 
distance to travel will begin to move 
ahead, causing a misalignment skew. 
Changes in roll diameter can also be the 
culprit. Rolls may be reduced in diameter 
by wear or abrasion. An increase in diam
eter can result from buildup of stock, rust 
or other foreign materials. If one side de
creases or increases diameter more than 
the other, the result will be a front-to- 
back misalignment skew.

If buildup of stock or contaminants on 
roll surfaces is causing misalignment, the 
rolls should be scraped or cleaned as re
quired. If roll diameter differences are 
caused by wear or abrasion, roll replace
ment or recovering may be necessary. If 
all rolls in the section are in good condi
tion, they may need to be realigned. Theo
retically, the ideal solution would be opti
cal alignment which is time consuming, 
expensive and not always possible. Other 
more practical and common methods are 
available and can be used.

Tension force calculations of dryer fabrics 
are given in Appendix D.

4.5.4 Y am  D egradation

A ll yams that are used in modem dryer 
fabrics are polymers, some of whose chemical 
bonds can be damaged by various agents or 
combination of agents. Damage to these bonds 
results primarily in a loss of tensile strength 
since the yams become weak and brittle.

Hydrolysis

The most common of these agents is a com
bination of heat and moisture which is called 
hydrolysis. Generally, steam pressures greater 
than 60 psi are required but machines with 
poor pocket ventilation can experience hydro
lysis at lower steam pressures.

Conversely, machines with good pocket 
ventilation can run higher steam pressures 
with no serious hydrolysis. This is due to the 
lower moisture levels in the air. Poor pocket 
ventilation results in high moisture content of 
the air.

The most common form of hydrolysis oc
curs on the fabric edges where the fabric ex
tends out beyond the sheet. Severe hydrolysis, 
however, can occur across the entire fabric 
width.

Dry Heat

Dry heat can also degrade yams. Yams ei
ther can have an additive to provide dry heat 
resistance or they can be made inherently re
sistant. The only commonly used yam with 
poor dry heat resistance is PCTA.

Chemicals

Caustic degrades polyester and acid de
grades nylon. Chlorine degrades both nylon 
and polyester but nylon is affected the most. 
Diluted chemicals, such as cleaning agents, 
can be left on the fabrics for a short time (half 
hour) provided that the chemical is thoroughly 
rinsed off the fabric following this exposure. 
The small amount of fabric damage due to 
the chemical is far outweighed by the benefits 
of removing contaminants.

Hydrolysis and Chemical Resistance

Some polymers, due to their composition, 
are more chemically inert. As a result, yams 
made from these polymers are not affected 
by chemicals, dry heat or hydrolysis. These 
yams include Ryton®, Nomex® aramid or 
PEEK. Acrylic, which is generally used as 
CD  yam, is in between polyester and these 
yams in its chemical resistance. However, 
these yams are much more expensive than 
polyester. Extensive research is being done 
by dryer fabric suppliers to find a lower 
cost alternative yam.
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4.5.5 Fabric C ontam ination  
a n d  C iean ing

Due to intensive use of recycled fibers, 
dryer fabric contamination has become a ma
jor issue in the manufacturing of paper. Pro
duction problems such as breaks, holes, sheet 
flutter, wrinkles and capacity losses are often 
the result of contamination.

Contamination is mainly composed of ad
hesives (polyvinylacetate), bitumen, wax, la
tex and resin. These components are deposited 
on the drying cylinders, outer rolls and fabrics 
in the dryer section. Once they reach a certain 
dimension, debris falls off and is carried on 
by the dryer fabrics and causes production 
problems in size presses and coaters.

As contamination increases, the air perme
ability decreases. In UnoRun positions, the 
efficiency of stabilizers (UnoRun boxes) is 
then reduced and the adherence of the web to 
the dryer fabric decreases. As a result, sheet 
flutter may occur which may lead to wrinkles 
and breaks.

Another result of low air permeability is 
the reduction in drying capacity. Since most 
paperboard machines run at the drying capac
ity limit, this has a direct impact on the produc
tivity of paper machine.

Contamination can be reduced in two ways. 
The first way is to use anticontaminant materi
als in the fabrics. Teflon® fluorocarbon is an 
excellent dirt repellent material (Section 
4.4.1). The surface of the traditional monofila
ment polyester fabrics can also be coated with 
a dirt repellent solution. The second way to 
control contamination is to use cleaning instal
lations built into the paper machine. The fabric 
structure should allow easy cleaning.

There are several cleaning devices installed 
on paper machines. Brushes and doctor blades 
are mainly used for monofilament fabrics. The 
surface of a multifilament fabric would be 
worn out by these types of devices.

Brushes

Brushes can be fixed or rotary. The position 
and material of the brushes are important.

Steel-Teflon® brushes are very efficient but 
synthetic hair brushes may also be used. When 
using a steel brush, the fabric should be regu
larly checked for abrasion.

Brushes have to be installed on the paper 
side at the height of an inner roll and in 
the first third of the fabric return, if possible. 
In top positions, a collecting basin (dirt 
collector) is additionally required. In lower 
positions such a collector is not necessarily 
required since the dirt falls directly onto 
the floor.

This method can be applied to all paper 
machines and is not very expensive.

Doctor Blades (Scraper)

Use of doctors is not recommended for pa
per machines running at a speed over 800 m l 
min (2625 ft/min). However, the speed of the 
paper machine can be reduced during the 
cleaning process.

Doctors can be used continuously or dis- 
continuously. For continuous running, the 
doctor should be installed in the first third of 
the fabric return, perpendicular to the fabric, 
about 40 cm before an inner roll. The scraper 
blade may be out of steel or synthetic material. 
Although abrasion is generally not a problem, 
the fabric, especially the seam should be regu
larly checked. A  dirt collector is required in 
top positions.

For discontinuous application of doctors, 
the position should be the same as for continu
ous application. The angle with the fabric 
however should not be 90° but only 30°. The 
cleaning is usually performed once or twice 
a day and if necessary, more often. The doctor 
is put in contact with the fabric at four to five 
rotations and debris created by dirt accumula
tion are scraped off. In top positions dirt 
should be collected in dirt basins.

Installations Run by Water/Air

Since fabric contamination has become a 
major issue in recent years, machine builders 
have developed cleaning installations oper
ated with air and water.
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Traverse direciien

1 Cleaning heaci
2 Rotating wafer j&i
3 Dirt partieles
4 Air flow drawn into hood
5 Detaohed did particles are 

removed by vacuum
6 Rebounding water droplets 

are also removed by vacuum

FIGURE 4.51. Continuously traversing high pressure cleaning head (courtesy of Voith Sulzer).

Traversing N o zz le  H e a d

Examples of these systems are EMA-Jet®, 
Stamm-Jet®, Scan-Jet®, etc. These systems 
work with air and water nozzles crossing the 
whole fabric width. They can also be used 
only on some areas of the fabric. Figure 4.51 
shows the schematic of a continuously travers
ing high pressure cleaning head. Figure 4.52 
shows the position of these showers on paper

machines. Typical running characteristics of 
these systems are:

• water pressure: 30 to 60 bar
• air pressure: 6-8 bar
• nozzles: needle nozzles
• number of nozzles: 1 to 9 depending 

on the manufacturer

To remove or blow out accumulated water.
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FIGURE 4.52. Position of high pressure cleaning head 
on paper machines: single tier (top) and double tier 
configurations (courtesy of Voith Sulzer).

the water nozzles are followed by an air noz
zle, the pressure of which corresponds to the 
paper machine pressure. On the fabric side 
opposite to the nozzle head, a gutter should 
collect the accumulated dirt/water mixture.

It should be noted that this kind of cleaning 
is especially applied for slight contamination. 
The air nozzle generally does not remove all 
accumulated water and humidity marks may 
appear.

Show er-P ipe

These pipes oscillate and are equipped with 
needle or fan nozzles. The following measures 
can be considered as standard:

• needle nozzle
• nozzle distance: 100 mm
• distance between nozzle and fabric: 

150-200 mm
• water pressure: 40-60 bar

These installations are mostly used together 
with a chemical treatment which is applied 
by means of an additional shower-pipe or by

hand. After a soaking time of about 15 min
utes, the fabric is sprayed out with shower 
pipe. Some manufacturers also offer systems 
with subsequent air nozzles that blow the rest 
of the water out of the fabric. Accumulated 
dirt components and water are collected in a 
basin on the opposite fabric side and are then 
evacuated.

A  disadvantage of this system is the use 
of large water amounts. Furthermore, steel 
components of the paper machine may oxi
dize, which can, however, be avoided to some 
extent by heating the paper machine during 
the cleaning process.

Manual Cleaning

The fabric is sprayed out by means of a 
high pressure water jet when running. Here 
again, chemical auxiliary means may be used, 
either by prior soaking or during spraying.

C leaning O utside of the Paper Machine

The fabric is taken out of the paper machine 
and cleaned either in the paper mill or at the 
manufacturer. The dirt is removed from the 
fabric by use of cleaning agents and is sprayed 
out under high pressure. The main disadvan
tage of this method is the high cost and time 
consumption. However, after such treatment, 
the fabric may be considered as almost new.

As to the use of alkali cleansing agents, it 
must be mentioned that polyester is not alkali 
resistant. High temperatures also have a nega
tive effect. It is therefore of vital importance 
to thoroughly rinse the fabric after treatment 
by such agents. When using chemical agents, 
there are often bad smells within the paper 
machine hood and adequate measures should 
be taken. Since cleansing agents mostly have a 
high alkali content, necessary safety measures 
should be observed.

A  new method of cleaning fabrics uses 
deep-frozen CO 2. This method is presently 
being developed and can be applied outside 
or inside of the paper machine but requires a 
relatively long time. It takes about 8 hours to 
clean a fabric of 250 m  ̂ (2691 sq. ft).
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4.6 Dryer Section Configurations

Major developments have been made in 
dryer section design and equipment to im
prove sheet runnability and sheet quality. Pa
per machine speeds with 5,000 feet per minute 
(1524 meters per minute) and more are now 
possible through the use of UnoRun and other 
fabric configurations as well as other supple
mentary equipment. Specially designed dryer 
fabrics are required to fully utilize this 
equipment.

The forming and press sections of modem 
paper machines had evolved to the point 
that the dryer section was becoming the 
major obstacle to attaining higher machine 
speeds. The areas of concern have been the 
open draw between the last press and the 
dryer section, the draws between the top 
and bottom dryers in the early sections and 
the open draws in the transfer between dryer 
sections. Significant improvements have 
been made in the dryer sections of paper 
machines in recent years.

4.6.1 C o n ven tio n a l Top a n d  B o ttom  
D ry e r C onfiguration

Sheet flutter and billowing in the early part 
of the dryer section was one of the major 
obstacles to achieving higher speeds with this 
configuration which is shown in Figure 4.53. 
This flutter occurs in the open draw between 
dryer cylinders and since the sheet is the most 
fragile at this point in its drying, frequent 
breaks and edge cracks would result.

4.6.2 U noR un

The disadvantage of conventional dryer 
configuration has been significantly reduced 
through the use of UnoRun or serpentine 
fabric configuration in the first dryer section. 
The UnoRun configuration was successfully 
applied in the late 1970s and today it has 
become the standard. The UnoRun uses a 
single fabric arranged so that the sheet is 
completely supported by the fabric through
out the dryer section (Figure 4.54). This

FIGURE 4.53. Conventional top and bottom dryer configuration.



Dryer Section Configurations 245

FIGURE 4.54. UnoRun configuration.

configuration has the sheet in contact with 
the top dryers while the fabric is between 
the sheet and the dryers on the bottom 
dryers.

This configuration significantly reduced 
sheet breaks, improved the sheet edge quality 
and increased the sheet width. These quality 
and width increases were due to the sheet 
being restrained by the fabric thereby reducing 
the sheet shrinkage that would normally occur.

Some loss in drying capacity results from 
the use of UnoRun configuration. The amount 
of fabric wrap is increased on the top dryers 
but the fabric is between the dryers and the 
sheet in the bottom position. The insignificant 
heat transfer from the bottom dryers to the 
paper through the fabric cannot compensate 
the loss of direct contact of the sheet with a 
cylinder, even with higher surface tempera
tures. In any case, it is not recommended be
cause of the possibility of other mechanical 
problems. Usually, if possible, these bottom 
dryers are closed.

The inverse UnoRun configuration (Figure 
4.55) was also tried but this brings the same 
problems added to very hard removal of paper 
breaks.

Some machines that were configured with 
the first dryer as a bottom dryer experienced 
problems with proper adherence of the sheet

to fabric. This was due to the sheet not being 
“nipped” until it passed over the first top dryer. 
This problem was reduced by installing a 
“baby” dryer ahead of the first bottom dryer 
(Figure 4.56). The “baby” dryer provides the 
nip point for the sheet and the fabric.

Fabric Requirements

The most successful fabric type for the 
UnoRun is a smooth faced monofilament with 
a permeability in the 50 to 80 cfm (915 to 
1463 m^/m -̂h) range. The smooth fabric face 
provides better initial adherence of the sheet 
to the fabric. The fabric permeability had to 
be low and very uniform to overcome several 
forces that were in effect, trying to remove the 
sheet from the fabric as they traveled together 
through the dryer section as shown in Fig
ure 4.57.

Figure 4.58 shows the forces acting on the 
sheet. The first force is an adhesion force be
tween the humid sheet and the polished cylin
der surface. The second force is the negative 
pressure which is caused by the divergence 
of the dryer from the sheet and fabric (Point A  
in Figure 4.57). The next force is the positive 
pressure created at the incoming nip on the 
bottom dryer (Point C). The positive pressure 
results from the convergence of the dryer with
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FIGURE 4.55. Inverted UnoRun configuration.

the fabric. A  low fabric permeability as well 
as a low Ca value prevent too much air from 
passing through the fabric and blowing the 
sheet off the fabric (Point B).

The last problem force is the positive pres
sure at the incoming nip of the top dryer (Point 
D). If the sheet had lifted at any time since 
leaving the preceding top dryer, this positive

pressure will force the sheet to the fabric 
which would form a bubble of air between 
the sheet and fabric resulting in sheet wrinkles. 
Avoiding this problem requires a high fabric 
permeability to allow the air to pass through 
the fabric.

We now have two contradictory fabric per
meability requirements. Fabrics in the 50 to

FIGURE 4.56. “Baby” dryer configuration.
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FIGURE 4.57. UnoRun sheet instabilities.

80 cfm range normally will run successfully 
at speeds up to 2500-2800 feet per minute 
(762-853 m/min) dependent upon the paper 
grade. At speeds higher than this there is no 
fabric permeability that allows a UnoRun to 
run without either edge lifting on the bottom 
dryer or bubbling on the top dryer. This prob
lem was eliminated by a device called a 
blow box.

FIGURE 4.58. Forces acting on the sheet. Fy centrifu
gal force, Fe. gravitational force, adhesion force, 
F\/\ vacuum force, Fr: frictional force, Fs- jamming force.

UnoRun with Blow Boxes

UnoRun or serpentine fabric configurations 
were developed to support the sheet on the 
dryer fabric during the early phase of its dry
ing. This is where the sheet is the most fragile 
and when most sheet breaks occur.

This concept worked well until machine 
speeds increased to the point that the sheet 
would not stay on the fabric and it would drop 
off as the sheet went around the bottom dryers. 
This drop-off was caused by the air pressure 
that developed at the incoming nip of the bot
tom dryer. This air pressure developed due to 
the air carried by the fabric and dryer surface. 
This air pressure in the nip would blow the 
sheet away from the fabric. In addition, the 
adherence at the dryer and the loss of vacuum 
in the nip may cause lifting of sheet edges. 
This sheet/fabric separation would cause 
wrinkles on the top cylinder and edge cracks.

A device called a blow box or sheet stabi
lizer was developed to block and remove the 
air being carried into the nip (Figure 4.59). 
These devices today are full machine width 
and cover the entire distance from where sheet 
and fabric leave the top dryer to the nip point 
of the bottom dryer. These devices direct air 
to block the air carried by the fabric and dryer. 
In addition, they create a very slight vacuum 
on the back side of the fabric.

The placement and air flows of the boxes 
are critical to the proper operation. Although 
they are custom made for each machine, in 
general, the boxes require a minimum of 15 
cfm per inch of width air flow with a static 
pressure of seven inches of water.

The placement should be checked fre
quently since a paper wad or fabric installation 
can cause the boxes to move too close and they 
will rub the fabric causing wear and premature 
removal. If they are too far away, they will 
not keep the sheet on the fabric. The air slots 
should also be checked periodically since 
these slots can become plugged with airborne 
debris. Blow boxes are very good runnability 
assistance devices but they do require periodic 
maintenance.

The blow boxes have now evolved to pro
vide a negative pressure on the back side of
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(b)

(a)

(c)

FIGURE 4.59. Schematics of various blow boxes; (a) Valmet system, (b) Andritz system and (c) Voith system.

the fabric for the full length of the draw from 
the top dryer to the bottom dryer. This full 
draw box diminishes the effect of the negative 
pressure at the outgoing nip of the top dryer 
and the positive pressure at the incoming nip.

These devices use air blowing away from the 
incoming nip and air blowing as an air doctor 
to purge air carried by the fabric at the top of 
the box. The boxes are also positioned closer 
to the fabric at the incoming (top) end than
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FIGURE 4.60. A modern UnoRun blow box oonfigura- 
tion with a second box.

at the nip point at the bottom dryer. This posi
tioning creates a negative pressure. The recent 
trend is to use a second box opposite to the 
first one for better sheet stabilization (Figure
4.60).

The use of the blow boxes allows the use 
of a higher permeability fabric. Fabric perme
abilities of 120 to as high as 180 cfm de
pending upon Ca value, grade and machine, 
are now being run. The fabric construction is 
dependent upon machine configuration, speed 
and the grade being produced. The close 
placement of these boxes requires a very low 
bulk seam, normally a pin seam.

UnoRuns are now common and normally 
included in all new fine and newsprint ma
chines. This configuration is being run on 
nearly all grades not only for sheet control 
but also for sheet edge quality improvement. 
Many mills have seen a reduction in the 
amount of sheet edge graininess or cockle 
since the sheet is held by the fabric which 
retards the sheet edge from shrinking during 
its drying in these sections.

UnoRun with Press Transfer

The next step in the first section UnoRun 
development was to extend the dryer fabric

toward the last press roll to reduce the length 
of the open draw between the last press and 
the dryer section. If the sheet can be made to 
adhere to the dryer fabric the sheet will be 
supported by the fabric through most of this 
distance (Figure 4.61). The problem had al
ways been to develop a means of maintaining 
a low vacuum on the back side of the fabric 
to keep the sheet adhered to the fabric. If any 
part of the sheet dropped away from the fabric, 
this separation would result in sheet wrinkles 
as the sheet was pressed between the fabric 
and the first dryer.

Any type of a “contact” vacuum box where 
the fabric came into contact with the box 
would result in very short fabric or seam life. 
This short life is due to the heat and wear 
generated by the fabric dragging over the sta
tionary box.

Many machines are now running with press 
transfer boxes, developing vacuum using the 
same basic principles as the full draw blow 
box. These units blow air away from the fabric 
and are positioned so that the leading end is 
closer to the fabric than the trailing end. This 
positioning creates the negative pressure by 
the divergence of the moving fabric away 
from the stationary box.

Sometimes, depending on the paper grade, 
a short bottom fabric may be used to form a 
“sandwich” to convey the sheet to the dryers 
as shown in Figure 4.62.

last press
roll

FIGURE 4.61. Press transfer with vacuum roll.
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FIGURE 4.62. Use of a short bottom fabric to convey 
the sheet.

Multisection UnoRun (Figure 4.63)

Many machines are running multiple sec
tions utilizing the UnoRun configuration. On 
some machines, the percentage of dryers using 
the UnoRun is as high as 74%. If the machine 
has the drying capacity it is only logical to 
extend the advantages of this configuration as 
far down the machine as drying capacity will 
allow.

Another advantage of multiple UnoRun 
sections is that this allows the use of lick 
transfers between sections. This configuration 
eliminates the open draws between sections.

4.6.3 S in g le  T ier

Two recent developments combine many 
of the previously discussed sheet runnability 
elements. These designs are the single-tier ar
rangements. Both of the designs are essen
tially UnoRun configurations that eliminate 
the costly and marginally effective bottom 
dryers.

One design utilizes vacuum rolls in place 
of the bottom dryers as shown in Figure 4.64. 
The fabric and sheet leave the dryer and travel 
around the vacuum roll and back up to the 
next dryer. The sheet to fabric contact is main
tained by a relatively low negative pressure 
in the vacuum rolls.

The other configuration substitutes large, 
grooved rolls, 48 inch in diameter for the bot
tom dryers as shown in Figure 4.65. This con
figuration uses blow boxes. Recent installa
tions also have holes drilled in the bottom of 
the grooves, and a small negative pressure is 
maintained inside the roll.

Both of these concepts were initially uti
lized in the early dryer sections, replacing 
what would have been conventional UnoRun 
positions. These installations proved so suc
cessful that this concept was expanded to in
clude entire main dryer sections. These de
signs heat the sheet only from one side, and the 
concern for developing sheet two sidedness 
resulted in a design that alternates the dryer 
layout as the sheet heating occurs on both 
sides of the sheet (Figure 4.66).

FIGURE 4.63. Multisection UnoRun.
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These designs also allow no draw transfers 
between sections. The vacuum roll arrange
ment utilizes a fabric “sandwich” to vacuum 
roll transfer (Figure 4.67). The grooved roll 
configuration utilizes a “lick down” transfer 
(Figure 4.68).

These configurations provide full length 
sheet support by the dryer fabrics and have 
virtually eliminated the positive speed differ
ence previously required through the dryer

section. This positive speed difference was 
necessary to keep the sheet tight in the trans
fers between sections. Some machines are 
now operating without any ropes since the 
fabric accomplishes the sheet transfer even 
when threading in a tail.

Sheet width shrinkage and edge cockling 
have been reduced with these designs since 
the sheet is supported and restrained by the 
dryer fabric during the drying process.
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FIGURE 4.66. Beloit’s Bel Champ alternating configuration.

Single-Tier Dryer Fabric Requirements

These designs, plus other new or rebuilt 
conventional fabric configured sections, typi
cally do not drive all the dryers. The dryer 
fabric acts as a drive belt for those undriven 
dryers. Therefore, a dryer fabric is required 
just to run the section.

The sheet and dryer fabrics are in constant 
contact throughout the drying process. There 
is the possibility that a dryer fabric or seam 
could mark the sheet surface resulting in 
degraded sheet surface quality. A very 
smooth, nonmarking fabric and seam are es
sential.

Some very sensitive grades have noted a 
sheet “welting” or drying difference in the

area in contact with the dryer fabric seam on 
some of the vacuum roll machines. It is now 
generally accepted that this condition is 
caused by a higher air permeability in the 
seam area, primarily in the joint, than the rest 
of the fabric body. Therefore, seam permeabil
ity must be close to body permeability. Fabric 
permeabilities are typically in the 120 to 180 
cfm range and must be very uniform.

Fabric caliper is also a concern since the 
sheet and fabric are traveling together, and 
they have to make the transition from bending 
around the dryer to the opposite bend around 
the bottom roll and back to the dryer many 
times. Some machines have noted sheet con
tact area wear on the dryer fabrics and seams, 
particularly in the later sections.

FIGURE 4.67. No-draw transfer.
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FIGURE 4.68. “Lick down” transfer.

The shrinkage of the sheet in MD which is 
particularly high during the overdrying time 
of the paper, reduces its elasticity. The length 
difference between bending around the dryer 
and that around the bottom rolls could cause 
paper breaks. Low fabric caliper and/or asym
metric neutral lines minimize these problems.

Neutral Line

In the positions “single tier” and “Uno- 
Run,” the fabric thickness influences a possi
ble shrinkage or elongation of the paper 
web, because the paper web has to follow

once the shorter distance (contact with the 
cylinder) and once the longer distance (con
tact with the fabric surface) as shown in 
Figure 4.69. Thus, speed differences are the 
result of the fabric thickness. The point 
where the speed differences are equal to 
zero is defined as the Neutral Line.

The position of the Neutral Line is the dis
tance between the back side of the fabric and 
the point having the same speed in the fabric; 
the resulting percentage refers to the total fab
ric thickness. The position of the neutral line 
can be influenced in all directions by the fabric 
construction (design, material used).

Paper

^ P A P E R  ^ ^ Fabric
^Fabric ^ Production

FIGURE 4.69. Neutral line.
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FIGURE 4.70. Short draw transfer between sections.

From the figure
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4.6.4 S h ee t F lu tte r w ith in  a  S ectio n— 
N o n -U noR un

The UnoRun configuration has been very 
successful in eliminating sheet flutter and

breaks. However, some machines cannot 
afford the loss of drying or may not run a 
UnoRun configuration. To eliminate sheet 
flutter in these machines, trials are now being 
run using the short draw concept where felt 
rolls and fabrics runs are modified to shorten 
or eliminate the open draws between top and 
bottom dryers within a section [12,13].

One approach is the same as the short draw 
transfer between sections (Figure 4.70) with 
the blow box modified to provide pocket ven
tilation air as well.

Another concept is to utilize two pocket 
rolls per dryer as shown in Figure 4.71. These 
rolls are placed so that the preceding felt roll 
overlaps the succeeding roll thereby providing 
a closed fabric to fabric transfer.

FIGURE 4.71. Two pocket rolls per dryer.
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FIGURE 4.72. Pistol grip lick transfer.

4.6.5 S ection  to S ection  Transfer

“Pistol Grip” Lick Transfer

It is possible to accomplish a lick transfer 
without having the entire section utilize a Uno- 
Run. Many machines are running a ‘‘pistol 
grip” UnoRun where only the first bottom dryer 
is included in a UnoRun (Figure 4.72). The top 
fabric reverts back to a conventional configura
tion. The bottom fabric enters the section by 
wrapping the second bottom dryer. A deflec
tion or “chimney roll” should be used to prevent 
this bottom fabric pumping too much air into 
this pocket and causing sheet flutter.

Problems with a slack sheet in the draw be
tween the first top dryer and the second bottom 
dryer have been experienced on machines run
ning over 2500 feet per minute. This arrange
ment should be considered only for machines 
running less than 2500 feet per minute.

Lower permeability fabrics of up to 200 
cfm (3658 m /̂m -̂h) are normally required. A 
blow box at the pistol grip dryer has proven 
to be beneficial.

Short Draw Transfers

One method to significantly reduce the un
supported length of the sheet in the transfers 
is the short draw (Figure 4.73). The preceding 
section lead-out roll is moved down and to
ward the wet end. The next section lead-in

roll is moved up and toward the dry end. The 
lead-in roll is placed slightly beyond the tan
gent line toward the dry end to create a slight 
“S” sheet path.

The rolls are placed three to four inches 
apart, with a blow box in the top run. The 
sheet is carried by the top fabric to the short 
gap where it is transferred to the next section 
bottom fabric. This has proven to be very 
effective in eliminating sheet flutter and 
breaks in these transfers.

FIGURE 4.73. Short draw transfer.
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4.8 Review Questions

1 What is the cause of yam degradation due 
to hydrolysis?

2 Why are some multifilament fabrics resin 
treated?

3 What causes the sheet to cool between 
dryers?

4 Where does most of the drying take place?

5 Is a slight contact of the fabric with a blow 
box or press run box acceptable? W hy?

6 Which of the following are the fabric re
quirements of a UnoRun dryer fabric for 
a machine running 3600 fpm with blow 
boxes?

(a) Smooth surface monofilament
(b) 90 to 120 cfm
(c) Soft face fabric
(d) 50 to 65 cfm

7 Define the following terms
• monofilament yarn
• multifilament yam
• spun yam
• cabled yarn

8 What type of treatments are done on dryer 
fabrics? Explain.

9 How can dryer fabric air permeability be 
controlled in all monofilament and all 
multifilament fabric designs?

10 How do heat and mass transfer take place 
in paper drying? Explain.

11 Superheated steam at a given steam 
pressure:

(a) transfers heat more quickly than satu
rated steam at a given pressure

(b) contains significantly more energy 
than saturated steam at its corres
ponding temperature
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(c) all of the above
(d) none of the above

12 The term “drying rate” is the amount of 
paper dried per hour per unit area of drying
surface. The “drying rate” will be

(a) negatively impacted by an increase 
in steam pressure

(b) positively impacted by an increase in 
steam temperature

(c) will be negatively impacted by a re
duction in the drying temperature of 
the paper

(d) will be positively impacted by a re
duction in the drying temperature of 
the paper

(e) a and c
(f) a and d
(g) b and c
(h) b and d

13 Which sheet quality defects do high steam 
pressures accentuate or cause?

14 What are the advantages of UnoRun con
figuration?

15 Answer the following questions as True 
or False:

(a) The most common area of fabric hy
drolysis is where the sheet contacts 
the fabric.

(b) Caustic degrades polyester.
(c) Caustic degrades nylon.
(d) Acid degrades nylon.
(e) Chlorine degrades polyester.
(f) Chlorine degrades nylon.
(g) It is essential that the sheet adhere 

to the fabric throughout a UnoRun 
section.

(h) A pressure is created in the incoming 
nip of the bottom dryer and fabric 
in a UnoRun. This pressure tends to 
force the sheet away from the fabric.

(i) Typical blow box systems use a high 
volume vacuum pump.

(j) Slight contact of the fabric with a 
blow box or press run box is ac
ceptable.

(k) Seams are always installed after final 
heatset.

(l) Polyester has poor dry heat re
sistance.

(m) The temperature at which water evap
orates is not affected by air velocity.
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Paper Machine Auditing

Many paper machine clothing manufactur
ers offer services to paper companies re

lated to operation and performance of fabrics. 
The main purposes of a paper machine audit 
are to gather and analyze operational data that 
may be used by the paper company to bench
mark operations, troubleshoot operational 
problems and find opportunities to improve 
machine performance. A typical paper ma
chine survey may take a few days and usually 
consists of several stages as explained below 
(Figure 5.1). Examples from actual measure
ments are given throughout the chapter to 
demonstrate the type of information that can 
be gathered from paper machine auditing. It 
should be emphasized that paper machine 
auditing is machine condition specific and 
therefore each audit may be different than the 
other. Grade structure may also affect the audit 
results.

5.1 S tock Approach and 
Pulsation Studies

A pulsation study is performed to evaluate 
the stability and performance of stock ap
proach piping and rotating elements. This 
evaluation is then compared to the on-line 
basis weight signal to determine if any ap
proach piping instability is detrimental to the 
overall basis weight.

The more accurate and precise the informa
tion provided, the more accurate the pulsation

study will be. To insure accurate results, sev
eral key pressure tap locations must be pro
vided. These locations must be available be
fore a detailed pulsation study can be 
performed.

before and after cleaner supply pump 
before and after headbox supply pump 
before and after pressure screens 
before and after attenuator 
headbox backside and front side 
headbox recirculation 
couch vacuum

It is possible to measure two locations from 
one tap, such as after headbox supply pump 
and before pressure screens.

Figure 5.2 shows pressure tap locations. 
Taps should be located at least one pipe diam
eter away from any elbows, pump, screens, 
valves or other pipe line obstructions if possi
ble and should have a minimum of 12-18 
inches of clearance beyond the end of the 
valve. The preferable tap size is 1 inch NPT; 
however 1/2 or 3/4 inch is also acceptable 
(Figure 5.3). Larger diameter taps can also be 
utilized if reduced to 1 inch.

Pump and screen speeds as well as any 
gearbox ratios will be needed during the anal
ysis. The number of vanes on the pump impel
lers and the number of foils on the screen 
rotors will also be needed. It would also be 
helpful to know if either the pump or screen 
design is specified as low pulse.
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H

FIGURE 5.1. A service engineer conducting wet-end survey.

Access to the raw analog basis weight sig
nal is required during the study. This signal 
is acquired before the system computer and 
will involve no proprietary information. The 
signal is interfaced with an instrument that 
has several gig ohm input impedance and will 
not affect the measurement signal.

Using a real time Fast Fourier Transform 
(FFT) analyzer and other special instrumenta
tion, the following are analyzed during stock 
approach and pulsation survey.

• high frequency analysis: 1-200 cycles 
per second

• low frequency analysis: DC—2 cycles 
per second

• thin stock consistency variation
• cross correlation between stock 

approach pulsation/vibration and 
consistency versus basis weight are 
checked for both frequency ranges

• fan pump and pressure screen speed 
stability

• fan pump and pressure screen 
mechanical performance evaluation

• head box vibration
• accepted piping practice 

recommendations
• attenuator performance evaluation 

(where applicable)
• stream flow valve position control 

(where applicable)

Pulsation studies are applicable to any pa
per grade on a particular paper machine. How
ever, it is recommended that a critical paper 
grade be selected for the study on that ma
chine.

Figure 5.4 shows the low frequency signal 
correlation between the basis weight backside, 
fan pump in, screen #1 out, screen #2 out, 
screen inlet and fan pump out locations of a 
typical stock approach system shown in the 
figure. These signals are conditioned through 
a 0.25 Hz low pass filter and recorded over 
an eight minute running time. The information



Headbo:
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Recirculatioi
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Fan Pump
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Before
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After
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FIGURE 5.2. Pressure tap locations.
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on the left side of the graphs presents the mean 
value and engineering units and the informa
tion on the right side of the graphs presents 
the peak to peak information in the same engi
neering units. All of the pressure signal scales 
are presented on the same scale of ±7 inches 
of H2O with the exception of the fan pump 
out. The scale on the fan pump out is ±15 
inches of H2O.

Figure 5.5 shows the raw basis weight front 
side spectra and the synchronous time aver
aged basis weight front side spectra averaged 
against the pressure screens and fan pump for 
the system shown in Figure 5.4. Table 5.1 
lists the measured pressure levels at different 
locations for the same stock approach system.

5.2 Forming Section Analysis 
(Wet-End Performance)

The purpose of this audit is to evaluate wet- 
end performance to highlight any conditions

that may be detrimental to sheet formation, 
water removal or clothing performance. Head- 
box delivery, table activity, trim squirt effi
ciency and couch sheet release are among the 
items that are inspected.

Utilizing a Doppler laser sensing device, 
it is possible to measure the headbox jet 
velocity readings across the profile of the 
slice to highlight variations that may be 
contributing to fiber polar angle anomalies 
and hence promote curl, formation and pro
file concerns.

Using a gamma gauge, data are collected 
to determine table drainage profile and wet- 
end water balance. Other tests may be con
ducted as needed to inspect fabric drive loads 
and fabric wear.

High speed video camera and/or still pho
tography are used to photograph the fol
lowing:

• headbox/slice delivery to check for 
bubbles or flow irregularities

FIGURE 5.3. Specifications for pulsation pressure taps.
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TABLE 5.1. Stock Approach Pressures of the 
System Shown in Figure 5A.

Tap
Location

Pressure
(psi)

Pressure
(H2O)

Fan pump in 
#1 Screen out 
#2 Screen out 
Screen in 
Fan pump out

3.3
8.7
8.8 

11.1 
53.86

92
242
245
307
493

• elemental table activity looking for 
stock jump or dead areas

® trim squirts to determine cleanness of 
cut

• sheet release from couch

In addition to these tests, white water con
sistency tests and first pass fiber and filler 
retention tests may also be required. It is pre
ferred that a critical paper grade is selected 
for the wet-end performance test of any paper 
machine.

Figures 5.6-5.8 show measurements of per
cent headbox flow drained, stock flow versus 
drainage and percent consistency for a fourdri- 
nier machine, respectively.

TAPPI Technical Information Sheet, TIS 
0502-12 Drainage Evaluation by Mass Mea
surement, describes the method of consistency 
measurement and calculations needed to de
velop an accurate drainage profile.

5.3 Press Section Evaluation

In press section, vibration and press opera
tion analysis are done for any grade of paper.

5.3.1 Vibration A n a iys is

Vibration analysis is done to determine 
press section roll and fabric operational health 
to highlight potential operating concerns. Us
ing a real time FFT analyzer, the following 
data are collected:

• time signature of each press section 
roll

• frequency spectrum of each press 
section roll

• time signature of each wet felt

Velocity sensors measuring speed (in inch/ 
second) and Linear Voltage Displacement 
Transducers (LVDT) measuring displacement 
(in mils, 1 mil = 1/1000 inch) along with a 
real time FFT analyzer are combined to gather 
data. The Synchronous Time Averaging 
(STA) technique utilizes once per revolution 
trigger signals to isolate the contributions to 
vibration caused by individual components. 
Photo-optic sensors are used as triggers on 
the fabrics and the LVDTs are used to measure 
actual nip displacement. These tools can aid 
in isolating roll problems such as corrugation, 
cover anomalies, misalignment, bent shafts, 
looseness and unbalance. Correcting these 
problems can assist in gaining better fabric 
life, improved paper quality, uniformity and 
improved operating efficiency.

From the data collected, the following anal
ysis is done:

• critical bearing frequencies (potential 
failures)

• roll alignment and balance
• roll surface conditions
• fabric related vibration components

The following information from the paper 
mill is essential for this evaluation:

• roll diameter and bearing information
• bearing listing (bearing type, complete 

manufacturer code, location of 
bearings)

• list of driven rolls and their drive train 
architecture (two gears, four gears, etc.)

• dates of most recent equipment and 
supply changes on presses (rolls, 
fabrics, etc.)

• reflective tape on critical roll journals 
to use as a “trigger”

The nomenclature of Table 5.2 is used in the 
discussion of the vibration data. An industry 
accepted practice of 2.0 mils or 0.3 inch/sec- 
ond peak-peak vibration at a specific fre
quency is considered significant.
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TABLE 5.2. Vibration Nomenclature.

Severity Explanation Amplitude

Acceptable
Minor
Moderate
Significant
Excessive

No action needed
Should be monitored for degradation in condition 
Should be removed or repaired during next down 
Should be removed or repaired at earliest opportunity

Less than 0.25 mils 
0.25-0.75 mils 
0.75-2.0 mils 
2 .0^.0 mils 
over 4.0 mils

Press Roll Trigger Placement

During the vibration study, physical move
ment is collected from sensors mounted on 
the roll bearing housings and press frame and 
converted to computer signals for analysis. 
For the analysis to be meaningful, the specific 
vibration contribution of each roll and felt in 
a nip must be known. The process for isolating 
these signals relies on the ability to sense each 
revolution of the roll or fabric (known as trig
gering). Currently, light-based sensors on the 
fabrics are used to pick up the tradeline. For 
a roll, reflective tape needs to be placed on 
the head for the sensors to effectively trigger.

Table 5.3 lists the acceptable locations for 
the placement of reflective tape. It should be 
noted that extra sections (coaters and calen
ders especially) take extra time and should 
be scheduled only if the mill has a specific 
vibration problem in that area. For example, 
tracing a vibration problem in a coater usually 
takes longer than completing an entire press 
vibration survey.

Figure 5.9 shows the acceptable locations

TABLE 5.3. Locations for the Placement 
of Reflective Tape.

1. Press vibration survey
• major press rolls

2. In conjunction with machine audit
• major press rolls
• wire turning, lumpbreaker and couch 

rolls
• breaker stack and size press rolls

3. Other areas (per mill request)
® coater backing roll and paper rolls in 

coater section
• calender stack rolls

for placement of reflective tape. The tape 
needs to be placed in only one of these loca
tions. This tape needs to be only about 1/2 
inch square and should be placed in a location 
that is away from bolt heads and dirty areas 
as much as possible. The tape needs to be 
stuck on with SuperGlue. Experience has 
shown that anything less than SuperGlue will 
not hold up and even SuperGlue will only stay 
on the machine for a couple of weeks.

Figures 5.10-5.12 show the importance of 
triggering roll revolutions. These graphs show 
a vibration signal plotted against time for press 
rolls in a nip. The rolls are rotating close to 
the same speeds (210 rpm versus 213 rpm) 
which makes the resulting signal in Figure 
5.10 very confusing. Figure 5.11 contains the 
same data triggered against the top roll and 
shows that this roll is in “poor” condition. 
Figure 5.12 contains the data triggered against 
the bottom roll and shows that this roll has 
moderate problems without much signifi
cance.

5.3-2 P ress  O perations

This analysis is done to characterize fabric 
performance and general conditions of the 
press section. Using Scan Pro, high speed pho
tography, hot wire anemometer, caliper gauge 
and gamma gauge, the following data are col
lected:

• felt water load
• felt moisture profile
• felt caliper
• uhle box air flows
• relative sheet consistency into and out 

of press
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FIGURE 5.10. Raw signal.
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• proper positioning and penetration of 
high pressure showers.

Felt water removal and press nip anoma
lies such as skewed press loadings, crown/ 
load concerns and section performance trends 
are evaluated using a Scan Pro. Vacuum 
system survey is performed to evaluate the 
performance of pumps and uhle boxes. Press 
water balance is constructed using a gamma 
gauge.

Figure 5.13 shows the typical moisture pro
files of the first and second presses of a paper 
machine. Table 5.4 shows the press section 
water balance analysis. Figure 5.14 shows the 
total mass profile after the second press for 
the same machine.

5.4 Dry-End Performance

Dry-end analysis generally consists of four 
major parts.

5.4.1 Determining Baiance of the 
H o o d  a n d  the E ffe c t o f  E xh au s t 
L o ad in g  and A ir Filtration

Using a vane anemometer and relative hu
midity analyzers, mass flows of hood exhaust 
and supply plenoms are measured. In addition, 
all equipment conditions are inspected.

Air temperature, relative humidity and 
barometric pressure measurements are re
corded for the hood exhaust fans. A calibrated, 
digital readout pitot tube assembly is used to 
measure static and dynamic air pressures in 
all exhaust plenums. These static and dynamic 
pressure readings are then converted to air 
velocity readings. The data are calculated to 
determine the actual air permeability (cubic 
feet per minute, cfm), mass of dry air per 
minute, air density, absolute humidity, grains, 
dew point and mass of water vapor per minute. 
The dew point is the temperature at which 
water will condense from the air. Grains is a
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TABLE 5.4. Press Section Water Balance Analysis.

Mill:

Machine:

Grade; 30# Bond
Wire Speed: 1100
1st Press 1116
Reel Speed: 1147

NDC Gamma Gauge 

Location:

Date;

Vacuum - In. Hg
Press Loading Roll Uhle
1st Press: 410 410 16 10
2nd Press: 400 440 9

Basis Wt. Size Addition Moisture Dry Weight
29.7 6.00% 5.30% 26.44

Mass Readings
#/1000 Sq.Ft. Mass Change % Solid

Dry weight of sheet 8.01 #71000
Weight On Wire 51 Before Couch (Drainage Study) 15.7%

Water Removed at Couch 0
1st felt Before Press 331
1st w/Sheet Before 382 Sheet & Water 51 15.7%
1st Felt after Press 350 Water Gained by 1st 1 9

Water Removed From Sheet 22
Sheet After 1st 29 27.6%

2nd Felt Before 317
2nd Felt After 325 Water Gained by 2nd 8

Sheet Water loss 8
Sheet After 2nd 21 38.2%

Results:
Consistency Water Removed

Before Couch 15.7% Gal/Min
at Couch 0.0 Press Water Flow

Off Couch 15.7% Gal/Min
at 1st Press 33.4 Felt 28.8 63.3%

Out Of 1st 27.6% 73% Rolls 4.6 10.0%
at 2nd Press 12.1 Felt 12.1 26.7%

Out of 2nd 38.2% 27% Rolls 0.0 0.0%
Press Total 45.50

measurement of moisture in the air. There are 
7000 grains per pound of water. The grain 
loading is calculated by multiplying the abso
lute humidity by 7000. ACFM is the actual 
cubic feet per minute of air in each duct. The 
air flow rate (in acfm) is calculated from air 
velocity readings and the duct size corrected 
for the air density at a given barometric pres
sure. This value is used to calculate the hood 
balance. Table 5.5 shows an example of typi
cal hood performance results.

5.4.2 D ete rm in in g  D ry e r S ection  
P erfo rm an ce  a n d  E ffic ien cy

Using a platinum RTD probe and process 
readings the following is established:

® TAPPI drying rate 
® U-factor
• drawdowns
• steam consumption
• dryer temperature
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FIGURE 5.14. Total mass profile after the second press (%).

The dryer can surface temperature can be 
measured with a noncontact pyrometer. Figure
5.15 shows an example of the difference be
tween the dryer surface temperature and satu
rated steam temperature (AT) at a given steam 
pressure in the dryer can. This difference 
should not be greater than 50-60°F. Although 
AT = 60° is not uncommon throughout the 
industry, there are dryers running at the 40- 
50°F AT levels. It is recommended that dryers 
with ATs greater than 60° be investigated. 
High temperature differences point out that 
there may be a problem with the heat transfer 
from the dryer can to the sheet. Some of these 
problems may be condensate removal, exces
sive blow through (i.e., too high a differential 
pressure), buildup on dryer cans, internal scale 
buildup, siphon clearance or broken siphons, 
or too low a differential pressure.

From the humidity surveys and fabric con
dition surveys, it has been shown that there 
is an increased potential for dryer fabric hy
drolysis when the conditions of the exhaust 
from a dryer hood possess air temperatures of 
at least 180°F and an absolute humidity level 
of 0.12 lb ÌI2OIV0 dry air or higher. Figure
5.16 shows a hypothetical potential hydrolysis 
graph for a dryer section in which the air 
temperature and absolute humidity of the ex
haust are well below the critical levels.

Steam and condensate studies can be per
formed to analyze the condensing rates of var
ious steam sections to compare them to theo
retical and standard values by grade. This is 
useful to highlight the drying inefficiencies 
related to the physical condition of drying

elements such as scale buildup, siphon size/ 
clearance inadequacies and undersized 
steam lines.

5.4.3 D ete rm in in g  D ry in g  im p acts  o f  
P o c k e t H u m id ities  a n d  A ir  Veiocities

With pocket humidity equipment, the rela
tive humidity, temperature and air velocity 
of each dryer pocket are measured. The air 
temperature and percent relative humidity are 
usually converted into absolute humidity re
sults for each location. The absolute humidi
ties are used as the basis for the evaluation of 
the drying conditions in each of the pockets.

Dryer pocket humidity measurements can 
be used to evaluate evaporation from the sheet, 
as well as the performance of the pocket venti
lation system and the effect of the dryer fabric 
permeability. The humidity results are an indi
rect measure of the drying rate in a section and 
are a direct measure of the pocket ventilation 
efficiency.

It is generally accepted that the absolute 
humidities in the dryer pockets should be kept 
at a level below 0.20 lb of water per lb of dry 
air. If the absolute humidity rises above this 
critical level, the efficiency of the drying pro
cess is reduced. The pocket humidity levels 
are affected by several factors including the 
basis weight, steam pressure, dryer fabric ten
sion, ventilation in the pockets, machine speed 
and air permeability of the dryer fabrics. Fig
ure 5.17 shows an example of humidity mea
surements in a typical dryer section. As can
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be seen from the graph, the pocket humidities 
in the first section rise above the critical hu
midity levels starting at dryer number 7. The 
humidity levels remain above the critical hu
midity level of 0.20 lb water per lb of dry air 
throughout the remainder of the section until 
dryer number 31. The only exception is at the 
section transfer and at dryer number 28.

A  closer review of the pocket humidity data 
reveals a trend that is commonly seen on con
ventionally clothed machines. The pockets 
formed above the bottom dryers nearly all had 
higher humidity levels than the pockets below 
the top dryers due to less air movement.

In order to ensure evacuation of the mois
ture filled air from the centers of the dryer 
pockets, it is generally necessary to have air 
velocities of 250 fpm or more exiting the ma
chine. In areas of especially high pocket hu
midities, the air velocity should be kept as 
high as possible without affecting runnability 
due to edge flutter. Figure 5.18 shows the 
pocket air velocity distribution in a dryer 
section.

5.4.4 In frared  Therm ography

Infrared cameras are used in the paper in
dustry for trouble shooting. Characterization 
of any cross machine sheet or dryer can tem
perature differences that may highlight a ma
chine moisture problem is possible with this 
technique.

Using an infrared camera, the sheet is pho
tographed at reel, section breaks and before 
and after the press. Conditions of dryer fabrics 
and dryer cylinders are examined. Moisture 
variations in the paper can be determined. In
frared thermography is also used to examine 
paper structure [4].

5.5 References

1 Process Study, Asten Inc., 1996.

2 Carlson, D., “From Headbox to Couch—Consistency 
Measurement under the Wire Provides Benefits to the 
Papermaker,” PaperAge, June 1996.

3 TAPPI Test Methods, 1996-1997, TAPPI Press, At
lanta, GA.

4 Kiiskinen, H.T., et al., “Infrared Thermography Exami
nation of Paper Structure,” TAPPIJournal, April 1997.

5.6 Review Questions

1 What is the purpose of paper machine 
auditing? Explain how the audit results can 
be used to improve the papermaking 
process.

2 What is FFT? How is it used in paper ma
chine auditing?

3 How does vibration affect the press section 
operation? What can be done to reduce/ 
eliminate vibration?

4 Explain the following:
• pulsation
• synchronous time averaging
• pocket air velocity and humidity
• U-factor

5 Find out the working principle of the fol
lowing devices:
• gamma gauge
• noncontact pyrometer
• LVDT
• hot wire anemometer
• pitot tube
• platinum RTD  probe
• infrared camera



Paper Structure, Properties, and Testing

Since the purpose of paper machine cloth
ing is to help make paper and paperboard, 

it is proper to overview the structure and prop
erties of paper and paperboard in this chapter. 
Better understanding of paper structure and 
properties will help the textile engineer with 
the design and manufacturing of forming, 
press and dryer fabrics.

Paper has a fibrous structure. The basic 
building block of paper is the individual fiber. 
Various fillers are added to this structure to 
obtain certain properties such as improved 
strength, printability, liquid absorption, etc., 
depending on the end use. Although paper’s 
structure is continuous, it is in fact a heteroge
neous network of these discrete fibrous parti
cles and fillers. The fibers and fillers, which 
are the main components of the paper struc
ture, have different distributions, shapes and 
chemical compositions. Nevertheless, the pa
per is expected to behave in a homogeneous 
manner. In today’s technology, this is 
achieved by evening out the variations in the 
structure to a certain extent during the manu
facturing process. Scientific attempts to relate 
the paper characteristics and structure to final 
properties began in the 1960s [1]. The product 
quality in paper machine clothing is usually 
measured by the performance and life of the 
fabric. For paper, quality may require fulfill
ment of several requirements which sometime 
may conflict. The papermaker, converter and 
consumer have various analytical tests avail
able to judge the quality and performance of

the paper. The uniformity of quality may be 
as important as the quality itself. The uniform
ity of quality depends on uniformity of 
structure.

In laboratories and research centers, paper 
is usually made using handsheet molds for 
testing and analysis purposes. It is reported 
that strength of handmade paper is generally 
better than comparable papers made on com
mercial paper machines [2].

6.1 Fibers Used in Papermaking

Fiber can be defined as “a thread-like body 
or filament, many times longer than its diame
ter” [3].

Both natural and synthetic fibers are used 
for manufacturing of paper and paper related 
products. Plants, which are the most abundant 
organic materials on earth, are the major 
source of natural fibers for papermaking. A l
though different plant fibers can be used for 
papermaking, wood pulp fibers are the most 
widely used because of their cellulose content. 
The use of synthetic fibers in paper and related 
products is increasing due to exceptional 
strength properties they provide. Sometimes, 
animal fibers such as wool or silk are also 
used for special types of papers. Table 6.1 
shows the fibers that are used in papermak
ing [2,4].

Important properties of papermaking fibers 
include length, coarseness, intrinsic strength,

281
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TABLE 6.1. Classification o f Major Fibers Used in Papermaking.

Papermaking fibers

-►  Stem Fibers

Wood fibers
- hardwood (deciduous)

birch
maple
oak
poplar, etc.

- softwood (conifers)
pine 
spruce 
cedar, etc.

Bast fibers 
hemp 
jute 
flax

Vascular-bundle fibers

Organic

bamboo
esparto
kenaf
straw

—► Fruit fibers 
cotton

Leaf fibers 
abaca 
sisal

Regenerated 
viscose rayon 
ceUulose nitrate

> Etherified

> Esterified 
cellulose acetate

Manmade Fibers

acrylic
carbon
modacrylic
polyamide (nylon)
polyester
polyethylene
polypropylene
polyurethane
rubber
vinyl derivatives

Inorganic

metal
glass
rock wool

cohesiveness and flexibility. Initial and maxi
mum fiber length, coarseness and fiber 
strength are determined by the genetic code 
of the tree. Simplified structure of a typical 
wood fiber is shown in Figure 6.1. The fiber 
has an outer primary wall and three layers of

inner layer of 
secondary wall

lumen

middle layer of 
secondary waU

outer layer of 
secondary wall

primary
wall

FIGURE 6.1. Schematic structure of a typical wood 
fiber.

inner secondary wall. The inner layers which 
are rich in cellulose constitute the main body 
of the fiber. In the center of the fiber, there 
is an empty space called lumen. The individual 
fibers are held together with lignin. Typical 
wood fiber lengths vary from 1 mm to 6 mm. 
The fiber’s cross-sectional area is approxi
mately 1/100th of its length. Processes during 
papermaking usually reduce the length, 
coarseness and strength of fibers but increase 
the cohesiveness and flexibility.

6.1.1 W ood F ibers

The main ingredient of wood fiber is cellu
lose material. Although cellulose fibers can 
be obtained from different plants, wood is the 
most widely used material in papermaking 
because it is abundant and relatively inexpen
sive. Figure 6.2 shows the structure of cellu
lose. The main ingredient of paper is cellulose 
which is a white, hygroscopic material. It has 
good water absorption which affects its di
mensional stability. Cellulose can form hydro
gen bonds. Tensile strength and flexibility of
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H

FIGURE 6.2. Structure of cellulose.

cellulose are high. It is also combustible. Since 
paper is made of cellulosic materials, it has 
all the properties that cellulose has. In addi
tion, the properties of paper can be modified 
by different pulping and papermaking pro
cesses [2].

Trees are classified as hardwoods and soft
woods. They have different amount of lignin 
in them. Another difference is that softwood 
fibers are longer than hardwood fibers. The 
length of softwood fibers is 3-6 mm while 
the length of hardwood fibers is 1-2 mm. A  
combination of hardwood and softwood is 
used in most papers. Short hardwood fibers 
provide bulk and long softwood fibers provide 
strength.

Hardwood Trees

Hardwood trees have broad leaves and are 
usually deciduous (lose their leaves annually). 
Examples of hardwood trees are aspen, birch, 
maple, oak, eucalyptus and poplar. They have 
short, slender, medium-walled fibers. Euca
lyptus (blue gum) has good softness properties 
for tissue and smoothness properties for fine 
paper. Hardwood stem is composed of about 
50% cellulose and 20% lignin. Figures 6.3 
and 6.4 show photomicrographs of different 
hardwood fibers.

FIGURE 6.3. Southern hardwood bleached kraft 
(sweet gum) fibers. Magnification: 50x. Circular 
shapes are air bubbles (courtesy of Integrated Paper 
Services).

FIGURE 6.4. Northern hardwood bleached kraft 
(aspen) fibers. Magnification: 50x (courtesy of Inte
grated Paper Services).

Softwood Trees

Softwood trees are also called conifers or 
evergreens. They have needle-like or scale
like leaves. Examples of softwood trees are

pine, spruce, and cedar. Softwood stem con
sists of 50% cellulose and 30% lignin. Figures 
6.5-6.S show photomicrographs of various 
softwood fibers.

Southern pine, which includes Loblolly 
pine, shortleaf, longleaf and yellow pine, is
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FIGURE 6.5. Southern yellow pine softwood bleaohed 
kraft fibers. Magnifioation: 50x (courtesy of Integrated 
Paper Services).

FIGURE 6.7. Northern softwood stone groundwood 
fibers (spruce and fir with trace of hardwood). Magnifi
cation: 50x (courtesy of Integrated Paper Services),

FIGURE 6.6. Northern softwood bleached kraft fibers 
(mostly spruce but mixed with some pine and others). 
Magnification; 50x (courtesy of Integrated Paper Ser
vices).

FIGURE 6.8. Northern softwood thermomechanical 
pulp fibers (spruce). Magnification: 50x (courtesy of 
Integrated Paper Services).

widely used in papermaking. They are very 
fast growing trees with long coarse, thick 
walled fibers. These fibers give excellent tear 
properties in the paper [2]. Another coniferous 
or softwood tree is spruce which has a long,

medium slender, medium walled fiber. It is 
widely used for newsprint/groundwood and 
sulfite pulping due to its brightness. Western 
red cedar, another softwood tree, has long, 
medium slender, thin-walled fibers.
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6.1.2 N onw ood C ellu losic Fibers

Nonwood plants are also suitable to make 
paper since they contain cellulose. As a result, 
different types of plants may be used for dif
ferent types of papers. An example is cotton 
plant. Cotton fibers are longer (10-30 mm) 
and have more cellulose (90%) than wood 
fibers. However, cotton is more expensive 
than wood fibers therefore it is used in special 
business papers alone or in combination with 
wood fiber.

Other plants that are used to make paper 
include sugar cane, hemp and flax, barley, 
rye, oat, bamboo, kenaf, abaca, sisal and rice 
straw. It should be emphasized that wood, by 
far, is the major source of papermaking due 
to proper fiber length, ease of processability, 
availability and cost.

modulus and tensile strength is small. How
ever, for lightweight papers, fiber length has 
more effect on modulus and tensile strength
[8,9].

The fibers in a paper have a certain length 
distribution which may be due to the type of 
fiber. Recycling, method of pulping and de
gree of beating also affect fiber length distri
bution. TAPPI test method T-233 is designed 
to measure the weighted average fiber length 
of a pulp which is given as [10]:

L  = (6.1)

where

L  = weighted average fiber length (mm) 
I = fiber length (mm) 

w = fiber weight (mg)

6.1.3 Synthetic Fibers

Synthetic fibers such as polypropylene, 
polyester, glass, etc., are mostly used in the 
nonwoven manufacturing (Section 2.6.3).

6.2 Properties of S ingle Pulp Fibers

The important mechanical properties of sin
gle wood pulp fibers are determined in ten
sion, bending or torsion with destructive or 
non-destructive test methods. The tensile elas
tic properties are the most important properties 
which are measured in the range of mN 
(milliNewton) and |xm (micrometer) [5-7].

6.2.1 Fiber Length

Fiber length is an important property that 
affects several sheet properties. It has been 
reported that for a relatively unbeaten pulp, 
coarseness of the fibers being equal, fiber 
length affects the tensile strength, modulus, 
burst strength, fold and tear strength of the 
sheet. For heavy papers with good bonding 
between the fibers, effect of fiber length on

Fibers that are less than 0.2 mm are consid
ered to be fillers, debris or fines. Fibers that 
are narrower than 1 mm are considered to be 
too weak as strength bearing members. Other 
techniques to measure fiber length are fiber 
length of pulp by projection (TAPPI T-232, 
Fiber Length of Pulp by Projection), electronic 
sequential fiber length analysis (Kajanni, de
veloped by Finnish Central Laboratory) and 
image analysis.

6.2.2 F iber C oarseness

Coarseness is defined as the weight (mg) 
per unit length (100 m) of fibers which is 
called a decigrex (dg). It is 11.1 times larger 
than denier which is widely used to indicate 
the density of textile fibers (Section 2.2.3). 
Fibers that have a coarseness value of less 
than 10 dg are considered fine fibers. Above 
20 dg indicates a coarse fiber. Coarseness af
fects several paper properties. For example, a 
finer pulp results in a stronger, smoother paper 
with better folding ability. Sheet density also 
increases with fine fibers. Paper made of 
coarse fibers has more porosity. Methods to 
measure coarseness include microscopic 
method, image analysis and Kajanni fiber ana
lyzer [11].
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FIGURE 6.9. Load-elongation curve of a bleached- 
kraft, southern pine fiber [2].

6.2»3 Intrinsic Fiber Strength

Intrinsic strength of a fiber is, first of all, 
determined by the type of tree. For example, 
an unbeaten, unbleached, sulfate sweet gum 
fiber has a breaking strength of 53.6 kg/mm^. 
A  birch fiber from the same type of pulp has
97.5 kg/mm^ breaking strength. Fiber treat
ment also has an effect on intrinsic fiber 
strength. Fiber modulus is increased by beat
ing due to increased crystallite orientation. 
Zero-span tensile test may be used to measure 
intrinsic fiber strength. A  typical load-elonga
tion curve of a bleached-kraft, southern pine 
fiber is shown in Figure 6.9.

6.2.4 Fiber Fiexibiiity (Wet Fiber
Compactability)

Flexibility is the ability of fiber to conform 
when pressed against other wet fibers and to 
keep its form during drying due to the cohe
siveness of the surface. Fiber diameter and 
wall thickness, level of fibrillation during re
fining and fiber cross-sectional shape are the 
main factors that affect fiber flexibility. Fiber 
flexibility can be measured in various ways 
such as single fiber methods and wet and dry 
specific volume procedures.

6.3 Paper S tructure

Paper consists of a three-dimensional pore 
system and a skeletal fiber system. There are

approximately one million wood fibers in one 
gram of a typical paper made by chemical 
pulp [12,13]. In a paper structure, a fraction 
of the volume is occupied by fibers and fillers 
and the rest is void volume.

V = V f + V ,  (62)

where

V  = total volume 
Vf= fiber volume 
Vy = void volume

Table 6.2 shows typical void volume of 
different paper grades. The strength and stiff
ness of the paper structure comes from the 
network of fibers. This network can be consid
ered to be of infinite dimensions in the plane 
of the sheet. The dimensions of the network 
in the direction perpendicular to the sheet 
plane are limited [14].

Due to the void volume in the structure, 
paper is a compressible material. For this rea
son, converting processes consolidate the 
sheet even further and give a more compact 
surface.

6.3.1 Fiber Orientation and 
Directionaiity in Paper

The travel direction of fabric and sheet on 
the paper machine is called machine direction 
(MD). Cross-machine direction (CD) is the 
direction at right angle to the MD. Machine 
direction is also called the grain direction. 
Because of the moving paper web during man
ufacturing, the orientation of the fibers in the 
plane of paper is not totally random. Due to 
moving direction of the slurry and forming 
fabric, the fibers tend to orient more in the

TABLE 6.2. Typical Air Volume of Some Paper 
Grades [2].

Paper Type % Air Volume

Groundwood 63.1
News 53.1
Greaseproof 43.2
Bond 34.2
Glassine 13.0
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machine direction during forming. As a result 
of this orientation preference, paper strength 
is usually greater in M D  direction than the 
CD  direction. Another reason for the strength 
difference is the higher tension exerted in the 
M D  direction during drying. The ratio of MD/ 
CD strength is 1.5-2.0 for fourdrinier ma
chines and can be higher for cylinder ma
chines. For this reason, test direction should 
be indicated in physical and optical tests. 
Since MD/CD fiber orientation may cause curl 
in the paper, it is desirable for most paper 
grades that this ratio is close to 1 [2].

The degree of fiber orientation is defined 
as the angle that fibers make relative to a 
particular direction. The fiber orientation dis
tribution /(0) is given by:

FIGURE 6.10. The MD/CD ratio for the specific elastic 
modulus, the tensile index and the compression index 
of sheets made of bleached sulfate pulp and dried 
under biaxial restraint against the fiber orientation ra
tio [19].

i=0

ür COS 2/0 (6.3)

where ai = 1 and 0 is the direction of a particu
lar fiber relative to the machine direction. 
Other functions are also used to describe fiber 
orientation of fibers in paper such as the rela
tive deviation from 45° of the average angle 
that the fibers make with the M D  [15].

Fiber orientation has a big influence on pa
per tensile properties. It was reported that 
changing the degree of fiber orientation from 
0.5 to 2.5 increased the strength three times. 
Increasing fiber orientation in M D  increases 
the strength and elasticity in that direction and 
decreases them correspondingly in CD. It was 
shown that the tensile strength MD/CD ratio 
represents a good correlation with the degree 
of fiber orientation. As a result, it was sug
gested that the tensile strength MD/CD ratio 
in paper be used as a measure of the degree 
of fiber orientation for a given pulp furnish. 
Htun and Fellers proposed that the tensile 
strength MD/CD ratio for sheets dried under 
biaxial restraint be used as an index of fiber 
orientation, with the term fiber orientation ra
tio being adapted for this ratio. Figure 6.10 
shows the MD/CD ratio for the specific elastic 
modulus, the tensile index and the compres
sion index of sheets made of bleached sulfate 
pulp and dried under biaxial restraint against 
the fiber orientation ratio dried. It was also

reported that the elastic properties are directly 
related to shrinkage during drying. The ratios 
of elastic modulus MD/CD and the tensile 
index MD/CD increases if the paper is freely 
dried. The draws (speed differentials) by the 
various parts of the machine may also lead to 
an M D  stretching of the sheet. Uneven fiber 
distribution results in uneven printing [16- 
18].

The techniques that have been used to quan
tify the degree of fiber orientation includes 
averaging fiber segment orientations. X-ray 
diffraction, light scattering, regular and zero- 
span tensile strength and Fourier transform 
methods [20,21]. Figure 6.11 shows a typical 
fiber orientation distribution.

Paper has an anisotropic structure: its me
chanical properties depend on the direction. 
Fiber orientation and shrinkage during drying

FIGURE 6.11. Typical fiber orientation distribution for 
a sheet of 80 g/m^ [22].
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(drying restraints) are the main causes for an
isotropy. The anisotropic structure of sheet 
leads to mechanical properties that are differ
ent than those of homogeneous isotropic mate
rials. However, in some respects and on a 
macroscale, paper can be considered as an 
orthotropic structure in which there are three 
mutually perpendicular directions of material 
symmetry. The material properties are differ
ent in each direction. For paper, these three 
directions are machine direction (MD), cross 
machine direction (CD) and the thickness di
rection (Z) as shown in Figure 6.12 [23-25]. 
The majority of fibers are aligned approxi
mately parallel to the plane of the sheet mostly 
in machine direction. This alignment depends 
on the machine configuration, pulp and veloc
ity difference between the jet speed and form
ing fabric. The biased fiber orientation in M D  
makes the paper stiffer and stronger in M D  
than in CD. Moreover, the sheet is subjected 
to restraining forces in M D  in pressing and 
drying. The paper dries with little restraining 
force in CD. The strength and stiffness in the 
Z direction is the weakest: generally 1/10-1/ 
50 of the inplane properties. In general, the 
in-plane and out-of-plane properties are not 
related. Some paper products are manufac
tured in layers. Each layer may have different 
properties [19].

The variation of paper properties is gener
ally more abrupt in the CD  compared to MD. 
In other words, variations occur more slowly 
in the MD. The reasons for more sudden varia
tions of properties in the CD  direction are 
possibility of uneven flow of stock from the 
headbox, uneven wet pressing, uneven tension 
during drying and edge effects [2].

The directionality of paper can be deter
mined in various ways in addition to tensile

H HX
H H

Y
FIGURE 6.13. Hydrogen bonding.

test. If one side of the sheet is wetted, the 
expansion of the wetted side causes a curl. 
The expansion is more in the CD  and the axis 
of the curl is almost always parallel to the 
machine direction. Stiffness in M D  is greater 
than CD. During the bursting test, M D  has 
less stretch and rupture line will be at right 
angle to MD.

6.3.2 Fiber Bonding and  
Cohesiveness

The main bonding of fibers in a sheet struc
ture is provided by hydrogen bonds between 
fibers. Figure 6.13 shows schematic of hydro
gen bonding. Cohesion is the hydrogen bond
ing force that holds the fibers together in the 
sheet structure which gives the paper its 
strength and integrity. Cohesion increases the 
frictional sliding resistance between adjacent 
fibers against a shearing action as shown in 
Figure 6.14. Fiber cohesiveness depends on 
the surface chemistry and area as well as sheet 
density.

There are two types of cohesion: inplane 
cohesion (the force is in the plane of the sheet) 
and transverse cohesion (the force is perpen
dicular to the sheet plane). It is neither practi
cal nor meaningful to measure individual fiber 
cohesiveness; therefore, cohesiveness is mea
sured empirically as a sheet property. Methods 
to measure cohesiveness include percent co
hesion test, Clark shear test, split cohesion 
test and peel cohesion method.

It is a well known fact that wet sheet after 
pressing does not have the strength of a dry

FIGURE 6.14. Cohesiveness is the resistance to shear 
provided by the hydrogen bonding of fibers during 
drying.
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fiber

FIGURE 6.15. Surface tension on a fiber in fornning 
section.

paper. This fact indicates that fiber bond in 
paper develops during drying. It is also worthy 
to note that if an organic solvent instead of 
water is used in papermaking, the resulting 
sheet would have very little strength after dry
ing. This fact proves that hydrogen bonding 
is the major force that binds the fibers together 
in sheet structure. For example, glass fibers 
can not produce a strong sheet (although glass 
fibers are a lot stronger than wood fibers) due 
to lack of hydrogen bonding between glass 
fibers after water removal (for this reason, 
bonding agents are used to improve fiber 
bonding in glass sheets).

It should also be noted that unlike textile 
structures, there is no interlacing (as in weav
ing and braiding), interlooping (as in knitting) 
or forced entanglement (as in needlepunching) 
of wood fibers during paper sheet formation. 
Instead, fibers are brought together close 
enough to produce hydrogen bonds which is 
called the Campbell effect. At a solid content 
of around 8%  during formation on the forming 
fabric (i.e. approximately where the wet line 
is on a fourdrinier), the surface tension force 
acting on each fiber is given by:

F  = 2 y l (6.5)

F  = y l (6.4)

where y is the water surface tension and I is 
the fiber length (Figure 6.15).

In the press section, more water is removed 
from the web such that water remains only 
between two fibers. Since there are two me
nisci between the fibers (Figure 6.16), the sur
face tension acting on the fibers becomes:

This force pulls the fibers together. After dry
ing, more water is removed from the sheet; 
however, the menisci remain continuous and 
pull the fibers even closer together. Around 
25% solid content, the compacting pressure 
between the fibers becomes very high:

X
(6.6)

FIGURE 6.16. Surface tension between two fibers in 
press section.

where x is the distance between two fibers. 
The pressure at this stage can reach to 100- 
200 atmospheres. Highly flexible fibers re
quire lower pressures for bonding [2].

Important factors affecting the bond 
strength in a sheet structure are fiber areas in 
contact, number of bonds in contact area and 
strength of each bond. The level of bonding 
can be determined by light scattering tech
niques, conductivity tests and optical tech
niques.

6.3.3 Fiber Curl

In general, the fibers or fiber segments are 
not straight in a typical paper even if the 
shrinkage during drying is prevented. The fi
bers may be kinked or curled in or out of the 
plane of the paper which causes a decrease in 
paper stiffness. There are two types of curl: 
fiber curl (which is the curl of the entire fiber) 
and segment curl. In addition, fibers may par
tially be wrapped around other fibers. Some 
twisting of fibers also takes place [22,26-29]. 
Fiber curl affects the elastic properties of the 
sheet. Fiber curl can be measured with image 
analysis techniques.

6.3.4 Internal Stresses

Various stresses develop in the sheet inter
nally during manufacturing. Swollen fibers, 
which are molded into a sheet in forming and 
pressing sections, are dried at different de
grees of tension in the dryer section. Various 
parameters during manufacture of paper influ
ence the level of internal stresses in the paper. 
Beating of pulp, wet pressing, variation in
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fiber orientation and drying conditions all af
fect internal stresses in the paper. Increasing 
the degree of beating increases the internal 
stresses. This is because beating increases the 
density which increases the potential to shrink 
during drying. Wet pressing also increases in
ternal stresses. Because of nonuniform drying 
rate in the thickness direction and in-plane 
tension forces, internal stresses develop in pa
per during drying. Restrained drying increases 
internal stresses. Internal stresses in paper can 
also be caused by deformation. Internal 
stresses can be partly released by humidity 
cycling and cyclic mechanical straining. Inter
nal stresses affect the mechanical properties 
of paper [30,31].

6.3.5 ‘W/re” a n d  F e lt S ides  o f  Paper

On a fourdrinier table, the side of the sheet 
next to the forming fabric is called fabric side 
(also called ‘wire side’ from the metal wire 
days). The other side is usually referred to as 
“felt side”. A  paper formed on a fourdrinier 
table may have the two sides different in struc
ture. This phenomenon is called “two sided
ness”. Structural differences may include siz
ing, pigments, fines and fibrous composition. 
Optical differences include finish and re
flectance. The fabric topography may cause 
marks on the sheet which is commonly known 
as “wire mark”. Wire mark can penetrate up 
to 60% of the total sheet thickness [2].

Paper is coarser and more porous on the 
wire side than the felt side. Usually there is 
a high percentage of long fibers on the wire 
side. This is because fines are washed from 
the wire side before the larger fibers are laid 
down. A  typical bond paper has 18% fines 
on the felt size and 11% on the wire side. 
Uniformity of fiber length decreases two-sid- 
edness. Differences in two sides of a paper 
can be viewed best under a microscope. These 
differences may dictate some rules during ap
plication or end-use of the paper. For example, 
print quality is better on the felt side which 
is smoother. Laminated boards are glued to
gether on the coarse sides. Stamps are printed 
on the fabric side and gummed on the felt side.

Various materials and additives are added 
to the pulp at the wet end to help with forma
tion and improve final paper properties. Some 
of these materials become an integral part of 
the paper structure [2]. A  brief summary of 
these materials and processes is given below.

6.4.1 S iz in g

Sizing can be done externally (surface siz
ing or coating) and internally. External sizing 
is done after sheet is made by filling in pores 
on surface of paper with glutinous material 
such as starch, glue, PVA, wax and fluoro- 
chemicals. Internal sizing is done by additives 
at the wet end. Sizing makes the paper more 
hydrophobic by reducing the spread of fluids, 
thereby improving “holdout” in printing and 
coating.

Sizing systems on papermachines produc
ing acid sheets normally utilize alum chemis
try which can reduce paper life as a result of 
residual acid-forming salts. Sizing systems on 
alkaline sheets can minimize or eliminate 
alum, thereby enhancing sheet life while re
ducing the corrosive effects of low pH on the 
machine itself.

6.4 Paper Wet-End Chemistry

6.4.2 D ry  a n d  W et S tren g th  A g en ts

Dry strength agents such as starches, natural 
gums and emulsified latex are used to give 
sheets more tensile strength by improving 
bonding between fibers.

Wet strength agents provide paper strength 
in wet conditions. They prevent disruption of 
fiber to fiber bonds in water and therefore 
retain integrity of paper. Wet strength addi
tives include Kymene, formaldehyde resins, 
and polyamines, which are all hydrophobic.

Dry and wet strength agents are added to 
the pulp before the headbox.

6.4.3 F lo ccu lan ts  a n d  D eflo ccu lan ts

Flocculants, such as cationic polymers, are 
the materials that bring particles together by
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neutralizing negative surface charge. They en
hance retention during formation of sheet. The 
primary flocculant used in papermaking is 
alum.

Deflocculants, such as anionic polymers, 
repel negative surface charges. They improve 
formation.

6.4.4 F ille rs

Fillers are used to change the optical and 
strength properties of paper. There are various 
types of fillers including clays, calcium car
bonate, titanium dioxide, hydrated alumina, 
talc or amorphous silica. Opacity, density, 
brightness and whiteness of a sheet are in
creased by addition of fillers. Fillers are some
times used as low cost fiber substitutes since 
they close pores and provide smooth surface.

6.4.5 D rainage a n d  R eten tion  A id s

Drainage aids are used to prevent fines and 
small fibers from plugging the forming fabric 
which may slow down the speed. They attach 
fillers, fines and small fibers to large fibers. 
Polymers and additives that are used as drain
age and retention aids include polyamines, 
polyamides, gums and cationic starches.

6.5 Paper Properties and Testing

Paper testing can be done on-line or off
line. On-line measurements are done on the 
paper machine while the paper is being pro
duced. These measurements are automated 
and computerized continuous measurements. 
They are in general indirect measurements 
which means that a particular property is de
termined based on the measurement of another 
related property. Examples of on-line testing 
are strength tests, caliper, grammage, moisture 
content, color, brightness, opacity and gloss 
[T2].

Off-line measurements are more direct 
measurements which are usually done in the 
lab. Several institutions have established test 
methods for the paper industry. Main sources 
of test methods in the US are TAPPI (Techni
cal Association of the Pulp and Paper Indus
try), A ST M  (American Society for Testing 
and Materials) and A N S I (American National 
Standards Institute). TAPPI methods are the 
major source of test methods for the pulp and 
paper industry [32]. Various institutions in 
other countries also have established test 
methods such as CPPA (Canadian Pulp and 
Paper Association), SC A N  (Scandinavian 
Pulp and Paper Association) and D IN  (Ger
man Standards).

6.4.6 Form ation  a n d  D ispers ion  A id s

These are additives that keep fibers from 
forming clots or floes. Examples of these aids 
are gums and starches. Some of these materi
als make fiber surface repulsive or slippery 
to break up the floes.

6.4.7 O th er A g en ts

Several other materials are also used in the 
wet-end to help with formation and improve 
final paper properties. These include dimen
sional stability agents, biocides, pitch control 
agents and defoamers. Pitch comes from fatty 
acids and resin acids in the wood. Soaps, sol
vents and talc are used to control pitch.

6.5.1 Tensile  P ro p erties

Tensile strength is probably the most im
portant property of a paper. Tensile strength 
is especially important for printing papers, bag 
and wrapping papers and adhesive tape pa
pers. For paper, tensile strength is expressed 
in breaking load/unit width. The unit is N/m 
in S I system, kg/m in metric system and lb/ 
inch in English system.

Paper is not a homogeneous material. 
Therefore, there is tensile strength variation 
in paper which depends on the location. Stress 
in a local region can be calculated as fol
lows [33]:

(Ji =  b d a  (6.7)

where a i is the local stress, b is the stress
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concentration factor and <Ja is the average 
stress acting on the cross-section of the sheet.

Sheet strength depends on two components: 
intrinsic fiber strength and bond strength. For 
well-bonded paper, sheet strength is directly 
related to fiber strength. Improving fiber 
bonding increases the strength contribution 
from the fibers. The specific strength of paper 
increases with density [6,34,35,36]. The rela
tionship between fiber and sheet strength can 
be written as:

T}=Tf/pf (6.11)

r, = ^Tif (6.8)

where

Ts = sheet strength
#  = intensity function which shows the 

efficiency of fiber strength utilization 
in the structure 

Tf= fiber strength

Sheet failure occurs when a local stress ex
ceeds the fiber failure limit in that location. 
Paper physicists developed relatively simple 
models to predict the sheet stress based on 
individual fiber strength. Treating the sheet 
as a two phase structure made of fibers and 
void volume, sheet strength can be approxi
mated as follows:

T, = (IBWfTf (6.9)

where Vf is the fiber volume fraction which 
is equal to the ratio of sheet density to fiber 
density. Theoretically it was found that maxi
mum tensile strength of a random 2-D sheet 
is equal to one third of strength of individual 
component fibers [34].

In practical end use, sheet strength is judged 
by its strength per unit width for a given gram- 
mage which is called tensile index. The tensile 
index is equivalent to expressing the sheet 
strength as stress divided by density. There
fore, the tensile index or the specific sheet 
tensile strength is given by:

T  =  TJp, (6.10)

where is the sheet density.
Similarly, the specific fiber strength can be 

calculated as:

where pf is the fiber density.
As a result, the relation between sheet spe

cific strength and fiber specific strength can 
be written as:

r :  = (1/3)7; (6.12)

This equation refers to the case where the full 
fiber strength is utilized in the sheet. Consider
ing the efficiency function, # *,

r ;  = (i/3)<i>*r;/ (6.13)

It was experimentally shown that for normal 
paper grades, d>* is between 0.2 and 0.7. The 
value increases with fiber beating until a cer
tain point (Figure 1.8) and with the intensity 
of wet pressing of the wet web [37,38].

Figure 6.17 shows typical tension and com
pression curves of a paper made of bleached 
kraft board. The area under the tensile stress- 
strain curve is defined as the tensile energy 
absorption (TEA) of the sheet. It is a measure 
of toughness (J/m )̂ which is important for 
grocery bags. Increasing stress or strain or 
both increases toughness.

Tensile strength of a paper is affected by 
the cellulose content (i.e. pulp yield) in the 
fibers. Increasing sheet density by beating in
creases the modulus and tensile strength of 
the sheet to a certain extent. This is because 
the fiber strength is better utilized towards the 
sheet strength. Increasing density also in
creases the strain to failure. However, it is 
important that fiber length loss is controlled 
during beating.

Paper stretch is an indication of toughness.

FIGURE 6.17. Tension and compression stress-strain 
curves of a bleached kraft paperboard [13].
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Stretch becomes especially important for pa
pers that are subject to stress during the end- 
use such as twisting papers, toweling, cable 
wrapping paper and corrugating papers. 
Stretch is increased by beating and reduced 
by short fibers, filling, heavy pressing and 
high tension during drying. Breaking strength 
of paper is approximately proportional to 
grammage.

Fiber orientation has a big influence on paper 
tensile properties such as elastic modulus and 
tensile strength (Section 6.3.1); however, it 
does not affect the strain to failure. In general, 
tensile strength is greater in M D  than CD  be
cause of fiber alignment and strain developed 
during drying. Typical MD/CD tensile ratio is 
2 for fine paper and 0.5-1 for tissue. Drying 
restraints basically influence the strain to fail
ure and elastic modulus. For a freely dried 
sheet, the strain to failure is linearly related to 
the sheet shrinkage during drying and indepen
dent of the fiber orientation [16,39].

Wet Tensile Strength

Moisture affects tensile strength. Maximum 
tensile is obtained between 20-30% relative 
humidity (RH). Below this range stress inten
sification and above this range plastification 
make the paper weaker. Figure 6.18 shows

FIGURE 6.18. Effect of moisture on tensile strength 
of kraft linerboard [40].

the effect of moisture content on tensile 
strength of kraft linerboard. At complete satu
ration, the tensile strength of paper becomes 
practically zero. Sizing provides temporary 
wet strength to the paper. Some papers must 
have permanent wet strength due to their ap
plications. Permanent wet strength is provided 
by wet-strength agents such as melamine- 
formaldehyde (MF), urea-formaldehyde (UF), 
Kymene (polyamide-polyamine-epichlohy- 
drin) and others. TAPPI T-456 is designed to 
measure the wet tensile breaking strength of 
paper and paperboard.

Z-Direction Tensile Strength (Internal 
Bond Strength)

Z-direction tensile test measures the inter
nal bonding strength of paper. Internal bond
ing strength is especially important for paper- 
board for glue bonding at carton side seams, 
delamination on scoring and use of high tack 
coatings.

TAPPI T-541 is designed to measure the 
internal bond strength of paperboard. A  one- 
inch square paper is attached to metal blocks 
of the jaws on each side by double sided tape. 
A  tensile load is applied to the paper using a 
standard material testing system. This method 
can also be used to evaluate coated papers. 
Figure 6.19 shows typical stress-strain behav
ior of paper in Z-direction.

Zero-Span Tensile Strength

This test is basically done to determine a 
strength index of the longitudinal structure 
of individual fibers in a pulp test handsheet 
(TAPPI T-231). A  zero-spanjaw attachment is 
used in a regular tensile testing system (Figure 
6.20). The ratio of normal to zero-span break
ing lengths provides an index of fiber cohe
siveness. The method is also useful to deter
mine the relative degree of orientation of 
fibers in M D  and CD.

6.5.2 C om p ress io n  B eh av io r

Compression stresses may cause the paper 
to fail because of possible structural instabili
ties. Compression properties of paper are
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FIGURE 6.19. Typical stress-strain behavior of paper in Z-direction 
[40].

especially important for cartons and corru
gated boxes since they are supposed to pro
tect their contents against compression forces 
during packing, storage and distribution. 
Bending stiffness and edgewise compression 
strength are the two most important material 
properties for packaging boards [13,41-44].

Figure 6.17 shows the compression stress- 
strain curves of a typical bleached kraft paper- 
board. Since the elastic modulus is the same 
in tension and compression, the initial load 
bearing capacity is the same in both modes. 
However, the yield point, strain to failure and 
tenacity (stress at failure) are lower in the 
compression mode. Flaws in the paper struc
ture are detrimental to compression strength. 
Compression failure usually does not cause 
any bond or disruptive fiber failure in the 
structure.

Increasing sheet density by beating in
creases the modulus and compression strength 
of the sheet due to better utilization of fiber 
strength towards the sheet strength. As the

paper

jaw

jaw

density increases, the bonding also increases 
which causes the failure to be fiber dominated. 
Compression strength is independent of the 
pulp yield which means that both cellulose 
and lignin bear the compression load. Com
pression strength increases with increasing 
wet pressing. Adsorption of moisture reduces 
the compression strength [13,42].

Different principles of compression testing 
have been developed including ring crush test, 
short span test, blade support test and plate 
support test. Edgewise compressive properties 
are critical for the performance of corrugated 
containers. Figure 6.21 shows a specimen, 
which is supported between two fixed parallel

FIGURE 6.20. Arrangement for zero span test.
FIGURE 6.21. Schematic of edgewise compression 
test.
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E. R ING  CRU SH  TEST  
(RCT)

F. M O D IF IED  R IN G  C R U SH  TEST  
(MOD RCT)

FIGURE 6.22. Various configurations for edge crush 
test [40].

plates, under load in edgewise compression 
testing. Other various test configurations are 
shown in Figure 6.22. Increasing basis weight 
increases edge crush resistance.

Flat Crush Tests

Flat crush test measures the flute rigidity 
of corrugated board. TAPPI has developed 
two test methods to measure the crush resist
ance of corrugated materials: T-808 (Flat 
Crush Test of Corrugated Board, Flexible 
Beam Method) and T-809 (Flat Crush of Cor
rugated Medium, CM T  Test). A  compressive 
load is applied normal to the plane of corrugat
ing medium as shown in Figure 6.23. Maxi
mum compressive force is measured for the 
failure which is defined as the collapse of the

Load

1
plate

'  \  f  \  f \  / \ I \  f \  V '  linerboard 
plate

FIGURE 6.23. Schematic of flat crush test of corru
gated linerboard.

side walls of the corrugations. Figure 6.24 
shows the load-deformation curve for a corru
gated linerboard.

Short Column Crush (SCC) Test

The SCC test method is developed to test 
the in-plane crush resistance of side panels of 
a corrugated container under a stacking load 
(Figure 6.25). This test gives an indication for 
the stacking strength performance of boxes.

6.5.3 Visco-Elastic Behavior

Like textile materials, paper is a visco-elas
tic material which means that its elongation- 
recovery properties are time dependent. For 
example, if a paper breaks in 4 seconds under 
a 10 kg load, it takes 11 min to break under 
9 kg, 14 hours under 8 kg and 220 days under 
4 kg [2].

Paper creeps with time under constant load. 
There are two types of creep (Figure 6.26): 
primary creep which is recoverable and sec
ondary creep which is non-recoverable

A  spring-dashpot model is representative

FIGURE 6.24. Typical flat crush load-deformation 
curve of a corrugated linerboard [40].
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(2) Paper Stiffness =
E ffe

(6.14)

- waxed edge

FIGURE 6.25. Short column crush test [40].

of the visco-elastic behavior of paper (Figure 
6.27). Upon application of load, springs elon
gate and dashpot does not move. As the load 
is increased, the dashpot also starts moving. 
Due to the dashpot in the system, creep is 
completely recovered.

6.5.4 B en d in g  S tiffn ess  (F iexu ra i
Rigidity)

Bending involves both compression and 
tension (Figure 6.28). The bending moment 
for a given curvature is related to the stress- 
strain properties. Flexural rigidity for a mate
rial is the product of elastic modulus and mo
ment of inertia. Paper stiffness is expressed 
in two ways [2]:

(1) Paper stiffness: flexural rigidity/ 
grammage

where

E  = elastic modulus 
T = thickness of sample 
c = width of sample 
d = length of sample

Most stiffness measurements are based on 
either measurement of bending angle of a pa
per strip under a force or measurement of 
force required to bend the strip at a certain 
angle. TAPPI methods to measure stiffness 
are T-451 (Flexural Properties of Paper, Clark 
Stiffness), T-489 (Stiffness of Paper and Pa
perboard, Taber-type Stiffness Tester) and T- 
543 (Stiffness of Paper, Gurley Type Stiffness 
Tester).

Figure 6.29 shows the bending moment- 
curvature curves for bleached and unbleached 
sulfate board beams. The curves are analogous 
to tension and compression curves in Figure 
6.17. Bending stiffness is represented by the 
initial slope. The maximum moment is the 
bending strength.

Bending stiffness is especially important in 
most packaging applications where paper- 
board is used. For these applications high 
bending stiffness both in M D  and CD  is re
quired. Papers that must stand up during use, 
such as index Bristol, card, typing papers, 
playing cards, etc., require good stiffness. 
Corrugating medium and linerboard also need 
to have good flexural rigidity since they are 
used in structural constructions. Stiffness is

FIGURE 6.26. Primary and secondary creep.
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FIGURE 6.27. Spring-dashpot model for visco-elastic 
behavior of paper.

not wanted in tissue, toweling, printing papers 
and labels.

Bending stiffness depends on thickness, 
sheet construction, mass fraction of mixed 
pulps and degree of beating. Beating (refining) 
and additives, such as starch, increase stiff
ness. In general, multilayer sheet structures 
have greater bending stiffness than single 
layer structures [23,45].

6.5.5 B ursting  S treng th

Bursting strength is a measure of resistance 
against rupture of paper. It is defined as the 
hydrostatic pressure to rupture the paper as 
the pressure is increased at a constant rate. 
Bursting strength is expressed in kiloPascal 
(kPa) or psi (pounds per square inch).

Fiber length and bonding affect the bursting

M

FIGURE 6.28. Bending of a paper strip; r = radius of 
curvature, M = bending moment.

FIGURE 6.29. Bending moment versus curvature for 
bleached and unbleached paperboard [13].

resistance. Beating and pressing density in
crease burst strength. Loading conditions in 
bursting is similar to tensile loading. There
fore, if tensile strength increases, bursting re
sistance also generally increases. The failure 
occurs along the M D  direction in bursting 
which is the direction with the least amount 
of stretch.

TAPPI has developed several test methods 
for bursting resistance of different papers: T- 
403 (Bursting Strength of Paper) which is also 
known as Mullen Burst test, T-807 (Bursting 
Strength of Paperboard and Linerboard), T- 
810 (Bursting Strength of Corrugated and 
Solid Fiberboard).

6.5.6 Tear R es is tan ce

Long and coarse fibers increase tear resist
ance. During tearing a paper, fibers are broken 
and pulled out of the structure. Increasing 
grammage and flexibility increase tear resist
ance. Creped sheets also have higher tear 
strength.

TAPPI test method T-414 (Internal Tearing 
Resistance of Paper, Elmendorf Type Method) 
is designed to measure tear resistance of paper.

6.5.7 F o id in g  E n d u ran ce

Folding endurance is defined as the number 
of folds that a paper will withstand before 
failure. Folding endurance is important for the 
papers that are subject to bending, folding and 
creasing. TAPPI method T-423 is designed to
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measure folding endurance of papers with a 
thickness of 0.25 mm or less.

impervious to water
• restraining CD  shrinkage during drying

6.5.8 Form ation

The term “formation” is used to describe 
the uniformity of fiber distribution in a paper 
sheet. The more uniform is the fiber distribu
tion, the better is the formation. Formation 
is usually evaluated by inspecting the paper 
against a light source and estimating the varia
tions in the transmitted light intensity. Forma
tion testers, based on light transmission, are 
generally used for light weigth grades. Forma
tion generally correlates to other end use prop
erties such as printability, smoothness or me
chanical strength. Sheet formation affects the 
wet pressing and drying processing effi
ciencies.

A  dimensionless Formation Number, Nf, is 
defined as an indication for formation. Forma
tion number is based on local grammage varia
tions and is defined as the coefficient of varia
tion of local grammage Wa -

(j (Wa )
(6.15)

where A  indicates the size of the measuring 
area. As the uniformity in the sheet increases, 
the formation number decreases. A  more accu
rate way of characterizing the formation is 
the formation spectrum (floc-size spectrum) 
which shows the contribution of different floe 
sizes to the variations in local grammage [46].

6.5.9 D im en s io n a l Stability, C url a n d  
Tw ist o f  Paper

Dimensional stability of paper is critical for 
most applications including papers for print
ing, maps, templates, wallboard tape, abra
sion, etc. Dimensional instability can be re
duced by several methods [2]:

• using fibers that do not expand
• running a bulky sheet
• reducing internal bonding
• using bonding agents
• coating the paper to make it

Ambient moisture changes can cause the 
paper and paperboard to curl or twist by devi
ating from the flat structure (Figure 6.30). This 
may cause problems in converting or printing 
operations where a flat material is required 
for good runnability.

Curling may be due to a moisture gradient 
in thickness direction or an asymmetrical 
structure through the thickness. If a swelling 
agent like water or water vapor is absorbed, 
the sheet volume dilates. Restraining of swell
ing causes stress development in the material 
[23,47]. Curl free paper is necessary for photo
sensitive papers, printing papers, coated pa
pers and adhesive papers such as labels. 
TAPPI methods to test for curl are T-466 (De
gree of Curl and Sizing of Paper) and T-520 
(Curl of Gummed Flat Papers).

Twisting of paperboard may take place due 
to nonsymmetrical orientation of the layers 
above and below the midplane as shown in 
Figure 6.30.

6.5.10 G ram m ag e  (B as is  W eight)

“Grammage” is a relatively new term intro
duced in the metric system to replace the con
ventional “basis weight”. Grammage is the
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weight of the paper (in grams) per unit area 
(one square meter). In the Standard system, 
the conventional basis weight (ream weight 
or substance) is based on the mass in pounds 
of a ream for a given sheet size (a ream can 
have 480 or 500 sheets). Different paper 
grades have different ream sizes. Different end 
use of each type of paper generally requires 
different grammage. Table 6.3 lists typical 
grammage values for different types of paper.

Grammage of paper is very important be
cause all physical properties and many optical 
and electrical properties are affected by the 
change in grammage. Paper is sold by weight; 
therefore, the lowest grammage paper that will 
do the job is usually selected by the customer.

There are always grammage variations in 
a typical paper. If the fiber distribution in the 
paper were random, then the local grammage 
would be represented by a Poisson Distribu
tion. However, the process of sheet formation 
causes deviations from such a distribution 
[46].

The grammage variation is determined by 
three major methods: weighing, absorption of 
light and absorption of beta radiation. Gram
mage measurement is done on-line with beta 
radiation. Grammage measurement is affected 
by the relative humidity. The standard condi
tions in the US are 50% relative humidity 
(RH) at 23°C. It is reported that a 10% change 
in RH  around the standard RH  can cause 1% 
change in grammage [2,46].

Grammage variations can cause less effec
tive water removal and density fluctuations 
due to uneven wet pressing. Another effect of 
grammage variation is uneven drying condi
tions and variations in drying stresses.

paper

FIGURE 6.31. Measurement of sheet thickness.

6.5.11 Th ickness (C a lip er)

Uniformity of paper thickness is important 
especially for printing and writing. Sheet 
thickness is the perpendicular distance be
tween the two surfaces of the sheet. The thick
ness is measured by placing the sheet between 
two parallel plates under a certain pressure 
(Figure 6.31). The pressure is 50 kPa in the 
standard TAPPI test method, T-411 Thickness 
(Caliper) of Paper, Paperboard and Combined 
Board. In Europe, 100 kPa pressure is applied. 
The unit for thickness is micrometer (|xm) in 
the metric system and points (0.001 inch) in 
the Standard system. Table 6.4 shows typical 
caliper values for different papers. In general, 
as the grammage of paper increases, the thick
ness also increases as shown in Figure 6.32. 
Sheet thickness affects physical, optical and 
electrical properties.

6.5.12 S h e e t D en s ity  a n d  S p ec ific  
Voium e

Sheet density is a structural parameter that 
affects mechanical properties of paper. Sheet 
density is affected by both the total retention 
and the uniformity of retention of the fiber and 
fillers in the furnish. Total retention affects the 
finished optical properties of the sheet, and the

TABLE 6.3. Values of Grammage for Different 
Paper Types [2,48].

Paper Grammage (g/m^)

Tissues and paper towels 16 to 57
Glassine 30 to 75
Newsprint 45 to 70
Grocery bags 49 to 98
Fine paper 60 to 150
Cement bag 120 to 195

TABLE 6.4. Examples of Thickness Values for 
Different Papers [2,48].

Paper Sample Thickness (p.m)

Glassine 25-70
Facial tissue 55-75
Newsprint 75-95
Typing or ditto paper 80-120
Cement bag 230-635
Hardbound book cover 700-770
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TABLE 6.5. Specific Volume (bulk) o f Some 
Papers [2].

FIGURE 6.32. Thickness versus grammage for a typi
cal paper [22].

uniformity of the fiber-fines-filler distribution 
can have an effect on top to bottom uniformity 
of density.

Sheet density is determined from the thick
ness and grammage measurements of the pa
per [49]:

Ps = W /t (6.16)

where ps is the density (g/cm )̂, W  is the gram
mage and t is the thickness. Increased beating 
of pulp increases the density of the sheet. The 
typical relation between sheet density and 
grammage is shown in Figure 6.33. In low 
grammage region, density is proportional to 
the grammage. In the higher grammage re
gion, grammage does not have much effect on 
density. Short, flexible and highly fibrillated 
fibers give a dense sheet. Density is also af
fected by the amount of fiber bonding, amount 
of void volume and calendering.

Every optical and physical property are af
fected by sheet density. Sheet density is re
lated to porosity, rigidity, hardness and

Paper Type Specific Volume (cm^/gr)

Bulky groundwood 3.0
Unbeaten sulfite 1.8
Glassine 1.0
Cellulose 0.65

strength of paper. Tensile and burst strengths 
are directly related to density; tear and poros
ity are inversely related. Specific volume or 
bulk is the reciprocal of density. Table 6.5 
shows typical specific volumes of some 
papers.

6.5,13 P o ro s ity  a n d  P erm eab ility

Paper is a porous structure formed by a 
network of fibers. Therefore, paper is a two- 
phase structure in which pores and voids be
tween the fibers are an important part of the 
structure. The total apparent pore volume can 
be calculated from the solid phase density and 
apparent density of the sheet as follows:

Porosity =
pore volume 

total volume 
bulk density

(6.17)

= 1 »

FIGURE 6.33. The relation between sheet density and 
grammage [22].

solid density

Although pure cellulose has a density (specific 
gravity) of 1.5, paper has a low density of 0.5- 
0.8 due to its porous structure. Commercial 
papers contain about 70% air.

Pore volume is related to equivalent pore 
radius (EPR) which is used to compare paper 
porosities. Equivalent pore radius is defined 
as the radius of a single pore of length equal 
to the sheet thickness that would give the same 
flow as the average value for all the pores in 
a unit area of the paper [2]. The pore structure 
of a typical paper can be represented by a 
logarithmic normal distribution. This distribu
tion is affected by beating, calendering and 
mixture of fibers in the pulp [12].

Pores affect the optical properties of the 
paper since they separate surfaces that con
trols light scattering. Pores also influence liq
uid absorption which is critical in many appli
cations. Porosity is important for bag papers,
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cigarette papers, filter papers and insulating 
papers.

Air Permeability of Paper

Flow of air through paper is directly propor
tional to the pressure difference, time, effec
tive area of the specimen and the fourth power 
of the pore radius and indirectly proportional 
to sheet thickness. A ir resistance is defined 
as the time necessary for a specific air volume 
to pass through the sheet, or, the air volume 
that passes in a specific amount of time. In
creasing solid fraction increases air resistance. 
A ir resistance depends on fiber type. TAPPI 
T-460 is developed to measure the air resist
ance of paper.

6.5.14 S urface  Texture  (S m o o th n ess  
a n d  R o u ghness)

Absence or presence of surface irregulari
ties makes the paper smooth or rough, respec
tively. Gloss is related to smoothness both of 
which can be produced by supercalendering. 
Machine glaze (MG) in the paper can be ob
tained via Yankee dryer. Other factors affect
ing sheet smoothness are fiber source, pulping 
process, beating, shake of fourdrinier tables, 
forming and press fabric surface, wet pressing, 
filling, surface sizing and pigment coating. In 
general, use of short slim fibers in the furnish, 
promotes smoothness in the paper sheet.

Smoothness is important for quality print
ing, transfer of adhesives and non-slip pack
ages, among other things. Smoothness can be 
measured in various ways including direct 
methods, optical contact methods and air leak 
methods. Most common methods are Shef
field (macro) and Parker Print (micro) 
smoothness. TAPPI T-479 is designed to mea
sure the smoothness of paper with Bekk 
Method.

6.5.15 A b s o rb e n c y  a n d  S w ellin g  
P roperties  (W a te r R es is tan ce  Tests)

Paper is a hygroscopic material which 
means that it reaches an equilibrium with the 
surrounding humidity by taking up or giving

off water with time. The sorptivity of paper 
comes from the fact that the paper structure 
is porous and the fibers can take up liquids 
by swelling. Thus, both phases in a paper 
structure are absorbent. The quantity of liquid 
absorbed is given by:

q = qp + qf ( 6, 18)

where qp is the sorption into the pores and qf 
is the sorption into the fibers. The liquid enters 
the pore network by capillary flow. The sorp
tion of water into the fibers takes place by 
diffusion.

It has been shown that when the paper is 
immersed in a liquid, all the pore volume is 
accessible to the liquid through gaps between 
the fibers in the surface of the paper. The 
sorption of liquids by paper depends on the 
paper structure. In the case of aqueous liquids, 
chemical factors also become important. Liq
uid sorption increases the thickness of the pa
per due to swelling. The sorption mechanisms 
of sized and unsized papers are different. Pa
per sizing is done to make the paper hydropho
bic. In unsized paper, there is a simultaneous 
pore and fiber take-up until the liquid pene
trates to the reverse side of the paper with all 
the pores filled. After the liquids penetrate 
the paper, further sorption takes place due to 
continued swelling. In sized paper, water can 
not easily enter the pore system. Therefore, 
the only sorption mechanism is diffusion into 
and swelling of the fiber system [12].

There is a wetting delay before the water 
begins to be absorbed by the paper. It was 
reported that the wetting delay decreased with 
an increase in moisture content of the paper. 
Aging or heat treatment increases the wetting 
time. Pure cellulose has a wetting time of 
about 8 ms [50]. Results have also shown 
that the short time sorption of oils follows a 
square-root dependence on time.

Wettability

Measurements of contact angle of liquid 
drops on paper surface has been used to deter
mine wettability of paper (Figure 6.34). 
TAPPI T-458 is designed to measure the sur
face wettability of paper (angle of contact
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paper surface

FIGURE 6.34. Contact angle between liquid drop and 
paper surface.

method). A  small drop of water or ink is placed 
on the paper surface and contact angle after 
a certain amount of time is measured using 
a microscope. As the hydrophobicity of the 
surface increases, contact angle, 8, also in
creases. Wettable surfaces have smaller values 
of contact angle.

6.5.16 O p tica l P rop erties

Paper can reflect, transmit and absorb light 
(Figure 6.35). Optical properties of paper, 
such as opacity, reflectivity and transmittance, 
depend on type of pulp, amount of bleaching, 
fillers, coating, dyes and colored pigments, 
finishing operations and grammage. These in 
turn affect specific scattering coefficient and 
specific absorption coefficient of the paper. 
Increasing light scattering coefficient in
creases reflectivity and opacity and reduces 
transmittance.

Paper materials can be classified as opti
cally thin or thick. A  material is optically thin 
if most of the light is transmitted. If reflectivity 
is high (more than 50%) and the transmittance

light

FIGURE 6.35. Interaction of light with sheet.

is low (less than 20%), then the material is 
said to be optically thick. Most papers belong 
to optically thick category [51,52].

For a single-layer structure, the reflectivity 
is increased with a high scattering coefficient 
or with a low absorption coefficient. Reflecti
vity is, by definition, independent of gram
mage. Opacity is increased by increasing 
grammage, light scattering coefficient and 
light absorption coefficient. However increas
ing absorption coefficient reduces reflectivity. 
Coating increases reflectivity and opacity. 
Type of filler also affects opacity.

A  fine paper made of bleached chemical 
pulp has a high reflectivity and a low opacity 
due to its low scattering and absorption coeffi
cients. To increase opacity of fine papers, usu
ally a filler is included in the structure to 
increase light scattering coefficient. A  paper 
with mechanical pulp has a higher opacity 
than a paper with bleached chemical pulp be
cause of its high value of light scattering coef
ficient. However, its reflectivity is generally 
lower due to a higher value of absorption coef
ficient. Filler in a mechanical pulp would have 
a slight effect on opacity.

Coating is an effective way for improving 
both reflectivity and opacity. This is because 
a coating pigment has a high scattering 
coefficient and a fairly low absorption coeffi
cient. Choice of pigment is important for 
the optical properties of the coating layer. 
It should be noted that not all coatings 
contain pigments.

Optical properties can be more readily 
altered by producing paper in layers. For 
example, a dark secondary or mechanical 
pulp may be placed in the center and covered 
with bleached chemical pulp for brightness. 
Playing cards contain a very dark center to 
ensure high opacity whereas the top layers 
have a high scattering coefficient for good 
reflectivity. In paperboard, a layered struc
ture is generally used with a dark center 
and brighter top layer to increase reflectivity. 
In fact, paper is generally considered as a 
layered structure for the analysis of the 
optical properties. Kubelka-Munk Theory is 
a fairly accepted model to analyze the optical 
properties of multilayer paper structures. In
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TABLE 6.6. Test Methods for Opacity and Brightness [53].

Opacity Brightness

International Organization for Standardization ISO 2471 ISO 2470
USA TAPPI T 425 

T 519
TAPPI T 452

ASTM D 589 ASTM D 985
Japan IIS P-8138 JIS P-8123
Canada CPPA E.2 CPPA E.l
Scandinavia SCAN P8 SCAN P3

a multi layer structure, the optical properties 
are the result of contributions from each 
individual layer. Reflectivity of a multi layer 
structure depends on grammage [51].

Brightness

Brightness refers to the lightness of overall 
reflectivity of the paper. Brightness is a func
tion of spectral reflectance, energy distribu
tion of the illuminant and viewing conditions. 
TAPPI T-452 is used to measure the bright
ness of pulp, paper and paperboard. Table 6.6 
shows standard test methods for opacity and 
brightness in different countries.

Opacity

Opacity is the property of the paper that 
prevents objects on the other side to be seen 
through the paper. The higher the opacity the 
less the objects can be seen through the paper. 
For example, if the print can not be seen 
through the page, the paper has high opacity. 
Opacity level is important especially for print
ing papers which require high opacity to pre
vent show-through. Bond, newsprint and writ
ing papers also require high opacity. Some 
papers such as black photographic wrapping 
paper and paperboard are considered to be 
truly opaque. Low opacity is required in trac
ing and glassine papers. TAPPI T-425 (Opac
ity of Paper) and T-519 (Diffuse Opacity of 
Paper) are used to measure paper opacity. 
Opacity increases with grammage. The oppo
site of opacity is transparency which is defined 
as the ability of paper not to scatter light.

Gloss

Gloss is the lustrous or shiny appearance 
of the paper surface. Glossiness depends on 
the type of illumination, angle of incidence 
and reflection, and relative position of paper 
and observer. Rough surface may not seem as 
glossy. High gloss may make reading difficult 
because of glare. The opposite of gloss is 
matte. TAPPI T-480 (Specular Gloss of Paper 
and Paperboard at 75°) and T-653 (Specular 
Gloss of Paper and Paperboard at 20°) are 
used to measure gloss.

Color

Color for paper and paperboard is important 
for aesthetic purposes and marketing. Color 
can be characterized as a numerical value. 
TAPPI -527 is used to measure color of paper 
and paperboard.

6.5.17 H a n d  P ro p erties  (S o ftn ess  a n d  
H ard n ess)

Softness is especially important for papers 
that come in contact with the skin such as 
sanitary and facial tissues and toweling.

There are several manufacturing parameters 
that affect softness. Minimum amount of 
bonding reduces stiffness and improves soft
ness. High fiber strength is required to have 
adequate strength in soft sheets. Sulfite is con
sidered a superior pulp for softness. Dry or wet 
creping methods are used in manufacturing to 
increase softness. Humectants (e.g. glycerin, 
diethylene glycol) and debonders (e.g. alkyl



304 PAPER STRUCTURE, PROPERTIES, AND TESTING

amine salts, amides) are the additives that are 
used for softening. Sheets with nearly equal 
MD/CD tensile ratios also produce softer 
sheets.

TAPPI method T-451 (Flexural Properties 
of Paper) is used to measure softness. Softness 
is related to sheet density, rigidity, compress
ibility and surface smoothness.

Hardness can be defined as the resistance 
to indentation. Hardness is usually related to 
density. As a result, highly beaten pulps pro
duce hard paper. Compressibility is the oppo
site of hardness. Compressibility is deter
mined by the change in the thickness of the 
sheet.

6.5.18 E lec trica l P rop erties

Paper is used in a variety of electrical de
vices and related applications including ca
pacitors, transformers, electronic circuit 
boards, wires, coil windings and cables. Paper 
has good dielectric properties. The electrical 
properties of paper are also important in direct 
electrophotographic and dielectric printing 
methods. Examples of other less known appli
cations of paper are electrostatically assisted 
rotogravure, radio frequency or microwave 
dryers, and radio frequency or microwave 
moisture gages that involve the interaction of 
electromagnetic fields with paper and water 
systems [54].

Electrical properties of paper are aniso
tropic. The important electrical properties of 
paper and paperboard are volume and surface 
conductivities or resistivities, dielectric con
stants and loss, permittivities and dielectric 
breakdown strength. Dielectric constant is af
fected by the apparent density, fiber configu
ration and crystalline cellulose [55].

6.5.19 Therm al P rop erties

As the development and application areas 
of papers increase, the thermal properties of 
papers are also getting more attention. Impor
tant thermal properties of paper are specific 
heat, thermal conduction, thermal expansion.

combustion and thermal decomposition [56]. 
The specific heat of paper is similar to natural 
cellulosic fiber. Moisture content of paper af
fects these properties significantly. Thermal 
conductivity of paper depends on apparent 
density and absorbed moisture. Temperature 
and moisture changes affect paper expansion 
and shrinkage significantly. Of the two, mois
ture has more effect than temperature.

Paper and paperboard has a high flammabil
ity. This is an advantage for disposal by burn
ing. However, flammability is a disadvantage 
for paper for applications where fire hazard 
is critical such as interior decoration. Methods 
to measure flame resistance of paper are 
TAPPI T-461 and ASTM D-777.

Heating changes the physical properties of 
paper leading to charring and pyrolysis. In
creasing temperature increases the rate of de
terioration and degradation. The thermal sta
bility of paper can be improved by inclusion 
of inorganic materials.

6.5.20 F in ish

Finish is a broad and relatively subjective 
term used to describe surface characteristics 
of paper that affect paper appearance and feel. 
It involves smoothness, softness, gloss and 
other properties that are explained above.

6.6 TAPPI Test Methods

The following is the breakdown of the 
TAPPI test methods [32]:

• Fibrous Materials and Pulp Testing 
T 1-200 Series

• Paper and Paperboard Testing 
T 400-500 Series

• Nonfibrous Materials Testing 
T 600-700 Series

• Container Testing 
T 800 Series

• Structural Materials Testing 
T 1000 Series

• Testing Practices 
T 1200 Series
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Appendix E  lists the major paper testing 
and research laboratories [32].
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6.8 Review Questions

1 What is the most important property of 
paper? W hy?

2 What properties of wood fiber make it 
the most suitable fiber for papermaking? 
Explain.

3 What are the differences between hard
wood and softwood tree fibers?

4 Calculate the maximum compacting force
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between two fibers of 1 inch length (refer 
to Figure 6.16). Surface tension of water 
is 72 dynes per cm,

5 Are the fibers oriented randomly in the 
sheet? What are the factors that affect fiber 
orientation? Explain.

6 What is hydrogen bonding? How does it 
provide strength in the paper?

7 What are the possible solutions to the two 
sidedness of the sheet?

8 Which one is stronger: fiber or paper? Ex
plain the strength relationship between 
them.

9 Explain visco-elasticity. What are the ad
vantages and disadvantages of visco-elas
tic behavior of paper?

10 How does the grammage affect the other 
properties of paper?

11 What can be done to alter the optical prop
erties of paper?



Total Quality Management (TQM)

Total Quality Management (TQM) is a 
management strategy that is designed to 

continuously improve performance in all areas 
of responsibility at every level in an organiza
tion. The very definition of TQ M  indicates 
three major components [1,2,3,4,5]:

(1) The totality implies that the system should 
encompass all functions and groups in the 
organization such as manufacturing, engi
neering, research and development, sales 
and marketing and management at ev
ery level.

(2) The quality is the end result that can be 
evaluated by two primary factors: per
formance and producer-user mutual satis
faction

(3) The management implies the degree of 
communication among different units in 
the organization to provide the necessary 
advise and feedback which are essential 
to high quality

In a highly competitive environment, com
mitment to quality is not an option but an 
absolute necessity. In today’s business envi
ronment, quality is a relentless pursuit without 
an end. To stay competitive, quality should 
come second only to health, safety and envi
ronmental factors. As in every industry, prod
uct quality has become one of the most critical 
factors in paper machine clothing and paper 
industries. Today, the same equipment and 
machinery are generally available to every

manufacturer. Yet, the quality of products 
from different manufacturers may differ. The 
reasons for this difference are various but in
clude expertise and know how of the technical 
people as well as the management philosophy 
and style of the company.

7.1 H istorica l Development o f TQM

The purpose of TQ M  is to ensure high 
quality products and services. Various meth
ods and systems have been developed and 
implemented in the past to achieve this goal. 
The concept of quality dates back to 3000 
BC  Babylon where it was practiced to impose 
uniformity of units for weights and measures
[6]. Throughout time, fitness for use of a 
product has been measured in regards to its 
uniformity and quality. Preliminary standards 
were used to ensure uniformity in goods 
produced which were measured by means 
of product physical attributes which were 
judged by the inspector’s individual appre
hension of these attributes. Prior to industrial 
revolution, quality was mostly managed by 
individuals that were involved in various 
levels of the product life cycle. In 1875, 
the principles of scientific management was 
introduced by F. W. Taylor, Around this 
time, assembly line concept was developed. 
Products were manufactured in several steps 
and usually different person(s) were involved 
at each step. Therefore, the workers no longer
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had the opportunity to fabricate from begin
ning to end, personally monitoring and con
trolling the quality and productivity of their 
efforts. They became responsible only for a 
portion of the complete manufacturing cycle 
without seeing direct effects of their efforts 
on the final product and its required function. 
This caused the development of barriers or 
walls between the departments and workers.

During the early 20th century, written stan
dards showing the product’s critical statistics 
were used. In 1911, Taylor suggested ‘‘time” 
as the simplest measurement of performance. 
His efforts focused on development of time 
study analysis, work standards and wage in
centives. Prior to 1920s, the implementation 
of quality control was still somewhat subjec
tive. Product standards, as they are known, 
became more common after the World War I, 
and the only interaction between the standards 
and the product was the physical inspection. 
This era can be classified as small size busi
ness environment with low production and 
labor intensive manufacturing. There was an 
intimate relationship between the manufac
turer and customer. International competition 
was relatively small.

In 1920s, Quality Control (QC) started to 
appear as a specific discipline and became one 
of the central activities in manufacturing. In- 
process and final inspection became two es
sential functions of quality control. Statistical 
quality control was developed for this purpose 
in this period. Inspection and sampling were 
evaluated using statistical control charts and 
sampling techniques such as random sam
pling.

Between 1930s and 1970s, quality control 
was mostly done by sampling inspection 
prior to shipping to customers. Off-line test
ing methods were developed for this purpose 
and statistics were used in sampling inspec
tion. Government regulations and military 
standards during the World War II demanded 
sampling inspection. The American Society 
for Quality Control (ASQC) was established 
in 1945. Since the late 1970s, the emphasis 
has been on making quality products and 
delivering quality services. Quality control 
expanded to include evaluation of product

design, manufacturing and end-use [6]. To
ward the end of this period, the international 
competition started to surface.

The 1980s witnessed the revival of quality 
control which was driven by global competi
tion. Statistical Process Control (SPC) was 
introduced. The computer revolution has im
proved quality and quality control tech
niques.

In the mid 1980s, the concept of Total Qual
ity Management (TQM) began to develop. 
Quality control and quality engineering were 
integrated with quality management. Efforts 
are being made to remove the barriers and 
walls among departments within the organiza
tion. Giant steps in information technology 
resulted in development of expert systems, 
integrated information systems, neural net
working and fuzzy logic methods. The con
cept of concurrent engineering was developed. 
Continuous improvement became the way of 
life and different ways of wage incentives 
were developed.

7.2 Q uality Philosophies

Quality today is measured in many different 
ways by many different experts. Webster’s 
dictionary defines quality as “a. An inherent 
feature, b. Degree of excellence” [7]. Quality 
masters such as Dr. W. E. Deming, Dr. J. M. 
Juran and Dr. D. A. Garvin all have their 
definitions and explanations of causes associ
ated with quality. Quality can be viewed as a 
matter of whether or not a product is useable 
and the extent to which that product is fit for 
use. This “fitness for use” [8] is gauged by 
the customer in different areas from price to 
ethics. Quality standards such as ISO  give 
manufacturers assurance of minimized vari
ance and adherence to specifications.

Quality is the main ingredient in a product 
that delights the customer by either meeting 
or exceeding expectations [9]. Thus, it should 
be paramount to any business, to meet or even 
exceed expectations of its customers. Another 
necessity for quality is the cost. Production 
costs can be very high when quality is having 
to be reworked into a satisfiable product. It is
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reported that over 30% of production costs 
can be due to reworking or replacing defective 
parts or products [10]. If quality could be made 
into the product the first time, a company 
could save this 30%, which could improve 
quality without raising the price of the item 
out of the competitive range.

Customers today are more willing to pay 
for quality. It is reported that 87% of consum
ers said quality is their number one criterion 
when making a purchase and 84% of consum
ers said that they would be willing to pay more 
for top quality [11].

The benefits of quality to the companies 
are as follows [12,13]:

(1) Greater Market Share is caused by the 
customer’s perceived better quality of an 
item and their repeated buying and refer
ence of the product to others.

(2) Higher Growth Rate is directly propor
tional to the growth in the market share 
due to the role that a company’s market 
share plays on the growth rate of that 
company.

(3) Premium Price is a great benefit of per
ceived quality by the customer. A pre
mium price can be charged for a product 
due to the users’ willingness to pay more 
for what is perceived as better quality

(4) Loyal Customers are produced when they 
see that a product has not let their expecta
tions down and has fulfilled the promise 
of quality that the premium price some
times dictates. This benefits the company 
greatly on the basis of advertising and 
reputation due to the loyalty of these re
peat customers

(5) Highly Motivated Employees come from 
having pride in the fact that the product 
they produce is perceived to have the 
highest quality.

These benefits translate into long lasting 
prosperity for these companies, as well as 
a healthy bottom line at the end of the 
financial quarter.

There are many dimensions of quality 
such as performance, features, reliability.

conformance, durability, service ability and 
perceived quality [14]. Aesthetic, which is 
often considered as a measure for quality, 
is secondary importance for industrial textiles 
such as paper machine clothing. These di
mensions of quality are independent of one 
another while at the same time one may be 
sacrificed for the benefit of the other. A 
product or service may be high in one 
dimension while being low in another with
out the two being directly related. This is 
what gives these dimensions such an encom
passing view of quality and its application.

Perceived quality is where the definition of 
quality gets somewhat vague. It seems to hold 
true that quality can be defined only in terms 
of the person assessing the item or service. 
This raises the question: who is the final judge 
of quality? Is it the customer or the manager? 
The manager would assume quality in his 
product if it meets manufacturing standards 
and production quotas. The customer has a 
different view of quality and its meaning. The 
factors that affect customer satisfaction for 
quality are price, technology, psychology, 
time orientation, contractual and ethical [9]. 
Customers tend to associate quality with 
higher price. There is some evidence that price 
is used by consumers in quality estimates and 
that for some products consumers’ estimates 
of quality are affected by price [15].

In the manufacture of paper machine cloth
ing, technology indicates factors such as 
fabric and seam strength and other properties 
that are affected by the state of technology in 
the industry. Psychological effect generally 
means aesthetic requirements of customers 
which have secondary significance in paper 
machine clothing. Time orientation includes 
durability. Contractual refers to a product 
guarantee, the refund policy, etc. Most major 
purchases made creates some type of anxiety 
about whether or not the choice was right. 
Refund policies also tell the customer that 
the producer stands behind his/her promise 
that the product will meet the customer’s 
needs or the customer will receive a refund. 
Ethical refers to honesty of advertising, cour
tesy and responsiveness of sales/service per
sonnel, etc.
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7.2.1 W. Edwards Deming's View of 
Quality

According to Dr. Deming, quality begins 
with the intent, which is fixed by the manage
ment. The intent must be converted by engi
neers and others into plans, specifications, 
tests and production [16]. Deming supports 
this view with his 14 obligations of manage
ment which are listed in Table 7.1.

Deming’s description of the steps to im
prove quality show mainly managerial tech
niques that might be ignored by companies 
who hope for quality to appear through such 
programs as management by objective or 
management by sheer numbers. This does not 
ensure that everyone in the organization is 
committed to quality or their intent is to build 
quality into the item itself. Without this intent 
for inherent quality, consistent perceived qual
ity by both the customer and management will 
fall short.

Dr. Deming sees quality as a triangle of 
interaction among:

(1) The product itself
(2) The user and how he uses the product, 

how he installs it, how he takes care of 
it, what he was led to expect

(3) Instructions for use, training of customer 
and training of repairmen, service pro
vided for repairs and availability of parts

Dr. Deming supports standardization as a 
way of improving production. He clarifies reg
ulation versus standards by explaining how 
standards made voluntarily keep federal regu
lations down to a minimum. With an industry 
overly regulated by the government there can 
be little room for that business to compete 
with unregulated businesses overseas.

7.2.2 Joseph M. Jurart’s View of
Quality

Dr. Juran sees quality as “fitness for use” 
[8] which seems to have gained widespread 
acceptance as the short definition of quality. 
Dr. Juran describes quality as having a twofold 
meaning; that of product features that meet 
customer needs and a product’s freedom from 
deficiencies. In the eyes of the customer, the 
fewer the deficiencies the higher the quality. 
Juran shows that product features mostly im
pact sales and increasing product features in
creases the cost. When product deficiencies 
are reduced, the cost of quality is decreased.

TABLE 7.1. Deming's 14 Points of Quality Management.

1. Create constancy of purpose for the improvement of product or service
2. Adopt the new philosophy
3. Cease dependence on mass inspection for quality control
4. End the practice of awarding business on the basis of price tag
5. Improve constantly and forever the system of production and service, to improve quality and 

productivity, and thus constantly decrease costs
6. Institute more thorough, better job-related training
7. Institute leadership
8. Drive out fear, so that everyone may work effectively for the organization
9. Break down barriers between departments

10. Eliminate slogans, exhortations and targets for the work force that ask for zero defects and new 
levels of productivity without a means of accomplishment

11. Eliminate work standards on the factory floor
12. Remove the barriers that rob employees at all levels in the company of their right to pride of 

workmanship
13. Institute a vigorous program of education and self improvement
14. Put everybody in the organization to work to accomplish the transformation



Core Concepts of TQM 313

7.2.3 David A  Garvin's View of 
Quaiity

Dr. Garvin, a Harvard expert on quality, 
states that quality has five definitions or ap
proaches to definitions which are as follows
[17]:

• Transcendent is a view of quality that 
believes in the ‘‘innate excellence” of a 
product. This view sometimes contends 
that quality is found in craftsmanship 
and not in mass production. This view 
is that of unanalyzable philosophical 
properties.

• Product Based is the view that quality 
is a precise and measurable variable, 
wherein differences in quality must be 
based on the components of that 
product.

• User Basjed definitions of quality take 
the cliche “Quality lies in the eyes of 
the beholder” approach.

• Manufacturer Based definitions are 
mainly based on the engineering and 
manufacturing side of the supply for 
the product.

• Value Based definitions are those that 
define quality in terms of costs and 
prices.

According to Garvin, these five definitions 
show all sides of quality. The definitions of 
Dr. Juran and Dr. Doming would fall into the 
user based and manufacturing based defini
tions, respectively.

7.2.4 Other Views of Quaiity

There have been many other academicians 
and scientists who have developed quality phi
losophies. Philip B. Crosby defined quality 
as the “conformance to requirements”. His 
method to achieve quality is based on preven
tion of defects. Performance standards are es
tablished for zero defects. According to him, 
the quality performance measurement is the 
cost of quality.

According to Genichi Taguchi, quality must 
be designed into every product and corres

ponding process. He defines the quality as 
“the (minimum) loss imparted by the product 
to the society from the time the product is 
shipped.”

7.3 Core Concepts of TQM

TQM is an integrated quality improvement 
system. There are certain components of TQM 
that should be well defined, understood and 
implemented by the organization that is imple
menting it. First of all, the organization must 
define the quality either by adopting one of the 
existing quality definitions or by developing a 
new one to suit the company’s needs. Before 
defining quality, a careful study of customer 
expectations, requirements and priorities 
would be helpful.

For the TQM to be successful, top manage
ment should be committed to the development 
and implementation of the quality program at 
every level of the company. Management is 
responsible for providing help and proper 
facilities, equipment, etc., for the company 
associates. Motivation and appreciation of the 
quality control activities are also crucial.

Training is an important part of TQM. Each 
person in the organization should get proper 
training in his/her area. The necessary tools 
of quality control including Statistical Process 
Control (SPG) should be taught in theory and 
practice. Training of employees is a long term 
investment for the company. Lack of training 
reduces the probability of success in quality 
manufacturing.

Job satisfaction encourages employees to 
make voluntary contributions to the company 
in the form of suggestions, initiatives, etc. 
Education, not criticism, should be the form 
of retribution in case of any problems.

Communication is one of the keys for the 
success of any company. Communication is 
especially critical between production and 
marketing. Optimization of product mix 
should be considered very carefully when 
planning production.

Modem textile manufacturing machinery 
minimize the labor involvement. They also 
require less frequent maintenance than in the
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past. State of the art equipment can be a valu
able asset for quality manufacturing. How
ever, well run older equipment may be a better 
investment in the short term than poorly run 
high tech equipment. Computerized machin
ery and equipment increases accuracy and 
quality of production. Integrated automation 
involves automation of material flow and 
transportation, machine settings, machine op
eration, maintenance, data recording and anal
ysis. Preventive maintenance reduces the risk 
of machine downtime. An effective plant 
housekeeping schedule should also be imple
mented.

Information systems provide on-line and 
real-time information about various produc
tion parameters including production rate, ef
ficiency, speed and idle time. Mechanical, 
electronic and optical sensors can be installed 
for measuring several product properties such 
as thickness, uniformity, tension and surface 
characteristics. In addition to on-line informa
tion systems, off-line testing systems can pro
vide detailed data analysis using computers 
and software packages [4].

The concepts and procedures of TQM are 
not industry specific, i.e. they can be applied 
in any industry, small or large. Quality im
provements must continue even after a quality 
assurance program is implemented.

7.4 Basic Management Elements of
TQM

Commitment, awareness, planning, ac
countability and recognition are the main 
managing elements in a TQM environment. 
Commitment level indicates where the man
agement stands on quality. Awareness in
volves an ongoing education and training of 
people on the progress of quality improve
ment. Employees should be made aware of 
the relationship between the company and 
customer (partnership).

Good planning is one of the most critical 
managing elements in TQM. Quality im
provement must be a result instead of a reac
tion. All quality improvement efforts must be 
distributed through different levels of the or

ganization with careful planning. Levels of 
planning ranges from simple statements of 
goals and specific actions to more detailed 
approaches that include graphical and analyti
cal tools such as flow diagrams, cause-and- 
effect diagrams, etc.

Accountability involves the measure, 
tracking and review of the performance of 
individuals and teams in improving quality. 
Recognition naturally follows the account
ability. Proper recognition of the efforts of 
individuals and teams is an effective way of 
motivation.

7.5 Statistical Process Control

Statistics is a branch of mathematics deal
ing with the collection, analysis, interpreta
tion and presentation of masses of numerical 
data. Statistical Process Control (SPC) is an 
analytical tool for TQM with a manufactur
ing focus on process variation. SPC is a 
method by which one identifies the capabili
ties of a given process and by using statistical 
methods, identifies certain aspects of this 
process that can be improved. The end result 
of a statistical process control program is 
reduced variability, increased productivity 
and cost reduction [18].

Applied statistics is a tool that can be used 
to answer a variety of questions and the use 
of statistical procedures is, therefore, always 
a middle step. To answer a question, first an 
investigation must be formed. The typical 
steps in an investigation are:

(1) A substantive question is formulated and 
refined and a plan is developed to obtain 
relevant evidence.

(2) When appropriate, a statistical model is 
chosen to assist in organizing and analyz
ing the data to be collected. At this point, 
a statistical question may be developed, 
the answer to which may be expected to 
throw light on the substantive question. 
A statistical question differs from a sub
stantive question in that it always con
cerns a statistical property of that data 
such as the average of the set of measures.
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FIGURE 7.1. Statistical techniques.

(3) Upon applying the statistical procedure, 
one arrives at a statistical conclusion.

(4) Finally, a substantive conclusion is 
drawn.

There are numerous statistical techniques 
that have been available and well developed 
both in theory and in practice. Figure 7.1 
shows some of the most common statistical 
techniques in use today. The degree of com
plexity of the technique increases towards the 
top. A detailed description of these methods 
is not among the purposes of this book. There
fore, only some of the more basic techniques 
will be described here. The reader is referred 
to the literature for the other techniques.

7«5J Data

fabrics were manufactured during this time 
period and that a number of final permeabili
ties were produced. The results of our research 
are listed in Table 7.2.

The entire collection is referred to as the 
population and any individual final permeabil
ity as an element of that population. Assume 
that the target permeability was 75 cfm. Anal
ysis of data shows that there are some number 
of permeabilities close to the target, some 
higher and some lower. Also note that there 
are some permeabilities in the 60’s and some 
in the 90’s, and that they are few in number, 
and that no permeabilities are lower or higher.

There are different purposes of collecting 
the data. When a particular method of doing 
a job is introduced, it is natural to consider 
whether the method is appropriate or not. The 
decision is usually based on past results and 
experience, or perhaps some conventional 
method. However, in the case of factory work 
where data are collected through the actual 
manufacturing process, the procedural meth
ods are introduced on the basis of the informa
tion obtained. The manufacturing procedure 
will be most effective if a proper evaluation 
is made and on-the-job data are essential for 
making a proper evaluation. Data and subse
quent evaluation will form the basis for actions 
and decisions. As factory operations will vary 
with the manufacturing procedure involved, 
data should be classified in terms of the vari
ous purposes. These purposes are:

(1) Data to assist in understanding the actual 
situation: For example, these data are col
lected to check the extent of the dispersion

Data are facts or figures from which con
clusions can be drawn. Data are the raw mate
rials of statistics. Data can be gathered from 
any number of sources. The term population 
refers to the complete set of observations or 
measurements about which we would like to 
draw conclusions. Single observations or mea
surements are called elements. An element is 
also referred to as a sample. Suppose we were 
interested in the average permeability of Type 
A dryer fabrics manufactured during a three 
month period. Our research reveals that 50

TABLE 7.2. The Final Permeability of Type A 
Dryer Fabrics Manufactured in One Quarter.

84 82 72 70 72
80 62 96 86 68
68 87 89 85 68
87 85 84 88 89
86 86 78 70 81
70 86 88 79 69
79 61 68 75 77
90 86 78 89 81
67 91 82 73 77
80 78 76 86 83
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in part sizes coming from a machining 
process or to examine the percentage of 
defective parts contained in lots received. 
As the number of data increased, they can 
be arranged statistically for easier under
standing. Estimates and comparisons can 
then be made concerning the condition of 
lots received as well as the manufacturing 
process, utilizing specified figures, stan
dard figures, target figures, etc.

(2) Data for analysis: Analytical data may 
be used, for example, in examining the 
relationship between a defect and its 
cause. Data are collected by examining 
past results and making new tests. In this 
case, various statistical methods are used 
to obtain correct information.

(3) Data for process control: After investigat
ing product quality, this kind of data can 
be used to determine whether or not the 
manufacturing process is normal and in 
control. Control charts are used in this 
evaluation and action is taken on the basis 
of these data.

(4) Regulating data: This is the type of data 
used, for example, as the basis for raising 
or lowering the temperature of an elec
tronic furnace so that a standardized tem
perature level may be obtained. Actions 
can be prescribed for each datum and 
measures taken accordingly.

(5) Acceptance or rejection data: This form 
of data is used for approving or rejecting 
parts and products after inspection. On a 
basis of the information obtained it can 
be decided what to do with the parts or 
products.

Data serve as the basis for action. After 
evaluating actual conditions, as we have other 
data, proper action can be taken. After data 
are collected, they are analyzed, and the infor
mation is extracted through the use of statisti
cal methods. Finally, data are collected be
cause the population (the work situation) from 
where data are drawn is constantly changing.

To determine the magnitude of that change 
(in determining whether or not action must 
be taken) we statistically analyze that data to

determine if the variation is part of the natural 
variation for that process, or if the variation 
is due to some cause outside the normal varia
tion of that process. After collecting data, it 
is possible to see that items seemingly pro
duced in exactly the same way turn out differ
ently. In many of the cases, this dispersion 
occurs because of differences in:

• the raw materials
• the tools, machinery or equipment
• the work method or process
• the measurement

Raw materials differ slightly in composi
tion according to the source of supply and size 
differences will occur within accepted limits. 
Machines may seem to be functioning uni
formly, but dispersion can arise from differ
ences within parts of the machine itself. Like
wise, a piece of equipment may be operating 
optimally only part of the time. Work meth
ods, although programmed according to pre
scribed processes, can lead to perhaps even 
greater variations. Finally, a random task such 
as measurement is not always exactly 
achieved. Even slight differences can add up 
to a great deal of product quality dispersion.

7.5.2 Frequency Distributions

Statistical analysis can not proceed until 
the data of interest in an investigation are 
similarly organized in a useful manner. The 
simplest way to facilitate this kind of analysis 
is to put the permeabilities in order. To do 
so, locate the highest and lowest permeability 
values. Then, record all possible permeability 
values (including the two extremes) in de
scending order. Among the data in Table 7.2 
the highest permeability is 96, and the lowest 
permeability is 61. The recorded sequence is 
96,95,94,. . . ,  61 as shown in Table 7.3 along 
with the number of occurrence (frequency) 
for each sample. Such an array showing the 
permeabilities and their frequency of occur
rence is called a Frequency Distribution.

Thus organized, many features of interest 
are easily perceived. It is seen that the target 
permeability of 75 cfm is a little below the
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TABLE 7.3. Permeabilities from Table 7.2, 
Organized in Order of Magnitude.

Perme
ability

Fre
quency

96
95
94
93
92
91
90
89
88
87
86
85
84
83
82
81
80
79

Perme
ability

F re
quency

78
77
76
75
74
73
72
71
70
69
68
67
66
65
64
63
62
61

middle of the distribution. Although perme
abilities range from 61 to 96, the bulk of the 
distribution lies between 67 and 91. There is 
one permeability near the top of the tolerance 
range and two permeabilities near the bottom 
of the tolerance range.

When data range widely, reducing individ
ual data to a smaller number of groups makes 
it easier to display the data and to grasp their 
meaning. Table 7.4 shows two ways in which 
the permeabilities in Table 7.2 may be 
grouped into class intervals.

There are, however, two matters that should 
be kept in mind when considering grouped 
scores.

(1) When scores are grouped some informa
tion is lost.

(2) A set of raw scores does not result in a 
unique set of grouped scores.

Table 7.4 shows, for example, two different 
sets of grouped scores that may be formed 
from the raw data in Table 7.2. In converting 
raw data to grouped data there are several 
principles that should be kept in mind:

• A set of class intervals should be 
mutually exclusive. That is, intervals 
should be chosen so that one data point 
can not belong to more than one 
interval.

• All intervals should be the same width.
• Intervals should be continuous 

throughout the distribution. In part “A” 
of Table 7.4, there are no terms in an 
interval 64-66. To omit this interval 
and “close ranks” would create a 
misleading impression.

• The interval containing the highest 
value is placed at the top.

• The number of classes is dependent 
upon the amount of data.

Fewer class intervals mean greater interval 
width, with consequent loss of accuracy. The 
larger the number of classes in a frequency 
distribution, the more detail is shown. If the 
number of classes is too large, though, the 
classification loses its effectiveness for sum
marizing the data. Too few classes, on the 
other hand, condenses information so much 
as to leave little insight into the pattern of the 
distribution. The best number of classes in a 
frequency distribution often needs to be deter
mined by experimentation. Usually an effec
tive number of classes is somewhere between 
4 and 20.

TABLE 7.4. Permeabilities from Table 7.2,
Converted to Grouped Data Distributions.

A: Class Interval B: Class Interval
Width = 3 Width = 5

Perme F re Perme Fre
ability quency ability quency

94-96 1 95-99 1
91-93 1 90-94 2
88-90 6 85-89 15
85-87 10 80-84 10
82-84 6 75-79 9
79-81 6 70-74 6
76-78 6 65-69 5
73-75 2 60-64 2
70-72 5
67-69 5
64-66 0
61-63 2
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The choice of the class width (or class inter
val) is related to the determination of the num
ber of classes. Many class intervals result in 
lesser convenience. It is generally best if all 
the classes have the same width. If the classes 
are not equally wide, one often can not tell 
readily whether the differences in class fre
quencies are due mainly to differences in the 
concentration of items, or to differences in the 
class width. For choice of class limits, it is 
usually suggested as good statistical practice 
that the class limits be chosen so that the 
midpoint of each class is approximately equal 
to the arithmetic average of the values falling 
in that class. The class limit is often referred 
to as the class boundary.

The next step is to translate a set of raw scores 
to a grouped data frequency distribution. We 
can illustrate the procedure with the data in Ta
ble 7.4. The first step is to find the lowest score, 
61, and the highest score, 96. The difference 
between these two figures is the range of scores. 
Therefore, the range is 96-61 = 35. Since there 
are to be from 4 to 20 class intervals we must 
find an interval width satisfying this condition. 
Often, this can be done by inspection. Next, we 
must determine the starting point of the bottom 
class interval. Since the lowest permeability is 
61, the lowest interval should be 59-61,60-62 
or 61-63. Often, it is convenient to make the 
lower score limit a multiple of the class 
interval width. Next, refer to the collection 
of raw data in whatever order they may be, 
and tally their occurrence one by one against 
the list of class intervals. Note that when it 
comes to the selection of width of the class 
interval a choice is usually available. The 
number of intervals desired is one factor 
in choosing, but convenience is sometimes 
another. Choosing a width of five or ten 
or some multiple thereof makes both the 
construction and interpretation of a distribu
tion easier.

The steps in constructing a frequency distri
bution are summarized below:

(1) Find the value of the lowest score and the 
highest score.

(2) Find the range by subtracting the lowest 
score from the highest.

(3) Determine the width of the class interval 
needed to yield four to twenty class in
tervals.

(4) Determine the point at which the lowest 
interval should begin.

(5) Record the limits of all class intervals 
placing the interval containing the highest 
value at the top. Intervals should be con
tinuous and of the same width.

(6) Using the tally system enter the raw data 
in the appropriate class intervals.

A frequency distribution can be presented 
as a table or a graph. A graph is based entirely 
on the tabled data and therefore can tell no 
story that can not be learned by inspecting the 
table. However, graphic representation often 
makes it easier to see pertinent features of a 
set of data. Graphic representation is one way 
of presenting all kinds of quantitative informa
tion. There are many different kinds of graphs. 
For the representation of frequency distribu
tions, there are three main types of graphs: 
the histogram, its variant, the bar diagram, 
and the frequency polygon.

7.5.3 Histogram

The histogram consists of a series of rectan
gles, each of which represents the frequency 
of data in one of the class intervals in a tabled 
distribution. A sample histogram is illustrated 
in Figure 7.2. The rectangle is erected so that

Final permeability (cfm)

FIGURE 7.2. Histogram: Final permeability of Type A 
dryer fabric manufactured in a year.
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its two vertical boundaries coincide with the 
exact limits of the particular interval, and its 
height is specified by the frequency of scores 
for that interval. Either frequencies or propor
tionate frequencies may be represented by the 
histogram. There are some details in construc
tion that apply to the histogram.

• The graph has two axes: horizontal and 
vertical. The intersection of the two 
axes represents the 0 (zero) point on 
both scales.

• It is customary to represent scores (the 
measured data) along the horizontal 
axis and frequency along the vertical 
axes.

• Convenient units should be chosen to 
identify position along the axes.
Limits of class intervals or interval 
midpoints usually do not form the 
most convenient frame of reference 
for the horizontal axis.

• Whether the graph of a frequency 
distribution appears squat or slender 
depends on the choice of scale used to 
represent position along the two axes.

Since it is desirable that similar distribu
tions should appear similar when graphed, it 
is customary to choose a relative scale such 
that the height will be no less than about half 
or no more than about 3/4’ s of the width. Some 
trial and error may be necessary to create a 
graph suitable in size and convenient in scale. 
Construction of a histogram is very similar to 
that of a frequency distribution. The details 
are given below:

(1) Calculate the range of all the data: X\ -  
Xs where X\ is the largest value and X  ̂is 
the smallest value in the group.

(2) Determine the number of classes (the 
number of histogram bars) as follows:

Number Approximate Number
of Data of Classes ik)

under 50 7-10
50-100 10-15
100-250 15-20
over 250 20-25

(3) Calculate the class interval (width of 
class)

h = {Xi -  Xs)lk (7.1)

(round /z to a convenient number)
(4) Determine class boundaries (class limits)
(5) Tally points falling into each class
(6) Construct histogram

7.5.4 B a r D iag ram

The bar diagram is very similar to the histo
gram, except that space is inserted between 
the rectangles, thus properly suggesting the 
essential discontinuity of the several catego
ries. An example of a bar diagram is given 
in Figure 7.3. Since the categories have no 
necessary order they may or may not be ar
ranged in order of magnitude of frequency. 
Bar diagrams can be vertical or horizontal.

7.5.5 F req u e n c y  P o lygon

The same data plotted as a histogram in 
Figure 7.2 has been represented by frequency 
polygon in Figure 7.4. In this type of graph, 
a point is plotted above the midpoint of each 
class interval at a height commensurate with 
the frequency of the scores in that interval. 
These points are then connected with 
straight lines.

FIGURE 7.3. Bar diagram: comparative frequency of 
academic majors of machine superintendents in fine 
paper mills in Alabama.
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FIGURE 7.4. Frequency polygon: final permeability of 
Type A dryer fabrics manufactured in one year.

7.5.6 P ie  C h art

In pie charts, the data are presented in a 
circle (Figure 7.5). The entire circle represents 
100% of the data. The circle (pie) is divided 
into percentage slices that show the shares of 
data. This is useful in the same way as a Pareto 
Chart.

7.5.7 F lo w  Chart

A  flow chart is used to identify the steps 
of a process. Flow charts are useful in showing 
the sequence and relationship of the process 
steps. Flow charts allow to uncover loopholes 
which are potential sources of problems in the 
process. Flow charts can be applied to any 
type of process. Figure 2.26 shows the flow 
chart for forming fabric manufacturing.

E3 bachelor

□  master 

B  PhD

□  high school

■  <2 years college 

CD others

FIGURE 7.5. Pie chart: highest level of education in 
paper industry.

7.5.8 N o rm a l C urve

The “normal curve” is shown in Figure 7.6. 
It represents a distribution of any random vari
able that is symmetrical.

7.5.9 M easu res  o f C en tra l Tendency

There are several measurements that sum
marize important characteristics about the data 
sets that are being considered. These measure
ments fall into two broad categories: measures 
of central tendency and measures of disper
sion (variability).

Measures of central tendency (also known 
as measures of position) are intended to pro
vide a single summary figure which describes 
the level (high or low) of a set of observations. 
The three common measures of central ten
dency are arithmetic mean, mode and median.

In statistical terminology, the capital letter 
X is used as a collective term to specify the 
particular set of data being considered. An 
individual score in a set may be identified by 
a subscript such as X2, etc. For example, 
consider the set of three scores 31, 21 and 41. 
We may identify them as follows:

Xi = 31 ,^2  = 21 ,^3  = 41

A set of scores in a sample may be repre
sented as follows:
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X : Xi, X2, X3, .. ., x„

When the scores in a set are to be summed, 
the capital Sigma (S) indicates that this opera
tion is to be performed. It should be read “the 
sum o f’ (whatever follows).

Mean

The arithmetic mean (or average) X of a 
set of values Xi, X2, .. ., X„, is the sum of 
the values divided by the number of items, n:

X =
2 -̂
i=\ (7.2)

Example: Find the mean of the following 
group of numbers.

17, 9, 23, 18, 6, 42, 15 n = l  
1

1 = ^

(17 + 9 + 23 + 18 + 6 -f 42 + 15)

130 = 18.57

The mean has a number of unique properties 
that should be considered when deciding on 
an appropriate measure of position.

• The sum of the values of a set of items 
is equal to the mean multiplied by the 
number of items.

• The sum of the deviations of the X„ 
values from their mean X is 0.

Mode (Mo) and Median (Mdn)

The mode is a score that occurs with the 
greatest frequency. In grouped data, it is taken 
as the midpoint of the class interval that con
tains the greatest number of scores. The sym
bol is Mo. The median (Mdn) of a set of items 
is the value of the middle item when all items 
are arranged by magnitude.

Mdn: — Arrange the items (numbers) in nu
merical order (ascending or de
scending)

— For an odd-numbered group the me
dian is the middle value

— For an even-numbered group the me
dian is the average of the two middle 
numbers

Example: Find the median of the following 
groups of numbers.

A. 17, 9, 23, 18, 6, 42, 15 becomes
6, 9, 15, 17, 18, 23, 42.
17 is the median.

B. 17, 9, 23, 18, 6, 42, 15, 25 becomes
6, 9, 15, 17, 18, 23, 25, 42.
The median is (17 + 18)/2 = 17.5.

Properties of Mode, Median and Mean

The mode is easy to obtain, but it is not very 
stable. Further, when the data are grouped, the 
mode may be strongly affected by the width 
and location of class intervals. Another prob
lem is that there may be more than one mode 
for a particular set of scores.

In distributions that are perfectly symmetri
cal, that is, the left half is a mirror image of 
the right half, the mean, median and mode 
will yield the same value. It is important to 
note that the widely occurring “normal distri
bution“ falls in this category. We have earlier 
referred to this phenomenon as the normal 
curve. Figure 7.7 shows what happens to

Skewed negativel 
(to the left)

FIGURE 7.7. X  Mo and Mdn in the normal distribution 
and in skewed distributions.
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mean, median and mode in skewed distribu
tions, as compared with the normal distri
bution.

Equality of mean and median does not guar
antee that the distribution is symmetrical, al
though it is not likely to depart very far from 
that condition. On the other hand, if the mean 
and median have different values, the distribu
tion can not be symmetrical. Furthermore, the 
more skewed, or lopsided the distribution is, 
the greater the discrepancy between these two 
measures. In a smooth negatively skewed dis
tribution the mode has the highest score value 
and the median falls at a point about 2/3’s of 
the distance between that and the mean. The 
mean, as might be expected, has been spe
cially affected by the fewer, but relatively ex
treme values in the tail. In a positively skewed 
distribution, exactly the opposite situation is 
obtained. As a consequence, the relative posi
tion of the median and the mean may be used 
to determine a direction of skewness in the 
absence of a look at the entire distribution. At 
a rough descriptive level, the magnitude of 
the discrepancy between the two measures 
will afford a clue to the degree of departure 
from a state of symmetry.

The median is the point that divides the 
upper half of the scores from the lower half. 
In doing so, the median responds to how many 
scores lie below or above it, but not to how 
far away the scores may be. A little below 
the median, or a lot, both count the same 
in determining its value. Since the median is 
sensitive to the number of scores below it, but 
not to how far they are below, the median is 
less sensitive than the mean to the presence 
of a few extreme scores. Consider this distri
bution:

X : 5, 6, 7, 8, 24

The median is 7, the mean is 10. The value 
of the top score, 24, is quite different from 
that of the remainder of scores. It strongly 
affects the total, and hence the mean, but 
it is just another score above the median. 
If the score had been 9 rather than 24, the 
median would be the same.

Sometimes one encounters a distribution 
that is reasonably regular except for several

quite deviant scores at one end. If it is feared 
that these scores will carry undue weight in 
determining the mean, a possible solution is 
to calculate the median. The median will re
spond to their presence, but no more than to 
others that lie on that side of its position. 
Similarly, in distributions that are strongly 
asymmetrical, the median may be the better 
choice if it is desired to represent the bulk of 
the scores and not give undue weight to the 
relatively few deviant ones. Of the measures 
of central tendency under consideration, the 
median stands second to the mean in ability 
to resist the influence of sampling fluctuation 
in ordinary circumstances.

The mean, unlike any of the other mea
sures of central tendency, is responsive to 
the exact position of each score in the distri
bution. The mean may be thought of as a 
balance point of the distribution. The mean 
is more sensitive to the presence (or absence) 
of scores at the extremes of a distribution 
than are the median and the mode. When 
a measure of central tendency should reflect 
the total of the scores, the mean is the 
choice since it is the only measure based 
on this quantity. When further statistical 
computation is to be done, the mean is likely 
to be the most useful of the measures of 
central tendency.

A characteristic of great significance con
cerns sampling stability. Suppose that from 
a large population of scores samples were 
completely drawn at random. Means of such 
samples would have similar but not identical 
values. This would also be true for the 
medians of the same samples and for their 
modes. However, for distributions encoun
tered most frequently in statistical work, the 
means vary least among them. Thus, under 
ordinary circumstances, the mean best resists 
the influence of sampling fluctuation.

7.5.10 M easu res  o f  D ispers ion
(Variability)

Measures of variability express quantita
tively the extent to which the data in a set 
scatter about or cluster together. Whereas a 
measure of central tendency is a summary
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description of the level of performance of a 
group, a measure of variability is a summary 
description of the spread of performance. 
Measures of variation include the range, devi
ation, variance and the standard deviation.

Range

The range is the difference between the 
largest and smallest values in a set of items. 
The range indicates the maximum extent of 
variation in a set. A limitation of the range as 
the measure of variation of a set of items is 
that it depends only on the extreme items, and 
does not consider the others. Thus, a data set 
might contain items quite close to each other 
with the exception of one extreme value.

Despite the concentration of almost all the 
items, the range should be large since it is 
based only on the extreme values. Another 
limitation of the range as a measure of vari
ability is that it depends on the number of 
items in the set. The larger the number of 
items, the larger the range tends to be. Like 
other measures of variability, the range is a 
distance and not, like measures of central ten
dency, a location. In a frequency distribution, 
the range may be figured as the difference 
between the value of the lowest raw scores 
that could be included in the bottom class 
interval and that of the highest raw scores 
that could be included in the upper-most class 
interval.

Range: R = Xi -  Xs (7.3)
where I denotes the largest number in the 
group, and  ̂ denotes the smallest number in 
the group.

Example: Determine the range, R, for the 
following group of numbers

17, 9, 23, 18, 6, 42, 15

X i = 4 2
X ,  = 6
i? = 42 » 6 = 36

The range is a rough and ready measure of 
variability. In most situations, including 
those involving samples drawn from a nor
mal distribution, the range varies more with

sampling fluctuation than other measure
ments do. Only the two outermost scores of 
a distribution affect this value. The remainder 
could lie anywhere between them. It is thus 
not very sensitive to the total conditions of 
the distribution. In addition, a single errant 
score is likely to have a more substantial 
effect on the range than on the standard 
deviation, which is particularly sensitive to 
conditions at the extremes of a distribution. 
Like other measures, with the exception of 
the standard deviation, it is of little use 
beyond the descriptive level. In many types 
of distributions, including the important nor
mal distribution, the range is dependent on 
sample size, being greater when sample size 
is larger.

Deviation

A deviation score expresses the location 
of a score by indicating how many score 
points it lies above or below the mean 
of the distribution. The deviation score is 
symbolized by the lowercase letter x to 
distinguish it from a raw score which is 
symbolized by the upper case letter X. In 
symbols, the deviation score is defined as:

X = (X -  X) (7.4)
The deviation score states the position of 
scores relative to the mean.

Variance

A commonly used measure of dispersion is 
called the variance. It is a measure that takes 
into account all the values in a set of items. 
It can be defined as the mean of the squares 
of the deviation scores. The defining formula 
for the variation of a sample (variance) is:

,(X , -  X)2

Variance = S'̂  =
n -  I

(7.5)

The variance is a measure which provides 
quantified information about the variability in 
a data set. The first step in calculating the
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variance is to square the deviations around 
the mean. Then, to obtain an overall measure 
of variability per item, the average of the 
squared deviation is taken. This mean squared 
deviation is called the variance. The units of 
the variance is the square of the variable units.

The wider the dispersion of the values 
around the mean, the greater the variance. If 
there is no dispersion of the values (if all are 
equal and hence all are equal to the mean), 
then the variance is equal to zero.

For calculation purposes, equation (7.5) can 
be written as:

(7.6)5^ =

 ̂ -t / ^

/ = !   ̂ i=l
n -  Ì

Standard Deviation

The most important and widely used mea
sure of variability is the standard deviation, 
5’. It is the square root of the variance.

 ̂ =

j^ iX i -  X)2
i=l

n -  I
(7.7)

Example: Determine the standard deviation 
for the following group of numbers.

17, 9, 23, 18, 6, 42, 15

Calculation;

.X:

(17 + 9 + 23 + 18 + 6 + 42 + 15)

130
7 = 18.57

2 K̂j = 17̂  +
+ 6̂  H

= 3248

(2 -.;) 130  ̂ _
n ~ 1 ~

. 3248 -  2414.28
5  ̂= ------ -------------= 138.95

5 = a/i 38.95 = 11.78

The standard deviation, like the mean, is re
sponsive to the exact position of every score 
in a distribution. If a score is shifted to a 
position more deviant from the mean, the stan
dard deviation will be larger than before. If 
the shift is to a position closer to the mean, 
the magnitude of the standard deviation is 
reduced. Consequently, we may expect that 
the standard deviation is more sensitive to 
the exact condition of the distribution than 
measures that do not share this property. Be
cause of this characteristic sensitivity, the 
standard deviation may not be the best choice 
among measures of variability when the distri
bution contains a very few extreme scores, or 
when the distribution is barely skewed. One 
of the most important points favoring the stan
dard deviation is its resistance to sampling 
fluctuation. In repeated sampling of the same 
population, the numerical value of the stan
dard deviation tends to jump about less than 
would other measures computed from the 
same samples.

Coefficient of Variation (CV)

CV% = 100 (7^8)Mean

= s  X
100
X

= 2414.28

Measures of position are concerned with the 
location around which items are concentrated, 
whereas measures of dispersion consider the 
extent to which the items vary. Measures of 
skewness are still another kind of measure 
summarizing the extent to which the items are 
symmetrically distributed. One way to deter
mine the nature of skewness of a frequency 
distribution is to compare the values of the 
mode, median and mean. The three frequency 
polygons in Figure 7.8 show the comparative 
positions of the mean, median and mode in 
unimodal (one mode) frequency distributions 
with differing degrees and directions of asym
metry.
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Median
Mode

FIGURE 7.8. Examples of symmetrical and skewed 
unimodal frequency distributions.

Figure 7.8(A) is an example of a symmetri
cal unimodal frequency distribution. The val
ues of the mean, median and mode in any 
section distribution are identical. Figures (B) 
and (C) show, respectively, an example of a 
unimodal frequency distribution skewed to the 
left, or skewed negatively, and one skewed to 
the right, or skewed positively. These figures 
indicate the relationship typically existing be
tween the mean, median and mode in uni
modal frequency distributions that are moder
ately skewed: the mean is furthest out toward 
the tail of the distribution and the median is 
between the mean and the mode.

Let us now consider measures of variability 
and the normal distribution. Since the mea
sures of variability are defined in different 
ways we would expect them to yield different 
values when calculated for the same distribu
tion. Their relative magnitudes can not be ex
actly specified in terms of a generalization 
true for all distributions, because special char
acteristics of some distributions have a differ
ent effect on the different measures. The nor
mal distribution, however, is so frequently 
useful that properties of these measures in that 
distribution ought to be given attention.

In the ideal normal distribution, the interval 
± ls  contains about 68% of the scores. The 
interval ±2s contains about 95% of the scores 
and the interval ±3s contains about 99.7% of 
the scores. These relationships are pictured in 
Figure 7.9.

FIGURE 7.9. Relative frequency of cases contained 
within certain limits in the normal distribution.

Of course, in any sample drawn from a 
normal distribution, there will be a certain 
degree of irregularity, and these statements 
will be only approximately true. Figure 7.9 
also shows that the more extreme the score 
the greater the rarity of its occurrence in the 
normal distribution. Consequently, when a 
sample of limited size is drawn at random 
from a large number of scores that are nor
mally distributed, very extreme scores may 
not be encountered.

It clearly would be advantageous if substan
tially all the information contained in a fre
quency distribution could be packed into two 
figures, such as a measure of central tendency 
and a measure of dispersion. Under favorable 
circumstances it is possible to come close 
enough to this ideal for many purposes. Math
ematical statisticians have discovered that the 
best measure of central tendency for this pur
pose is the arithmetic mean. A useful measure 
of dispersion for this purpose is the standard 
deviation. The ideal would be to be able to 
say, given any average and standard deviation, 
just what proportion of the measurements fell 
within any specified limits. These two num
bers sufficiently define the normal curve that 
has been mentioned earlier. Many observed 
frequency distributions of measured qualities 
of manufactured products and many other fre
quency distributions found in nature, do corre
spond roughly to this normal curve. Although
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FIGURE 7.10. Cause-and-effect diagram.

most of the area under this bell shaped syrm 
metrical form is included within the limits X  
±3s, the curve extends from minus infinity 
( - 00)  to plu^infinity (+o o). The curve is fully 
defined by X  and 5'.

Many of the useful actions that may be 
taken in manufacturing are related to future 
production rather than completed lots of items. 
The knowledge that must be gained from the 
sampling procedure is knowledge of the pat
tern of variation of the production process 
from which the sample was drawn. We have 
already defined population as the complete set 
of observations or measurements about which 
we would like to draw conclusions. In order 
to draw conclusions about this population it is 
necessary to rely on numerical values derived

from samples drawn from that population. 
Such numerical values, which include the 
mean, median, standard deviation and range, 
summarize the information contained in the 
sample data.

7.5.11 C au se -an d -E ffec t D iagram

The causal factors of dispersion dia
grammed in Figure 7.10 point out the cause- 
and-effect relationship. The objective of im
proving the quality of the output first must be 
approached by an analysis of the causal fac
tors. But it is necessary to know both cause and 
effects in greater detail and in more concrete 
terms in order to illustrate their relationship 
on a diagram and make them more useful. 
The variables which can cause the dispersion 
can be called factors. Quality characteristics 
describe the effect. A cause-and-effect dia
gram is useful in sorting out the causes of 
dispersion and organizing mutual relation
ships. These same cause-and-effect diagrams 
can assist in determining from which areas 
the data should be collected.

Figure 7.11 shows a cause-and-effect dia
gram for print quality variables. Because of 
their shapes, cause-and-effect diagrams are

Sheet Quality Chemical Parameters
Secondary

starch Type --------Sizing (Internal)

Starch Pickup
Formation

Density
Porosity--------- ______ Cheaper

Furnish
Antifoam

Smoothness
Post Consumer 
Waste

Moisture
Content ----- *—  Dirt Count

Vertical Size Press 

Sym~Sizer 

Inclined Size Press

Horizontal Size 
Press Gate Roll

Speedsizer Styrene-Maleic 
(Type!)

LAS Roll

Metering
Blade

Emulsion
based

Styrene-Acrylic

Alkalinity

Hardness 

Temperature 

Starch Solids PRINT
QUALITY

Polyurethane

Styrene-Maleic (Type 11)

Equipment Surface Sizing Agent
FIGURE 7.11. A cause-and-effect diagram for print quality variables of paper [19].
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also called fishbone diagrams. To construct a 
cause-and-effect diagram, first determine the 
quality characteristic which is what to be im
proved and controlled. Second, write the main 
factors which may be contributing to the qual
ity characteristic. It is recommended to group 
the major possible causal factors of dispersion 
into such items as raw materials, equipment 
(machines or tools), method of work (work
ers), measuring method (inspection), etc. Each 
individual group will form a branch. Third, 
onto each of these branch items, write in the 
detailed factors which may be regarded as 
the causes. Continue to write—in even more 
detailed factors. Defining and linking the rela
tionships of the possible cause of factors 
should lead to the source of the quality charac
teristic.

Cause-and-effect diagrams are drawn to 
clearly illustrate the various causes affecting 
product quality by sorting out and relating the 
causes. There are several ways to use a cause- 
and-effect diagram, but primarily, the cause- 
and-effect diagram is a guide to concrete ac
tion. The cause-and-effect diagram reveals 
those areas or aspects which influence quality.

7.5.12 P areto  D iagram

Once the causes or factors producing a par
ticular result are determined, the next step is 
to determine which factor to work on first. A 
Pareto diagram is a useful tool for just this 
purpose. A pareto diagram is a special form 
of vertical bar diagram. As a hypothetical ex
ample, Table 7.5 lists specific complaints en
countered in joining pin seams.

TABLE 7.5. Pin Seam Joining Probiems 
(Hypotheticai).

Type Problem
Number of 
Complaints

Percent
Distribution

Wrong wire 4 10.5
Zip tape failure 5 13.2
Missing loops 3 7.9
Loops too small 15 39.5
Irregular loop size 11 28.9

FIGURE 7.12. Pareto diagram.

The number of specific complaints is shown 
as is the percent distribution of that specific 
complaint. Data from this table has been made 
into a bar graph as shown in Figure 7.12.

In the Figure, the left vertical axis shows 
the number of defectives for each defective 
category and the right vertical axis shows the 
percent distribution for each category over the 
total defectives. The horizontal axis lists the 
defective items starting with the most frequent 
one on the left progressing to the least frequent 
on the extreme right and the rest arranged by 
order of magnitude. The cumulative total of 
the number of defectives for each category is 
shown by the line graph.

A Pareto diagram, such as this, indicates 
which problem should be solved first in elimi
nating defects and improving the operation. 
According to the graph “loops too small” 
should be tackled first because it forms the 
tallest bar. The next most significant defective 
item is the second tallest bar. This may appear 
very simple, yet bar graphs are extremely use
ful in factory quality control. It is much easier 
to see which defects are most important with 
the bar graph than by using only a table of 
numbers.
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Establishment of a  Pareto Diagram

(1) Step L Ascertain the classifications that 
will be used in the graph. For example, 
graphs could list items according to 
kinds of defectives, defects, work 
groups, products, size, damage, etc.

(2) Step 2. Decide on the time period to be 
covered on the graph. There is no pre
scribed period of time, so naturally the 
period will vary according to the situation.

(3) Step 3. Total the frequency of occurrence 
for each category for the period. Each 
total will be shown by the length of the 
bar.

(4) Step 4. Draw horizontal and vertical axes 
on graph paper and demarcate the vertical 
axis in the proper units.

(5) Step 5. Draw in the bars, beginning on the 
far left with the most frequent defective 
items. The height of the bar will corre
spond to the value on the left vertical axis. 
Keep the width of the bars the same and 
in contact with its neighbor. If there are 
several categories with limited frequen
cies, they can be grouped together as 
“others” and placed at the right most bar 
on the graph.

(6) Step 6. Under the horizontal axis label 
each of the bars.

(7) Step 7. Plot a line showing the cumulative 
total reached from the addition of each 
category.

(8) Step 8. Title the graph and briefly write 
the source of the data on which the graph 
is based.

The Pareto diagram clearly and distinctly 
exposes the relative magnitude of defects 
and provides a base of common knowledge 
from which to operate. At a glance one can 
see that the two or three taller bars account 
for the majority of problems, the smaller 
bars being lesser causes.

Experience has shown that it is easier to 
reduce a tall bar by half than to reduce a short 
bar to zero. If we can reduce the tallest bars, 
the ones which account for the most defec
tives, it will have been a considerable accom
plishment. If it requires the same effort to

reduce the tall bar by half as to reduce a short 
bar by half, there is no doubt which should 
be selected as the target.

The value of Pareto diagrams is that they 
indicate which factors are most prevalent 
and therefore deserve concentrated efforts 
for improvement.

7.5.13 R un C harts  a n d  C on tro l C harts

Histograms consolidate the data to show 
the overall picture. Pareto diagrams are used 
to indicate problem areas. These methods 
group the data for a specified period and ex
press them in static form. However, in a manu
facturing environment, one also wants to 
know more about the nature of the changes 
that take place over a specified period of time, 
that is, the dynamic form. This means that we 
not only have to see what changes in data 
occur over time; but we must also study the 
impact of the various factors in the process 
that change over time.

Thus, if the materials, the workers, or the 
working methods or equipment were to 
change during this time, we would have to 
note the effect of such changes on production. 
One way of following these changes is by 
using graphs called run charts.

As an example. Table 7.6 lists coil diameter 
measurements taken over a 20 hour period. 
Four measurements were taken each hour. The 
mean (X) and the range (R) for each subgroup 
have been calculated. Additionally, an “aver
age of the average” (X) and an “average of 
the range” (R) have been determined.

Using this data, a run chart (Figure 7.13) 
was drawn indicating the average hourly value 
and the hourly range.

This run chart shows that the values were 
low at the outset but showed a tendency to 
rise over time. Table 7.6 does not reveal this 
trend. In other words, new information is dis
covered by looking at the movement of the 
data.

Now the problem is to find out whether 
the points on the run chart are abnormal or 
not. For example, the first 4 points of X 
could be normal or they may be below 
normal. Such determination can not be made
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TABLE 7.6. Spiral mesh Coil Diameter Measurements (in mm) Taken at Coiling Machine over a
20-hour Period.

Sam pling
(Subgroup) Xs X

1
2
3
4
5
6
7
8 
9

10
11
12
13
14
15
16
17
18
19
20

19.8
19.5
19.8 
18.0
20.4 
20.0
21.8 
20.2
20.6 
18.2
20.4 
20.6
18.9
19.1
20.4 
21.3
20.5
22.2
19.9
21.5

21.4
18.7
19.3
19.0
21.0
20.9
21.3
19.1
19.1
19.1 
20.0 
20.0
21.4
18.7
18.9
19.7
18.7
20.7
20.2 
21.0

19.4
20.3
20.5 
21.0 
20.8
20.6
20.3
21.4
20.4 
20.1
19.0
19.5 
20.4
20.6
19.1 
20.7 
20.3
20.9
20.9 
19.0

20.1
18.8
21.2
20.0
21.0
19.7
19.3
19.4 
20.6 
20.0 
21.0
21.4 
20.2 
21.1 
20.2 
19.6 
20.1 
20.0 
20.2 
19.9

20.2
19.3 
20.2 
19.5 
20.8
20.3
20.7 
20.0 
20.2
19.4 
20.1
20.4 
20.2
19.9
19.7
20.3
19.9 
21.0
20.3 

_  20.4
X = 402.8/20 : 

R = 38.7/20

2.0
1.6
1.9
3.0 
0.6 
1.2
2.5
2.3
1.5
1.9
2.0
1.9
2.5
2.4
1.5
1.7
1.8 
2.2 
1.7
2.5

= 20.14 
= 1.9

unless standards of evaluation are set. With
out such standards, one is liable to make 
arbitrary judgment of the ones favorable to 
oneself and the graph can not be meaningful. 
When irrational evaluations are made, neces
sary action may be missed or unsuitable 
action may be taken in haste, thus causing 
confusion. This will result in inappropriate 
conclusions being drawn, thus lowering qual
ity and efficiency.

Limit lines can be drawn on run charts to 
indicate the standards for evaluation. These 
lines indicate the dispersion of data on a statis
tical basis and indicate if an abnormal situa
tion occurs in production. If we add limit lines 
to Figure 7.13, the graph in Figure 7.14 is 
obtained which is called a control chart.

The upper control limit corresponds to +3 .̂ 
The lower control limit is equivalent to -3^.

The purpose of drawing a control chart is 
to detect any changes in the process, signaled 
by any abnormal points on the graph from 
which the data has been collected. Therefore

each point on the graph must correctly indicate 
from which process the data were drawn.

For example, in making control charts the 
daily data are averaged out in order to obtain 
an average value for that day. Each of these 
values then becomes a point on the control 
chart which represents the characteristics of 
that given day. Or, data may be taken on a 
lot by lot basis. In this case, data must be 
collected in such a way that the point repre
sents the given lot.

The points on a control chart represent arbi
trary divisions in the manufacturing process. 
The data broken down into these divisions are 
referred to as subgroups. In Figure 7.13, the 
four measurements made in one hour consti
tute one subgroup. In other words, the produc
tion process is divided into units of one hour, 
and daily production (the 20 hour period) has 
been presented by points on a control chart. 
We can now determine whether the process 
is in a controlled state_or not.

Control charts for X and R supply basis
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for judgment on a major question of practical 
importance. This question might be phrased 
in different ways, such as, ‘‘Does this graph 
indicate a stable pattern of variation?“ or ”Is 
this variation the result of a specific cause that 
must be corrected?“

Any rule that might be established for pro
viding a definite “ yes” or “no” answer to 
these questions is bound to give the wrong 
answer part of the time. The decision where 
to draw the line between a “yes” and a “no” 
answer must be based on the expected action 
to be taken if each answer is given.

In quality control in manufacturing, the an
swer, “No, this is not normal variation”, leads 
to a hunt for an assignable cause of variation 
in an attempt to remove it, if possible. The 
answer, “Yes, this is normal variation“, leads 
to leaving the process alone, making no effort 
to hunt for causes of variation. The rule for 
establishing the control limits that will deter
mine the “yes” or “no” answer in any case 
should strike an economic balance between 
the cost due to two kinds of errors—the error 
of hunting for trouble when it is absent, and 
the error of leaving the process alone when 
an error really is present.

Any rule for establishing control limits for 
use in manufacturing should be a practical one 
based on this point of economic balance. It is 
common practice to use the 3s limits. Experi
ence indicates that in most cases 3s limits do 
actually strike a satisfactory economic balance 
between the two questions.

Measured quality of manufactured product 
is always subject to a certain amount of varia
tion as a result of chance. Some stable system 
of chance causes is inherit in any particular 
scheme of production and inspection. Varia
tion within the stable pattern is inevitable. The 
results of a variation outside this stable pattern 
may be discovered and corrected. The power 
of the control chart lies in its ability to separate 
out these assignable causes of quality varia
tion. This makes the diagnosis and correction 
of many production troubles possible, and of
ten brings substantial improvements in prod
uct quality and reduction in rejects and re
work. Moreover, by identifying certain of the 
quality variations as inevitable chance varia
tions, the control chart tells when to leave a 
process alone, and thus prevents unnecessarily 
frequent adjustments that tend to increase the 
variability of the process rather than to de
crease it.

Control charts provide more information 
than mere data plotted in a chronological 
sequence to indicate how the influences of 
various factors change over a period of time. 
Assume that the process analysis has been 
made and that a control state has been 
achieved. Standardization of working meth
ods is necessary to obtain this state. Control
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charts with control limit lines enable us to 
see if the standardization applied was correct, 
and if it is being maintained. If so, then all 
points in the chart thereafter should be within 
the control limit lines. If points appear on 
the control chart outside these limits, then 
some change must have occurred on the 
assembly or manufacturing line. The cause 
must be investigated and the proper action 
taken. This use of charts is called process 
control. By setting standards of evaluation 
to define a range of acceptability, we can 
observe abnormal or unacceptable values, 
investigate the probable cause and initiate 
action for process correction.

Making an X~R Control Chart

An X-R control_chart is one that shows both 
the mean value, X, and the range, R. This is 
the most common type of controj_chart using 
continuous measurements. The X  portion of 
the chart mainly shows any changes in the 
mean values of the process, while the R por
tion shows any changes in the dispersion 
process.

This chart is particularly useful because it 
shows changes in mean value and dispersion 
of the process at the same time, making it a 
very effective method for checking abnormal
ities in the process. The steps to make an X-R 
control chart are as follows:

(1) Collect the data
(2) Divide the data into subgroups. The data 

should be divided into subgroups in 
keeping with the following conditions.
a. The data obtained under the same 

technical conditions should form a 
subgroup

b. A subgroup should not include data 
for a different lot or of a different 
nature.

(3) Record the data in such a manner that it 
allows for easy calculation of the mean 
and the range for each subgroup.

(4) Find the mean value, X, for each sub
group.

(5) Find the range, R.

(6) Find the overall mean, X.
(7) Compute the average value of the 

range, R.
(8) Compute the control limit lines (±3^). 

The formidas for 3s control limits on 
charts for X  are given below.

Central Line CL = X _
Upper control limit UCL = X + A2R 
Lower control limit LCL = X -  A2R

The equations for the upper and lower 
control limits for the Range are given 
below.

Central Line CL = R _
Upper control limit UCL = D4R 
Lower control limit LCL = D^R

The constants A2, D3 and D4 are derived 
from statistics, the mechanics of which 
are beyond the scope of this book. Table
7.7 gives these constants for various sub
groups. The use of the above equations

TABLE 7.7. Constants of A2 , D3 and D4 .

Subgroup Size 
in) D3 Da

2 1.880 0.0 3.267
3 1.023 0.0 2.574
4 0.729 0.0 2.282
5 0.577 0.0 2.114
6 0.483 0.0 2.004
7 0.419 0.076 1.924
8 0.373 0.136 1.864
9 0.337 0.184 1.816

10 0.308 0.223 1.777
11 0.285 0.256 1.744
12 0.266 0.283 1.717
13 0.249 0.307 1.693
14 0.235 0.328 1.672
15 0.223 0.347 1.653
16 0.212 0.363 1.637
17 0.203 0.378 1.622
18 0.194 0.391 1.608
19 0.187 0.403 1.597
20 0.180 0.415 1.585
21 0.173 0.425 1.575
22 0.167 0.434 1.566
23 0.162 0.443 1.557
24 0.157 0.451 1.548
25 0.153 0.459 1.541
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provides a quick and easy method of 
calculation of the 3s control limits.

(9) Construct the control chart. Draw in the 
control lines and label them with their 
appropriate numerical values. The cen
tral line is a solid line and the limit lines 
are dotted lines.

(10) Plot the X and R values as computed for 
each subgroup.

Reading and Using Control Charts

The purpose of making a control chart is 
to determine, on the basis of the movements 
of the points, what kind of changes have taken 
place in the production process. Therefore, to 
use the control chart effectively, we have to 
set the criteria for evaluating what we consider 
an abnormality. When a production process 
is in a controlled state, it means that:

(1) All points lie within the control limits
(2) The point grouping does not assume a 

particular form

We would therefore know that an abnor
mality has developed if:

(1) Some points are outside the control limits 
(including points on the limits) which 
means that the process is not under 
control.

(2) The points assume some sort of particu
lar form even though they are all within 
the control limits. Four terms describe 
the patterns that might appear on a con
trol chart.

• When several points line up 
consecutively on one side of the center 
line, this is called a run. The number of 
points in that run is called the length of 
run. In evaluating runs, if the run has a 
length of seven points, we conclude 
that there is an abnormality in the 
process. Even with a run of less than 6, 
if 10 out of 11 points or 12 out of 14 
points lie on one side, we consider that 
there is an abnormality in the 
production process.

• If there is a continued rise or fall in a 
series of points, it is considered a 
trend. In evaluating trends, we 
consider that if 7 consecutive points 
continue to rise or fall, there is an 
abnormality. Often, however, the 
points will extend beyond the control 
limits before reaching 7.

• If the points show the same pattern of 
change (for example, rise or fall) over 
equal intervals, then there is 
periodicity. Unfortunately, when it 
comes to evaluating periodicity there is 
no simple method as with runs and 
trends.

• When the points on the control chart 
stick close to the central line or to the 
control limit line, it is called hugging 
of the control line. Often, in this 
situation, a different type of data or 
data from different factors have been 
mixed into the subgroup. It is therefore 
necessary to change the subgrouping, 
reassemble the data, and redraw the 
control chart.

Some of the patterns described above are 
illustrated in Figure 7.15. A sample control 
chart showing points grouped near the control 
limits is also included.

When points fall outside the control limits 
we say that the process is “out of control.” 
This is equivalent to saying that factors out
side normal variation are present. With 3s lim
its, we can make the statement with consider
able confidence. In contrast to this, when all 
points fall inside the control limits we can not 
say with the same assurance, “No assignable 
causes of variation are present.” No statistical 
test can give us this positive assurance. When 
we say, “This process is in control,” the state
ment really means, “For practical purposes, it 
pays to act as if no assignable causes of varia
tion are present.”

7.5.14 P ro cess  C apab ility

Any process in total quality management 
must be repeatable and consistent in addition 
to being under control. This is characterized
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A  ^

HUGGING THE CONTROL UNE HIGH PROPORTION OF POINTS NEAR OR OUTSIDE UMITS

FIGURE 7.15. Patterns indicative of abnormal situations that might appear on a control chart.

by process capability which is indicated by 
the process capability index, Cp.

Cp = (USL -  LSL)/6^ (7.9)

where

USL = upper specification limit
LSL = lower specification limit

s = standard deviation of the process

If Cp is equal to or greater than 1.0, then it 
is concluded that the process is capable of 
operating within the process tolerance (6*s) or 
within specifications (Figure 7.16). If Cp is 
less than 1.0, then the process variation ex
ceeds process tolerance.

The process capability index Cp, doe^not 
show how well the process average, X, is

centered to the target value. Therefore, in 
practice, Cpk is used to predict process capa
bility:

Cpk = min {Cpi, Cpu\ (7.10) 

= (USL -  Z)/3i (7.11)

Cp, = (X -  LSL)/3i (7.12)

where

Cpu = upper half capability index 
Cpi = lower half capability index 

X = process average (target value).

Although it is arbitrary, in general, if Cp̂  
is equal to or greater than 1.33, then the pro
cess is considered as “capable” [20, 21, 22].

FIGURE 7.16. Process capability index in relation to 
USL and LSL.

7.6 Regulations and Standards

7.6.1 ISO 9000 Quality Standards

ISO 9000 is a series of standards prepared 
by the International Organization for Stan
dardization (ISO) headquartered in Geneva, 
Switzerland. ISO formed a technical commit
tee on quality (TC 176) in 1980 which
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authored five standards that were released 
to the world in 1987: ISO 9000-9004. ISO 
9000 developed from the British Standards, 
BS 5750. The European equivalent to ISO 
is the EN 29000 series and the US equivalent 
is ANSI/ASQC Q90 series.

The ISO 9000 series provides a set of good 
practice procedures in order to gain consist
ency in production, design or provision of 
services. It is a set of international standards 
designed to be used for establishing and main
taining quality management and systems for 
company use or to satisfy outside contracts. 
It provides standards for registering quality 
systems and is accepted worldwide. Numer
ous standardization organizations have 
adopted the ISO 9000 series bringing most of 
the world under a universal standardization 
system.

The ISO 9000 series is not product specific, 
but instead is a generic quality management 
system model that supplements specifications. 
ISO may be used by both larger and smaller 
companies as a tool to help insure quality 
throughout the organization.

ISO 9000 series is reviewed and revised on 
a periodic basis to insure that it is updated. 
The ISO Technical Committee TC 176 works 
on a five year cycle extending the scope and 
detail for the series.

Documentation is at the center of the ISO 
9000 series. Management must document all 
changes and decisions in order to be consist
ent. The ISO 9000 series operates under the 
assumption that if all personnel were suddenly 
replaced, the new people, properly trained, 
could use the documentation to continue mak
ing the products or providing the services as 
before [23].

Contents of ISO 9000 Series

The ISO series of standards consists of five 
standards (US equivalents are shown in paren
thesis):

® ISO 9000 (ANSI/ASQC Q90)
• ISO 9001 (ANSI/ASQC Q91)
• ISO 9002 (ANSI/ASQC Q92)

• ISO 9003 (ANSI/ASQC Q93)
• ISO 9004 (ANSI/ASQC Q94)

ISO 9000, the first standard in the series, 
is the roadmap for choosing which contractual 
standard (9001, 9002 or 9003) is best suited 
for which type of business organization. It 
also provides key definitions for the use of 
the standards. Table 7.8 lists the specifications 
for 9001-9003.

ISO 9001 specifies a quality system model 
for a contract between two parties that requires 
the demonstration of a supplier’s capability 
to design, produce, install and service the 
product. This certification is the highest an 
organization can acquire.

ISO 9002 is specifically designed for pro
cess and manufacturing business. ISO 9002 
is distinguished from ISO 9001 due to the fact 
that it does not cover service and development 
and/or design of a product. ISO 9002 covers 
the remaining of the 9001 elements.

ISO 9003 deals mainly with documentation, 
detection and controlling non-conforming ma
terials.

ISO 9004 addresses the elements to be used 
by an organization in order to develop and 
implement a quality management system. Se
lection of the appropriate elements contained 
in ISO and the extent to which these elements 
are adopted and applied by an organization 
depends upon the factors such as markets be
ing served, nature of products, production pro
cesses and customer needs.

An organization using total quality manage
ment uses all resources to control processes 
and services that affect the quality of the end 
product. It is important that management sys
tems be documented when variation occurs in 
order to analyze the cause and implement a 
possible solution to correct the variation.

Procedure for ISO Certification

A company that wants to register for ISO 
9000 must be certified by an accredited third 
party registrar agency. A national accredita
tion body gives accreditation to each regis
trar. In the US, the “American National
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TABLE 7.8. Specifications of ISO 9001-9003 Standards.

ISO 9001 ISO 9002 ISO 9003

1. Management responsibility
2. Quality system
3. Document control
4. Product identification and traceability
5. Inspection and testing
6. Inspection, measuring and test equipment
7. Inspection and test status
8. Control of nonconforming product
9. Handling, storage, packaging and delivery

10. Quality records
11. Training
12. Statistical techniques
13. Contract review
14. Process control
15. Purchasing
16. Purchaser supplied product
17. Corrective action
18. Internal quality audits
19. Design control
20. Servicing

Accreditation Program for Registrars of 
Quality Systems“ is established by the Amer
ican National Standards Institute (ANSI) and 
the Registrar Accreditation Board (RAB) for 
accrediting registrars.

The commitment from the top management 
of an organization is crucial for the successful 
implementation of any ISO quality system. 
The main steps to ISO certification are as 
follows:

• comparison of existing quality 
procedures against the requirements of 
ISO 9001-9003 standards

• determination of the corrective action 
needed to conform with ISO 9000

• preparation of a quality assurance 
program

• preparation of definitions and 
documentation of new procedures and 
implement them

• preparation of a quality manual
• initial audit by the registrar. Take 

corrective measures based on findings 
by the registrar’s audit team

• final visit by the registrar and official 
registration

Benefits of ISO Certification

The ISO certification process in the US is 
relatively new and the long term benefits of 
ISO certification is yet to be judged. However, 
from the early results, it is reported that the 
firms employing ISO quality systems experi
enced a decrease in seconds, as well as in 
returns. These same firms reported a marked 
decrease in rejects of raw materials from sup
pliers due to the strict regulations that suppli
ers must meet before doing business with an 
ISO registered firm. Companies that imple
mented ISO system reported that their total 
costs went down with regard to maintaining 
quality [24].

Although ISO does not guarantee quality 
itself, it can help a company keep up with 
its quality. It gives guidelines for keeping 
quality constantly high and improving the 
processes that are essential for the desired
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quality standards. When management be
comes responsible for quality, which is re
quired by ISO, then everyone in the organiza
tion is usually made aware of the significance 
of the quality for their job. ISO quality 
system can also become a good marketing 
tool for a company. Many customers look 
at ISO certified companies as having already 
taken care of quality.

Reduction of the number of suppliers to 
a business reduces the chance for variation 
in raw materials which causes problems in 
mass-production industries. The ability to 
use just one supplier is feasible due to the 
ISO certification since the buyer will know 
the rigorous standards and auditing that are 
encompassed in the ISO series. This is not 
the case however with most companies since 
the reliance on one supplier is rather risky. 
More than one certified supplier may be 
used by a company, yet one may be used 
more than the other. ISO certification, for 
suppliers and production organizations alike, 
may lead to the competitive advantages in 
markets and the improved productivity which 
is vital for international survival in today’s 
economic market.

7.6.2 ISO 14000 Environmental 
Standards

ISO 14000 is an international standard that 
is developed for Environmental Management 
System (EMS). What ISO 9000 is to quality 
management is what ISO 14000 to environ
mental management. Therefore, there are 
some similarities between ISO 9000 and 
14000 in concept. In fact, some of the ele
ments of both systems, such as document con
trol and statistical methods, are the same. ISO 
9000 and 14000 can exist simultaneously to 
form one uniform management system for 
quality and the environment. ISO 14000 has 
the potential to apply to every manufacturing 
company. It is supposed to help any company 
in any country to meet the goal of ''sustainable 
development” and environmental friendli
ness [25].

As in the case of ISO 9000, ISO 14000 is

a series of standards. The family of ISO 14000 
standards are listed in Table 7.9.

The members of the ISO approved ISO 
14001 and 14004 as official international stan
dards in the summer of 1996. ISO 14001 is 
the registration standard for an Environmental 
Management System (EMS) and ISO 14004 
is the guideline standard for more guidance 
on implementation. These two new standards 
have also been approved by the European 
Union as a European standard. The official 
approval of the complete ISO 14000 family 
of standards is still a couple of years away. 
However, many countries already adopted the 
complete series. ISO 14000 was adopted by 
the US as a national standard in early 1996. 
ISO Technical Committee TC 207 is responsi
ble for the development and revision of the 
ISO 14000 standards.

Implementation of ISO 14000

The following steps are useful for the im
plementation process of ISO 14000.

• Senior management must support the 
implementation of the system.

• Identify the external environmental 
regulations to which your company 
must comply

• Internal audit of the environmental 
system

• Identify the environmental regulations 
and issues

• Develop and write a strategic 
environmental plan

• Start implementing the strategic plan
• Continually monitor the progress

ISO 14000 can be used as a powerful 
marketing tool since environmental friendli
ness is popular with individuals, companies, 
state and federal agencies. However, it 
should be noted that ISO 14000 does not 
guarantee an environmentally friendly com
pany as ISO 9000 does not guarantee quality. 
Moreover, ISO 14000 does not automatically 
provide compliance with the local, state or 
federal regulations.
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TABLE 7.9. ISO 14000 Series of Standards.

ISO 14001 Environmental Management Systems—Specification with guidance for use
ISO 14004 Environmental Management Systems—General guidelines on principles, systems and

supporting techniques
ISO 14010 Guidelines for Environmental Auditing—General principles on environmental auditing
ISO 14011/1 Guidelines for Environmental Auditing—Audit Procedures, Auditing of Environmental

Management Systems
ISO 14011/2 Guidelines for Environmental Auditing—Compliance audits 
ISO 14011/3 Guidelines for Environmental Auditing—Statement audits 
ISO 14012 Guidelines for Environmental Auditing—Qualification criteria for environmental 

auditors
ISO 14013 Guidelines for Environmental Auditing—Management of environmental audit programs
ISO 14014 Guidelines for Initial Reviews
ISO 14015 Guidelines for Environmental Site Assessments
ISO 14020 Principles of Environmental Labeling
ISO 14021 Environmental Labeling—Terms and definitions of self-declaration environmental 

claims
ISO 14022 Symbols of Environmental Labeling
ISO 14023 Testing and Verification of Environmental Labeling
ISO 14024 Environmental Labeling—Guiding principles, practices and certification procedures for 

multiple criteria
ISO 14030 Environmental Performance Evaluation
ISO 14040 Principles and Guidelines of Life Cycle Assessment
ISO 14041 Life Cycle Assessment—Life cycle inventory analysis
ISO 14042 Life Cycle Assessment—Impact Assessment
ISO 14043 Life Cycle Assessment—Evaluation and interpretation
ISO 14050 Terms and Definitions

7.6.3 Associations for Standards, 
Reguiations and Specifications

—American National Standards Institute 
(ANSI)

11 West 42nd Str., 13 th Floor 
New York, NY 10036 
USA
Phone: (212) 642-4900 
Fax: (212) 302-1286 
http://www.ansi.org

—American Society for Quality Control 
(ASQC)

P.O. Box 3005 
Milwaukee, WI 53201 
USA
Phone: 800-248-1946 
http://www.asqc.org

—American Society of Testing and 
Materials (ASTM)

100 Barr Harbor Drive
West Conshohocken, PA 19428-2959
USA
Phone: (610) 832-9585 
Fax: (610) 832-9555 
http ://www. astm. org

—American Association of Textile 
Chemists and Colorists (AATCC)

P.O. Box 12215
Research Triangle Park, NC 27709 
USA

—Environmental Protection Agency (EPA)
National Headquarters
401 M-Street, SW
Washington, DC 20460
USA
Phone: (202) 260-5917 
Fax: (202) 260-3923 
http://www.epa.gov
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—Industrial Fabrics Association 
International (IFAI)

345 Cedar St, Suite 800
St Paul, MN 55101-1088 
USA
Phone: (612) 222-2508 
Fax: (612) 222-8215

—International Standards Organization
(ISO)

Rue de Varembe 1
CH-1211 Geneva 20 
Switzerland
Phone: 41 22 749 0111 
Fax: 41 22 733 3430 
http://www.iso.ch

—National Institute of Standards and 
Technology (NIST)

US Department of Commerce 
Administration Building, Room A629 
Gaithersburg, MD 20899 
USA
Phone: (301) 975-5923 
http://www.nist.gov

—National Standards Association 
1200 Quince Orchard Boulevard 
Gaithersburg, MD 20878
USA

—Occupational Safety and Health 
Administration (OSHA)

401 M Street SW 
Washington, DC 20460 
USA
Phone: (202) 219-4667 
http://www.osha.gov

• Region IV (Alabama, Florida, Georgia, 
Kentucky, Mississippi, North Carolina, 
South Carolina, Tennessee)

1375 Peachtree Street, NE, Suite 587
Atlanta, GA 30367
USA
Phone: (404) 347-3573

—Registrar Accreditation Board (RAB)
611 East Wisconsin Avenue
P.O. Box 3005 
Milwaukee, WI 53201-3005

USA
Phone: (414) 272-8575 
Fax: (414) 765-8661
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7.8 Review Questions

1 Explain what you understand from the 
term TQM.

2 Can you make your own definition of 
quality?

3 Does ISO guarantee quality products and 
services? Explain why.

4 Is there a relation between “consistency” 
and quality in products and services. Ex
plain.

5 Explain the core concepts and basic ele
ments of TQM.

6 The following data indicate the air perme
abilities of a single layer forming fabric 
type and its variations.

605, 680, 675, 550, 590, 580, 740, 665, 
650, 630, 625, 675, 660, 560, 500, 545, 
580, 660, 700, 725, 605, 695, 665, 650, 
680, 550, 600, 610, 590, 595.

Calculate:

a. mean
b. mode
c. median
d. range
e. standard deviation
f. coefficient of variation (CV%).

7 Establish a cause-and-effect diagram for 
seam quality in dryer fabrics.
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8 What are the characteristics of a normal
curve?

9 Among the product quality, safety and en
vironment, which one should have the first

priority in a manufacturing environment? 
Which is second? Explain your reasons. 

10 Summarize the major steps in ISO qualifi
cation process.
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_____________________________________________________ 8

There has been a computer revolution 
within the last two decades that has 

changed every aspect of life drastically. One 
of the profound effects of this change has been 
in the area of product and process design, 
development and manufacturing. Like in ev
ery other industry, today computers are widely 
used in every stage of papermaking and paper 
machine clothing from product concept design 
to shipping and receiving.

Parallel to the expansion of computer ap
plication areas in industry, the computer 
technology itself went through impressive 
developments within the last two decades. 
The development of computer technology, 
both software and hardware, is ever increas
ing without any pause in the foreseeable 
future. Computers are getting faster and more 
powerful in terms of memory, versatility, 
adaptability, performance and supporting 
software programs. The change is so fast 
that any specific description of the current 
computer hardware and software may be 
outdated in a few years or even months. 
Therefore, the purpose of this chapter is not 
to discuss the computer technology but to 
demonstrate the current and potential appli
cation areas of computers.

Probably the most exciting development 
that is taking place last few years is in the 
information area. Using World Wide Web 
(WWW) on the Internet, users can connect to 
any other computer in the world (provided 
that it is also connected to the net), browse a

web page, send e-mail, participate in discus
sions and video conferences, etc. People use 
this technology to exchange ideas, solve prob
lems and discuss issues. Federal and state in
stitutions, private and public companies and 
individuals are developing their own homep
ages full of information about themselves, 
their products, companies and services. Ho
mepages can be designed in any format by the 
programmer. Figure 8.1 shows a homepage 
developed for the pulp and paper industry.

By pointing the cursor and clicking any 
item on the homepage, one can go into a spe
cific topic for more information.

8.1 Definitions

In order to fully understand this chapter, a 
glossary of terms follows.

• account (Computer Account)—The 
name used to uniquely identify users of 
a computer resource. Referred to 
variously as GID (global ID), 
computing account, userid or simply 
“ I D .’’

• assembly language—This level of 
language is between high level 
language and machine language. The 
commands are in English letters but 
they may not have any literal meaning 
since they are abbreviated. Execution 
of assembly language programs are
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past tradeshows we have 
attended.

Tradeshow Search
Tradeshow Scrapbook

Business News

In the information age, 
staying up to date on 
industry information is not 
an easy task. This section 
provides pulp and paper 
industry information. 
Whether it is unique 
information we bring to 
you or other pulp and paper 
on-line resources, we want 
to help you find the 
information quicker and 
easier.

Walden Paper Report 
Walden Fiber and Board 

Report
The Green Paper/Fortrans

Classified Ads

Whether you are in the 
market for a new job or just 
curious about available 
openings, this section of 
Pulp and Paper.Net allows 
you to search the Job 
Opportunities database. If 
you locate a posting that 
interests you. Pulp and 
Paper.Net will provide the 
information you need to 
confidentially contact the 
company posting the job 
opportunity.

Job Opportunities
Coming soon - Used 

Equipment

F ro m  T h e  ’N E T

The Internet is a valuable 
resource for information, 
but finding that information 
is not always easy. Pulp and 
Paper.Net’s goal is to make 
pulp and paper producers’ 
jobs easier by putting them 
closer to the information 
they need. This section of 
Pulp and Paper.Net 
provides information and 
links to other sites on the 
Internet containing industry 
information. Make a 
bookmark for Pulp and 
Paper.Net and begin your 
search for pulp and paper 
industry information with 
us.

"The Pulp and Paper 
Jumplist"

Newsgroup Topics

FIGURE 8.1. A homepage for the pulp and paper Industry (http://www.pulpandpaper.net/).
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faster than high level language programs 
because there is no need for compilation. 
That is why video games, for which 
speed is critical, are written in assembly 
language. Assembly language is more 
difficult to write but gives more control 
of computer to the user.

• bitnet— a worldwide computer network
• browser (Web Browser)— It is a 

software program that provides a 
graphical user interface to the 
Internet’s World-Wide Web (WWW). 
There are several browser programs 
currently in use including Netscape and 
Mosaic.

• CD  (compact disk)— Digital disk for 
data storage.

• CPU (central processor unit)— A  
microchip inside the computer that runs 
all the software and operations of the 
computer.

• cyberspace— A  generic name for the 
computer environment that includes 
e-mail, W W W  and networks, etc.

• desktop— A  personal computer that can 
fit on top of a desk.

• digitizer— A  device that converts 
analog data, figures, etc., to digital 
form.

• download— Transferring information or 
files from one computer to another. 
Downloading generally implies that the 
data are moving from a larger, more 
powerful machine to a smaller one.

• DPI— dots per inch on the computer 
monitor.

• E D I (electronic data interchange)—  
Transfer of data via computers from 
place to place.

• e-mail (electronic mail)— Mail that is 
sent from computer to computer via 
telecommunications media.

• expert system— computer software 
packages that are based on scientific 
data with empirical and theoretical 
knowledge of experts in the field. 
Expert systems are also called 
“intelligent systems.”

• floppy disk— Portable computer disk 
for data storage.

• FTP (file transfer protocol)— Used to 
transfer files from one computer to 
another over the Internet.

• gopher— An on-line information 
retrieval system available on the 
Internet.

• hard disk— High storage capacity 
permanent disk inside the computer

• high level language— Programming 
languages such as Basic, FORTRAN, 
Pascal and ‘C ’ that consist of special 
commands to write computer programs. 
The commands are in English 
language which is why it is called 
‘high level’, i.e. level that a person can 
understand. A  computer code written in 
English is converted to assembly 
language first (compilation) and then
to machine language before it is 
executed by the computer. ‘C ’ 
language has several versions and it 
has gained wide acceptance in recent 
years. Figure 8.2 shows comparison of 
high level language programs to 
calculate the area of a rectangle.

• Homepage (or Page)— In the context of 
WWW, it refers to the entry point of a 
Web site. It is similar to a main menu 
which may consist of any number of 
screens full of information and hyper
links to related items (Figures 8.1 and 
8.3).

• H T M L (hyper text markup language)—  
H TM L documents are text files that 
contain H T M L tags to develop a home 
page. H T M L tags tell a web browser 
(such as Netscape or Mosaic) how to 
format or display the text of the 
document. H T M L tags are set off from 
the rest of the text by left and right 
angle brackets, i.e. <p> for paragraph 
tag. Although most H T M L tags are 
paired, some are not. Paired tags have
a beginning tag, such as <title>, and an 
ending tag such as </title>. Text 
affected by the tag is included between 
the paired tags (<title>My home page 
</title>). H T M L is not case sensitive, 
i.e., <title> is the same as <Title> or 
<TITLE>. Tags that are not paired
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PROGRAM CALCULATING 
PR IN T  ' INPUT A, B ' 
R E A D (* ,* )  A ,B  
AREA = A^B 
WRITE { * , 2 0 )  AREA 
FORMAT ( F I 0 , 2 )
STOP
END

AREA

PROGRAM IN  BASIC

1 0  p r i n t  " e n t e r  v a l u e s  f o r  a  a n d  b "  
2 0  i n p u t  a , b  
3 0  l e t  a r e a  = ( a * b )
4 0  p r i n t  " a = " ; a , " b = " ; b , " a r e a = " ; a r e a  

6 0  e n d

PROGRAM IN  C

# i n c l u d e  < s t d i o . h >  
# i n c l u d e  < m a t h , h >

m a i n ( )

{

d o u b l e  a ,  b , a r e a ;  
s c a n t ( " % l f  % l f \ n " , & a , & b ) ; 
p r i n t f ( " a = % g , b = % g \ n " , a , b ) ; 
a r e a = a * b ;
p r i n t f ( " a r e a = % g \ n " , a r e a ) ;

}

FIGURE 8.2. High level language program codes to 
calculate the area of a rectangle.

include paragraph tag <p>, the 
horizontal rule tag <hr>, and the line 
break tag <br>. There are several 
H TM L editors and add-ons that can be 
used to develop a homepage. Figure 
8.3 shows the homepage for the White 
House.
Internet— A  collection of networks and 
gateways around the world. Internet is 
the World’s largest computer network

comprised of thousands of 
interconnected computer networks 
worldwide.

• IP  addresses— A  unique number that 
identifies each host computer or 
computer on a network. IP stands for 
Internet Protocol.

• laptop—  A  small personal computer 
that can fit on one’s lap or briefcase.

• machine language— The commands in 
this language are made of O’s and 
I ’s that computer can understand. 
Normally, programs are not written 
in machine language because of
its difficulty. However machine 
language is very powerful compared 
to assembly and high level 
languages.

• main frame— A  host computer that can 
run a large number of personal 
computers or workstations. Main 
frames are used in large corporations, 
universities and R& D  centers.

• midi frame— A  host computer smaller 
than main frames that is used in small 
to medium size companies to run 
personal computers and workstations

• mini frame— A  host computer that can 
control and run several personal 
computers or workstations usually in 
an office.

• Mosaic— Mosaic is a web browser that 
provides a graphical user interface to 
the Internet’s WWW.

• M S-D O S— Micro Soft D isk Operating 
System.

• Netscape— Netscape is a web browser 
that provides a graphical user interface 
to the Internet’s WWW,

• network systems— These are 
communication systems that connect 
different information systems together 
all over the world. Examples of the 
worldwide network systems are 
Internet and Bitnet.

• Newsgroup— An on-line forum for 
discussion of related topics, accessible 
by a newsreader. Some newsgroups 
allow postings or messages from
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The P resident & Vice 
President:
Their accomplishments, their 
families, and how to send 
them electronic mail

..1 I IW»-.
f" J

What’s New:
Remarks by the President: 
White House Commission 
on Aviation Safety and 
Security

Interactive Citizens’ 
Handbook:
Your guide to information and 
services from the Federal 
government

White House History and 
Tours:
Past Presidents and First 
Families, Art in the 
President’s House and 
Tours

The Virtual Library:
Search White House 
documents, listen to speeches, 
and view photos

The B rie fin g  Room:
Today’s releases, hot 
topics, and the latest 
Federal statistics

White House Help Desk:
Frequently asked questions 
and answers about our service

White House for Kids:
Helping young people 
become more active and 
informed citizens

Please sign the White House electronic guest book.
Or comment on this service at feedback@ www. whitehouse.gov.

FIGURE 8.3. Homepage of the White House (http://www.whitehouse.govAA/H/weloome.html)
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anyone, while others may be 
moderated, i.e. postings are screened.

• Newsreader— Software that allows 
access to Usenet News and the 
newsgroups available therein.

• PC (personal computer)— A  computer 
that has all the necessary operating 
system programs to run by itself, i.e. 
without connecting to a large 
computer. IB M  (International 
Business Machines) and Apple 
Computer, Inc., are examples of the 
largest personal computer 
manufacturers in the world.

• PLC (programmable logical 
controller)— Device that is used to 
control and operate machines and 
equipment electronically

• Programming language— set of 
commands to instruct the CPU to 
perform a specific job. There are three 
levels of programming languages: high 
level language, assembly language and 
machine language.

• R A M  (random access memory)—  
Memory that is used by CPU to run 
the software programs. R A M  size 
should be larger than the total size of 
the programs that will be run.
Turning the computer off will erase 
everything in the RAM .

• RO M  (read only memory)— A  
permanent memory location in the 
computer that has the necessary 
commands to run the computer. RO M  
can not be accessed by the user and 
therefore can not be erased.

• scanning— digitizing a picture or text 
and loading it to the computer screen 
(i.e., opposite to printing).

• source (source code)— Source is the 
H TM L codes for a Web document.

• Sun— A  computer or workstation 
manufactured by Sun Microsystems.

• super computers— Extremely fast and 
powerful mainframes that are used 
mainly for research purposes in large 
universities and institutions such as 
NASA.

• Telnet— Telnet software allows a user

to login to a remote computer and use 
its resources.

• Unix— An operating system used by 
Sun and other companies. Unix is the 
most widely used multi-user general 
purpose operating system in the world.

• upload— Transferring information or 
files from one computer to another. 
Upload implies that the data is moving 
from a smaller machine to a larger, 
more powerful one.

• U R L  (universal resource location)—  
The electronic address for an 
information source on the W W W  or 
Gopher, such as an FTP site, gopher 
service or web page. For example, 
the U R L  for the Auburn University 
home page is http ://w w w. auburn. edu 
and the American Forest and Paper 
Association is http://www.afandpa.org. 
Each address has a prefix which tells 
the Browser what kind of resource it 
is viewing. FTP site will have the 
prefix ftp://, a Gopher site will have 
the prefix gopher:// and an H TM L 
file that is read from the hard drive 
or diskette will have the prefix file://.

• virus (computer virus)— A  computer 
virus is a computer program that is 
developed with malicious intent. These 
viruses can have very bad effects on 
the programs in standalone computers 
or networks. For example, viruses can 
turn a file that is created with a 
wordprocessor into a garbage. Viruses 
can replicate themselves and spread 
from computer to computer via floppy 
disks or through file downloading in a 
network. There are computer programs 
developed to scan computers and 
disinfect them if they are hit by a 
virus. There are many types of viruses 
and different disinfectant programs. 
Probably the best protection from 
viruses is to frequently make clean (i.e. 
free from virus) backup copies of 
working files.

• work station— A  computer that is 
connected to a large central computer. 
A  work station usually does not have a
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CPU of its own. However, computers 
with CPUs can be used as workstations 
as well.
WWW (World Wide Web)—A client- 
server hypertext distributed information 
retrieval system available over the 
internet. W W W  was developed by 
CERN High-Energy Physics 
laboratories in Geneva, Switzerland, 
zip drive— A  removable hard disk 
capable of holding anywhere from 1 0 0  

M B  (megabyte) to 1 GB (gigabyte) of 
data on a removable cartridge 
depending on the model of the drive. 
They are typically slower than hard 
disks and magneto-optical drives, but 
faster than tapes and CD  ROMs.

8.2 App lica tion  Areas o f Com puters

8.2.1 Computer Aided Design (CAD) 
and Modeiing

Computers have been widely used in de
sign, development, modification and analysis

of various products and processes. A  typical 
CAD  system consists of computer, monitor, 
scanner, plotter, printer and digitizer.

Paper machine clothing is relatively expen
sive. Design and development of a new fabric 
by trial and error can increase product devel
opment costs and delay the introduction of a 
product into the market. Computers can be 
used to develop a product with correct geo
metrical and mechanical properties such that 
potential performance of the product can be 
estimated and a decision about the product can 
be made before actual manufacturing trials. 
More realistic computer programs make the 
decision making process simpler and faster 
thus reducing the cycle time from conception 
of an idea to actually making the product 
whether it is a fabric or paper.

Product design is an important application 
of CAD. C A D  programs are used to design 
and characterize polymers, fibers, yams, fab
rics, nonwovens and paper. Use of C AD  
shorten the development time of new, innova
tive products. Figure 8.4 shows a fabric struc
ture developed with a C A D  system.

Modeling of a product in computer involves 
geometric modeling and mechanistic model-

FIGURE 8.4. Dryer fabric structures developed using a CAD system.
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FIGURE 8.5. Steps in computer aided design of a product: drawing, 3D meshing and 3D modeling (photo courtesy 
of Research Engineers, Inc.).

ing. Realistic modeling of a product structure 
is critical for success. Therefore, modeling 
and computer aided design must be based on 
theoretical and empirical data available in the 
literature or through research. Generally, 
finite element analysis (FEA) method is used 
to model and analyze the structures. Paper 
machine clothing materials have nonlinear, 
visco-elastic properties which make modeling 
relatively more complicated. The major steps 
in computer aided design and modeling of a 
product are drawing, 3D meshing and 3D 
model generation as shown in Figure 8.5.

Various CAD  software programs have 
been developed including AutoCAD®,

VersaCAD®, Algor®, MSC, etc. A good 
C AD  system might be quite expensive and 
should be evaluated very carefully. The is
sues to consider when purchasing a CAD  
system are simplicity, customer support, 
availability of user groups, availability of 
manuals, software update options, flexibility 
and service.

8.2.2 C o m p u te r In teg ra ted  
M an u fac tu rin g  (C IM )

Computers are used in almost every manu
facturing stage of paper machine clothing and

FIGURE 8.6. Computer control room for preneedling of press fabrics.
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papermaking. Their usage includes testing of 
incoming raw materials, process control, 
property testing, etc. Most of the mechanisms 
of modem textile machines are electronically 
controlled and operated using programmable 
logical controllers (PLCs). With the PLCs, the 
performance of machines can be monitored 
by measuring picks per minute, stop and start 
times, etc. Figure 8 .6  shows the computer con
trol room for a preneedling machine for press 
fabric manufacturing.

C IM  is an integrated computerized produc
tion system that is used to improve operations 
and product quality in a manufacturing envi
ronment. Benefits include savings in energy, 
labor, cost, maintenance and product quality 
improvements. Factory automation has been 
a major driving force behind CIM . C IM  allows 
us to collect data in real time and eliminate 
waste and bottlenecks between processes by 
controlling each process while monitoring 
the data.

In general, C IM  consists of three building 
blocks: process technology, control tech
nology and knowledge technology. Process 
technology includes production machinery 
and automation to minimize manufacturing 
labor. Control technology uses computers, 
microprocessors and programmable control
lers for self-regulatory manufacturing process 
control. Knowledge technology requires 
computers capable of interpreting informa
tion and decision making in real time. Deci
sion science, expert systems, artificial intelli
gence and knowledge engineering are the 
tools to construct a C IM  environment in 
a plant.

Production planning and control systems 
are used as part of Management Information 
Systems (M IS) to integrate planning, control 
and execution of manufacturing processes. 
These systems allow planning of quantities, 
checking delivery dates, monitoring order 
progress, materials management, capacity 
planning and scheduling. These are important 
elements for the success of Just in Time (JIT) 
and Quick Response (QR) systems. The pur
pose of JIT is to have the right product quan
tity at the right time and in the right place. 
QR shortens cycle (delivery) time of a product

and allows fast flow of information from sup
plier to the customer.

8.2.3 P ro cess  S im u la tio n  a n d
Testing

Computers are widely used to simulate the 
process conditions either during manufactur
ing or during end use. For example, the behav
ior of a forming fabric during heatsetting can 
be predicted using computer simulation pro
grams. Similarly, drainage characteristics of 
a forming fabric on the paper machine can be 
obtained using a fluid flow simulation 
program.

Computer testing of products such as fab
rics and paper products can be done by first 
modeling the product and then subjecting it 
to the test conditions. For example, test simu
lation for tension, compression, bending, etc., 
of fabrics can be done using software pack
ages that are specially developed for this 
purpose.

Today, most of the testing equipment are 
computerized for accuracy, reliability and 
speed. Figure 8.7 shows computerized tensile 
testing of yams. For example, with this sys
tem, the modulus of yam is calculated directly 
by the computer from the stress-strain curve 
which eliminates the human error and subjec
tivity.

8.2.4 Im ag e  Tech n o lo g y

High resolution computers are ideal tools 
for microscopic view of materials. A  high res
olution camera is connected to a computer for 
this purpose. Magnified views of products can 
be viewed on the computer monitor and 
printed for a hard copy (Figure 8 .8 ). Imaging 
technology allows documents such as forms, 
drawings, pictures and charts to be scanned 
and digitized such that they can be manipu
lated electronically.

Computer imaging technology can be used 
to quantify various fabric properties such as 
void volume, surface smoothness and con
tact, etc.
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FIGURE 8.7. Computerized tensile testing.

FIGURE 8.8. Image analysis of a dryer fabric.
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8.4 Review Q uestions

1 Discuss the effects of computer revolution 
on paper machine clothing and paper manu
facturing.

2 What are the technical parameters to con
sider when designing a forming fabric 
using a CAD  system in order to make it 
a realistic representation of the real fabric.

3 Give 10 examples for the application of 
computers in paper machine clothing.



Future of Papermaking and 
Paper Machine Clothing

W ith the current speed of technology de
velopment, it is hardly possible to pre

dict the future of any industry. Nevertheless, 
some attempt is made in this chapter to predict 
some of the future trends in papermaking and 
paper machine clothing.

In the 1800s, a paper machine was produc
ing a sheet of 5 feet wide at a speed of 100 
fpm. Today, paper machines are close to 500 
inches in width. The speed is at 7,000 fpm. 
Some pilot paper machines are already run
ning at 8,000 fpm. It is expected that in a 
decade or so, the machine speeds will reach 
10,000 fpm. The cost of a new machine can 
be over $400 million. Parallel to the improve
ments in paper machine technology, paper ma
chine clothing manufacturing also made giant 
steps within the last few decades.

With the introduction of the first synthetic 
forming fabric in 1957, the research and devel
opment efforts in paper machine clothing 
made a dramatic turn. Metal wires did not 
allow development of design varieties. Syn
thetic fabrics allowed more complicated de
signs and structures in forming, press and 
dryer fabrics. However, pressures and high 
temperatures still present a challenge for paper 
machine clothing manufacturers which will 
require new products to meet the demands. 
Demand for quality and uniformity will con
tinue for all grades of paper and paperboard. 
Ever increasing recycled fiber content will 
require development of more sophisticated 
fabrics to solve the problems encountered in

forming, pressing and drying.
In 1995, the forest, wood and paper industry 

executives released the Agenda 2020 to set the 
future goals for these industries. The Agenda 
identifies six priority areas for research: sus
tainable forest management, environmental 
performance, energy performance, improved 
capital effectiveness, recycling and sensors 
and control [1].

The search will continue for new fabrics 
and processes that will improve paper quality 
and increase paper machine productivity. Pa
per machine manufacturers, papermakers, pa
per machine builders and universities need to 
continue working together to take the paper 
machine clothing and papermaking to new 
heights. Development of paper machine cloth
ing with the input from paper manufacturers 
will be more successful. The key in paper 
machine clothing business will be to combine 
custom designed products with a good techni
cal service.

9.1 Paper Machines and Papermaking

New concepts for forming, pressing and 
drying are expected to be developed in the 
future. Environmental issues will continue to 
be a concern that will affect the future direc
tions in papermaking and paper machines. 
More rational use of energy and water will 
become necessary. More automation includ
ing fuzzy logic controls will be implemented.

351



352 FUTURE OF PAPERMAKING AND PAPER MACHINE CLOTHING

FIGURE 9.1. Factors that will affect the development 
of future paper machines [2].

Figure 9.1 shows the factors that will affect 
the future paper machine development. Lay
ered headbox designs that will allow furnish 
layering will increase. The machine speeds 
and widths will continue to increase, the for
mer being more likely. As the speed and ten
sion of fabrics increase, more abrasion resis
tant materials will be developed for paper 
machine clothing. More hydraulic headboxes 
will be used in the future. Dilution control of 
basis weight rather than slice control allows 
for finer adjustments in basis weight profile 
without affecting fiber orientation [3]. Use of 
single fourdriniers will decline. Gap forming 
and twin wire machines will dominate the 
market for tissue and many paper grades. Ad
justable blades are used in the latest generation 
of gap and blade formers. More multiple for
mers will be used for board grades. Former 
types will continue to evolve to meet the re
quirements of wider paper grades. Develop
ment work such as transfer belt technology 
will continue to have a fully supported web 
throughout the paper machine. High consist
ency forming will get more attention. Pa
permaking will move even more towards be
ing science and engineering rather than an art 
and science.

Ever continuing progress of technology and 
lifestyles will necessitate new products with 
more demanding properties. More engineered 
papers including composite paper structures 
will be developed for high performance appli
cations. Use of paper and paperboard products 
in industrial applications such as architecture 
and construction, medical technology, safety

and protection, etc., will increase. This will 
close the gap between nonwoven textiles and 
paper even further. As a result, it is expected 
that the percent of nonwood/nonfibrous mate
rials will increase in paper and board prod
ucts [4].

Recycled fiber consumption in North 
America was doubled between 1980-1993. 
The current recovery rate is 40%. Use of recy
cled fibers will continue to grow. The US 
Paper Industry set 50% paper recovery goal 
by 2000. The current recycling rate for Europe 
is 43% with Sweden leading at 50%. How
ever, from an economical and technological 
point of view, there may be a limit to recycling 
increase in the future [5-8].

More two-sided coated grades will be made 
in bleached board. Liquid packaging (aseptic) 
grades are growing rapidly. Demand for recy
cled fiber in non-food packaging grades will 
increase. Use of chlorine as a bleaching agent 
will decrease. However, non-chlorine meth
ods may reduce brightness levels. Use of oxy
gen bleaching agents such as ozone (O3), hy
drogen peroxide (H2O2) and others will 
increase for fine paper. Recycle fiber content 
will increase for brown paper. Departure from 
standard basis weight requirements will take 
place. Better printability of the sheet will be 
required. For tissue, increased wet strength 
(polyamide resins) will be required.

Automation in manufacturing of paper and 
paper machine clothing will continue to in
crease. This will require new sensors and new 
control strategies. Computer aided design and 
computer aided manufacturing will be utilized 
further.

9.2 Form ing

Most forming fabric development efforts 
during the 1970’s and 1980’s focused on in
creasing drainage capacity and structural in
tegrity including stability and life. These areas 
are of relatively lesser concern today because 
of improvements made in these areas. How
ever, increasing machine speeds and widths 
will require even more stable and uniform
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fabrics. Further stability in both M D  and CD  
may be achieved by incorporating larger 
strands and new fabric designs. The use of 
polyamide yams in the wear surfaces will be
come the norm. Increased use of abrasive cal
cium carbonate in alkaline sizing will continue 
to require excellent life potential and re
tention.

Product consistency and a generally im
proved product will continue to be searched. 
In general, fabrics with higher quality, longer 
life and lower cost will be developed. Im
proved consistency will result in repeatable 
and more dependable products.

Forming fabrics will need to offer greater 
levels of fiber support without sacrificing 
drainage or stmctural integrity. The extra sup
port double-layer design family will continue 
to be actively used in the near future to meet 
the new demands. However, much more ver
satility with much less compromise is afforded 
to both the forming fabric design engineer 
and the papermaker through the use of lower 
caliper, three layer stmctures.

Forming fabrics will also need to be de
signed to ran cleaner offering less affinity for 
contaminant attraction and fiber carryback. 
Anti-contaminant properties will be required 
even more as the use of recycled fiber is in
creased, especially in the brown grades. Be
cause of recycled fiber and the changes it will 
make to wet-end chemistry, the forming fabric 
will be modified to help minimize contamina
tion and plugging from these sources.

Increased demand from the printing and 
converting industries for smoother, stronger 
sheets with better printing surfaces will affect 
the forming fabric design and structure. In 
addition, the paper industry will have to pro
duce these higher-quality sheets from lower- 
grade, less-expensive furnishes. Therefore, 
fabrics will have to be finer, giving more sheet 
support while improving their mechanical 
properties with regard to dimensional stabil
ity, wear resistance and ease of cleaning. 
These basically conflicting requirements can 
be met by multilayer designs and probably 
will be met by three-layer designs.

Paper machine speeds will continue to in
crease. The very short dewatering time then

necessitates forming fabrics with good drain
age and high fiber support. In addition, the 
increased speed will require an ever-increas
ing need for fabric stability and resistance to 
stretching due to higher tensions. Easy fabric 
installation for less downtime will require de
velopment of pin and thin line coil seamed 
forming fabrics.

Paper weights will continue to decrease es
pecially for fine paper while maintaining or 
improving current standards for opacity, 
smoothness, strength, printability, etc. In addi
tion, other grades, while maintaining sheet 
weight, will need improvements in printabil
ity. A ll of these demands will require finer 
forming fabrics to enable the papermaker to 
obtain smoother sheet properties and more 
uniform fine distribution while achieving ex
cellent formation. Finer fabrics will require 
multilayer designs to obtain necessary stabil
ity on the wider, high speed machines. Kraft 
papers will continue to see expansion in the 
multi-ply sheets and will also see finer fabrics 
to accommodate lighter weight plies and im
provements in formation to improve ply bond
ing and printability.

Lower basis weights in tissue will be devel
oped. Low basis weight in tissue can be 
achieved in different ways. The fibers can be 
oriented in the thickness direction (Z direc
tion) during forming to give higher bulk. An
other way to achieve low basis weight is 
multilayer through air dryer (TAD) fabrics 
with small pits. TAD  will require higher tem
perature resistant fabrics with better hydroly
sis resistance for greater efficiency and pro
ductivity.

9.3 P ressing

It is well known that better dewatering re
quires less energy and produces a superior 
product. Paper machine builders will continue 
working with paper machine clothing manu
facturers to make further improvements in 
this area.

In the 1950’s, press felts, which were com
posed of 1 0 0 %  wool fibers, had a life of ap
proximately one week. Use of synthetic fibers
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and new needling technologies increased the 
life drastically and revolutionized fabric de
signs. Double and triple layer base fabrics, 
twisted mono-filaments and stratified batt 
structures resulted in superior press fabric per
formance. More stable base structures and low 
batt-to-base ratio fabrics that will provide 
more uniform sheet profiles will be developed. 
Needling techniques will improve.

Usage of grooved belts and blind-drilled 
sleeves for shoe presses will increase on ma
chines that are double-felted for kraft and 
other grades, as well as on single-felted opera
tions.

The concept of no-open-draw is becoming 
a reality. No-open-draw will allow higher 
speeds by preventing sheet break. It is ex
pected that shoe press type calender belts will 
replace soft nip calendering for board in the 
future.

Use of laminated press fabric structures will 
continue. Seamed fabrics utilizing a laminated 
top fabric are already being evaluated as are 
laminated types which are nonwovens with 
unique properties [9].

Alkaline papermaking for fine papers re
quires good water handling capacity which 
will require higher void volume structures. 
Couch consistency and pressability will be 
important. Felt filling due to carbonate and 
aluminum hydroxide will require coarser batt 
fibers with more open structures. Mechanical 
and chemical felt wear and shedding require 
high molecular weight batts and better chemi
cal treatments.

Machine speeds and press loads will in
crease. Dwell times will be longer. Multiple 
shoe press sections and new Long Nip Press 
(LNP) sections will be utilized. To meet these 
challenges, single monofilament CD  fabric 
constructions will be developed. Multilayer, 
multiple base fabric and pin seam construc
tions will increase. Chemical and wear resis
tant fiber content will increase. New and im
proved topical treatments will be developed 
for chemical and wear resistance.

To control the vibration and bounce in the 
fourth press, high caliper structures with im
proved mass uniformity are required. To im
prove sheet properties, pressure uniformity

will be improved. Press fabrics with densely 
woven base and fine denier fibers will be de
veloped. New techniques to manufacture 
densely needled fabrics may prevent blowing.

Speeds will increase for bleached board 
pressing. There will be less double-felted 
pressing. High void volume designs will be 
used in first press positions. Smoother surface 
finish needling techniques will be developed.

For tissue and toweling, single-felted opera
tions will increase. Softer pressure rolls will 
be used. Face-side high pressure showering 
and vacuum boxes will be utilized. Steam 
showers will be used in the nip.

Use of thermally stable nylon will increase 
dimensional stability in steam boxes/devron- 
izers. High base-to-batt ratio designs will be 
developed for better compaction.

De-inking will become more important for 
newsprint. Higher machine speeds will require 
an extended nip press (ENP). Fourth presses 
will be common. Multi-nip or roll presses will 
likely be used for printing and writing grades. 
Third-position shoe presses are being used for 
various paper grades. Suction press rolls may 
be phased out and open draws between press 
and dryer sections may be eliminated [3].

Research and development work in impulse 
drying will continue. Combination of press 
loads and high temperatures provide better 
water removal with impulse drying. In this 
context, pressing and drying operations may 
be combined in the future. As a result, the 
paper machine length may be shorter.

9.4 Drying

Since the most difficult and expensive wa
ter removal takes place at the dryer section of 
the paper machine, there is room to make 
advances in the dryer section. Future dryer 
fabrics should maximize mass transfer and 
drying rate.

Use of high velocity, high temperature air 
impingement for more efficient drying will 
increase. A  new concept in drying is Valmet’s 
“Condebelt” dryer. In this system, in place 
of cylinders, two heated steel bands are used 
“between which the paper web is dried under
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high pressure.” It is claimed that this system 
increases dryer speed [3].

With increasing use of recycled fibers, there 
is a need to develop still better contaminant 
resistant dryer fabrics. Residual adhesives, 
pitch and ink from the recycled fiber, coating 
and size press solids can fill the dryer fabrics 
prematurely and affect drying efficiency, 
dryer fabric performance and fabric life. Bet
ter contaminant resistant fabrics will increase 
steam savings and fabric life, reduce down
time for cleaning and improve sheet quality.

Higher temperature, wear resistant dryer 
fabrics with good hydrolysis resistant will be 
developed. Less expensive yam materials that 
will provide better hydrolysis resistance are 
in demand.

Low caliper, smooth surface monofilament 
fabrics will be developed. Properly shaped 
monofilaments both in M D  and CD  directions 
will be used to achieve this. Improvements in 
surface contact area will improve dryer effi
ciency. Minimal seam marking is required. 
Fabrics with less air carrying properties need 
to be developed.

Use of single run and single tier dryer con
figurations has increased in recent years. 
These configurations support the sheet contin
uously without open draws. In these machines, 
speed variations may occur between the top 
and bottom cylinders which may cause sheet 
stretching, slippage and break. The dryer fab
ric plays an important roll to reduce the 
amount of speed difference. There is still room 
for better dryer fabric stability and resistance 
to distortion and damage. The current move to 
single tier dryer systems will continue. Steam- 
heated, rotating, cast-iron cylinders will likely 
continue to be used. Closed transfers will be
come standard and fabric-driven dryers, with 
no ropes, will be used [3].
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Appendix A
Size-denier Reiationships for Poiyester and

Nyion Monofiiaments

Courtesy of Shakespeare Monofilament.
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POLYESTER MONOFILAMENT SIZE EQUIVALENCY CHART
Diameter

Thousandths of an
Inch (mil.)

Diameter
Milimeters Denier Decitex Yards/lb. Meters/Kg.

.0039 

.004 

.0043 

.0047 

.005 

.0061 

.0055 

.0059 

.006 

.0063 

.0067 

.007 

.0071 

.0075 

.0079 

.008 

.0083 

.0087 

.009 

.0091 

.0094 

.0098 

.010 

.0102 

.0106 

.011 

.0114 

.0118 

.012 
■ .0122 
.0126 
.013 
.0134 
.0138 
.014 
.0142 
.0146 
.015 
.0154 
.0157 
.016 
.0161 
.0165 
.0169 
.017 
.0173 
.0177 
.018 
.0181 
.0185 
.0189 
.019 
.0193 
.0197

.10

.1016

.11

.12

.1270

.13

.14

.15

.1524

.16

.17

.1788

.18

.19

.20

.2032

.21

.22

.2286

.23

.24

.25

.2540

.26

.27

.28

.29

.30

.3048

.31

.32

.33

.34

.35

.3556

.36

.37

.38

.39

.40

.4064

.41

.42

.43

.4318

.44

.45

.4572

.46

.47

.48

.4826

.49

.50

95
100
116
139
157
163
190
219
226
250
282
308
317
354
393
403
434
476
510
521
556
605
630
655
707
765
818
877
907
937

1,000
1,064
1,131
1,199
1,234
1,270
1,342
1,417
1,494
1,552
1,612
1,633
1,715
1,799
1,820
1,885
1,973
2,041
2,063
2,156
2,250
2,274
2,346
2,444

106
112
129
154
175
182
211
243
252
277
314
343
352
393
436
448
482
529
567
579
618
672
700
728
786
850
909
974

1,008
1,041
1,111
1,183
1,256
1,333
1,372
1,411
1,492
1,575
1,660
1,725
1,792
1,814
1,905
1,999
2,023
2,095
2,193
2,268
2,293
2,395
2,500
2,527
2,607
2,716

45,591
44,289
38,327
32,078
28,345
27,245
23,425
20,357
19,684
17,854
15,786
14,461
14,057
12,598
11,354
11,072
10,286
9,362
8,748
8,557
8,020
7,378
7,086
6,811
6,306
5,832
5.452 
5,089 
4,921 
4,761 
4,463 
4,193 
3,946 
3,721 
3,615 
3,514 
3,324 
3,149 
2,988 
2,874 
2,768 
2,733 
2,602 
2,481
2.452 
2,367 
2,261 
2,187 
2,163 
2,070 
1,983 
1,962 
1,902 
1,825

93,881
89.243 
77,230 
64,638 
57,115 
54,899 
47,201 
41,020 
39,663 
35,977 
31,809 
29,140 
28,325 
25,385 
22,879 
22,310 
20,727 
18,865 
17,628
17.243 
16,160 
14,867 
14,278 
13,724 
12,708 
11,751 
10,987 
10,254
9,915
9,593
8,994
8,449
7,952
7,497
7,285
7,081
6,698
6,346
6,020
5,792
5,577
5,508
5,244
4,999
4,940
4,770
4,557
4,407
4,358
4,172
3,997
3,955
3,833
3,676
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POLYESTER MONOFILAMENT SIZE EQUIVALENCY CHART

Diameter 
Thousandths of t Diameter

ich (mii.) Miilimeters Denier Decitex Yards/ib. Meters/K{

.020 .5080 2,520 2,800 1,771 3,567

.0201 .51 2,545 2,828 1,754 3,534

.0205 .52 2,647 2,941 1,686 3,397

.0209 .53 2,751 3,057 1,622 3,268

.021 .5334 2,778 3,087 1,606 3,237

.0213 .54 2,858 3,175 1,561 3,147

.0217 .55 2,966 3,296 1,504 3,032

.022 .56 3,060 3,400 1,458 2,939

.0224 .57 3,161 3,512 1,412 2,845

.0228 .58 3,274 3,638 1,363 2,746

.023 .5842 3,332 3,703 1,339 2,699

.0232 .59 3,390 3,767 1,316 2,652

.0236 .60 3,508 3,898 1,272 2,563

.024 .61 3,628 4,032 1,230 2,478

.0244 .62 3,750 4,167 1,190 2,398

.0248 .63 3,874 4,305 1,152 2,321

.025 .6350 3,937 4,375 1,133 2,284

.0252 .64 4,000 4,445 1,115 2,248

.0256 .65 4,128 4,587 1,081 2,178

.026 .66 4,258 4,732 1,048 2,112

.0264 .67 4,390 4,878 1,016 2,048

.0268 .68 4,524 5,027 986 1,988

.027 .6858 4,592 5,103 972 1,958

.0272 .69 4,660 5,178 957 1,929

.0276 .70 4,799 5,332 930 1,874

.028 .71 4,939 5,488 903 1,821

.0283 .72 5,045 5,606 844 1,782

.0287 .73 5,189 5,765 860 1,733

.029 .7366 5,298 5,887 842 1,697

.0291 .74 5,334 5,927 836 1,686

.0295 .75 5,482 6,091 814 1,640

.0299 .76 5,632 6,258 792 1,597

.030 .7620 5,670 6,300 787 1,586

.0303 .77 5,783 6,426 771 1,555

.0307 .78 5,937 6,596 751 1,515

.031 .7874 6,054 6,727 737 1,485

.0311 .79 6,093 6,770 732 1,476

.0315 .80 6,251 6,945 714 1,439

.0319 .81 6,410 7,123 696 1,403

.032 .8128 6,451 7,168 692 1,394

.0323 .82 6,572 7,303 679 1,368

.0326 .83 6,695 7,439 666 1,343

.033 .84 6,860 7,623 650 1,311

.0334 .85 7,028 7,808 635 1,279

.0338 .86 7,197 7,997 620 1,249

.034 .8636 7,282 8,092 613 1,235

.0342 .87 7,368 8,187 605 1,220

.0346 .88 7,542 8,380 591 1,192

.035 .89 7,717 8,575 578 1,165

.0354 .90 7,894 8,772 565 1,139

.0358 .91 8,074 8,971 552 1,114

.036 .9144 8,164 9,072 546 1,101

.0362 .92 8,255 9,173 540 1,089

.0366 .93 8,439 9,376 529 1,065

.037 .94 8,624 9,583 517 1,043

.0374 .95 8,812 9,791 506 1,020

.0377 .96 8,954 9,949 498 1,004

.038 .9652 9,097 10,108 490 988

.0381 .97 9,145 10,161 488 983

.0385 .98 9,338 10,375 478 963

.0389 .99 9,533 10,592 468 943

.039 .9906 9,582 10,646 465 938

.0393 1.00 9,730 10,811 458 924

.0397 1.01 9,929 11,032 449 905

.040 1.0160 10,080 11,200 442 892
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NYLON MONOFILAMENT SIZE EQUIVALENCY CHART

Diameter
Thousandths of an

Inch (mil.)
Diameter

Millimeters Denier Decitex Yards/lb. Meters/Kg.

.004

.0043

.0047

.005

.0051

.0055

.0059

.006

.0063

.0067

.007

.0071

.0075

.0079

.008

.0083

.0087

.009

.0091

.0094

.0098

.010

.0102

.0106

.011

.0114

.0118

.012

.0122

.0126

.013

.0134

.0138

.014

.0142

.0146

.015

.0154

.0157

.016

.0161

.0165

.0169

.017

.0173

.0177

.018

.0181

.0185

.0189

.019

.0193

.0197

.020

.0201

.0205

.0209

.1016

.11

.12

.1270

.13

.14

.15

.1524

.16

.17

.1778

.18

.19

.20

.2032

.21

.22

.2286

.23

.24

.25

.2540

.26

.27

.28

.29

.30

.3048

.31

.32

.33

.34

.35

.3556

.36

.37

.38

.39

.40

.4064

.41

.42

.43

.4318

.44

.45

.4572

.46

.47

.48

.4826

.49

.50

.5080

.51

.52

.53

83
96

114
130
135
157
181
187
206
233
254
262
292
324
332
358
393
421
430
459
499
520
541
584
629
675
724
748
773
825
878
933
990

1,019
1,048
1,108
1,170
1,233
1,281
1,331
1,347
1,415
1,485
1,502
1,556
1,629
1,684
1,703
1,779
1,857
1,877
1,936
2,018
2,080
2,100
2,185
2,271

92 
106 
127 
144 
150 
174 
201 
208 
229 
259 
283 
291 - 
325 
360 
369 
398 
437 
468 
478 
510 
554 
577 
601 
649 
699 
750 
804 
832 
859 
917 
976 

1,037 
1,100 
1,132 
1,165 
1,231 
1,300 
1,370 
1,424 
1,479 
1,497 
1,573 
1,650 
1,669 
1,729 
1,810 
1,872 
1,892 
1,977 
2,063 
2,085 
2,152 
2,242 
2,311 
2,334 
2,428 
2,523

53,658
46,436
38,868
34,341
33,008
28,381
24,663
23,848
21,632
19,126
17,521
17,031
15,262
13,756
13,414
12,462
11,343
10,599
10,367
9,716
8,939
8,585
8,252
7,641
7,095
6,606
6,165
5,962
5,768
5,407
5,080
4,781
4.508 
4,380 
4,257 
4,027 
3,815
3.620 
3,483 
3,353 
3,312 
3,153 
3,005 
2,970 
2,868 
2,740 
2,649
2.620
2.508 
2,403 
2,378 
2,304 
2,212 
2,146 
2,125 
2,042 
1,965

108,122
93,569
78,319
69,198
66,512
57,188
49,697
48,054
43,588
38,538
35,305
34,317
30,754
27,719
27,030
25,112
22,856
21,357
20,890
19,578
18.013 
17,299 
16,628 
15,396 
14,297 
13,311 
12,424
12.013 
11,623 
10,896 
10,236
9,634
9,084
8,826
8,579
8.115 
7,688 
7,294 
7,018 
6,757 
6,673 
6,354 
6,057 
5,985 
5,780 
5,521 
5,339
5.280 
5,054 
4,842 
4,792 
4,644 
4,457 
4,324
4.281
4.116 
3,960
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NYLON MONOFILAMENT SIZE EQUIVALENCY CHART

.021

.0213

.0217

.022

.0224

.0228

.023

.0232

.0236

.024

.0244

.0248

.025

.0252

.0256

.026

.0264

.0268

.027

.0272

.0276

.028

.0283

.0287

.029

.0291

.0295

.0299

.030

.0303

.0307

.031

.0311

.0315

.0319

.032

.0323

.0326

.033

.0334

.0338

.034

.0342

.0346

.035

.0354

.0358

.036

.0362

.0366

.037

.0374

.0377

.038

.0381

.0385

.0389

.039

.0393

.0397

.040

.045

.050

.055

.060

.065

.070

.075

.080

Diameter
Thousandths of an

Inch (mil.)
Diameter

Millimeters Decitex Yards/lb. Meters/Kg.

.5334 2,293 2,548 1,946 3,922

.54 2,359 2,621 1,892 3,813

.55 2,448 2,720 1,823 3,673

.56 2,516 2,796 1,773 3,574

.57 2,609 2,899 1,711 3,447

.58 2,703 3,003 1,651 3,327

.5842 2,750 3,056 1,622 3,270

.59 2,798 3,109 1,595 3,214

.60 2,896 3,217 1,541 3,106

.61 2,995 3,328 1,490 3,003

.62 3,095 3,439 1,442 2,905

.63 3,198 3,553 1,395 2,812

.6350 3,250 3,611 1,373 2,767

.64 3,302 3,669 1,351 2,724

.65 3,407 3,786 1,310 2,639

.66 3,515 3,905 1,270 2,559

.67 3,624 4,026 1,231 2,482

.68 3,734 4,149 1,195 2,408

.6858 3,790 4,212 1,177 2,373

.69 3,847 4,274 1,160 2,338

.70 3,961 4,401 1,127 2,270

.71 4,076 4,529 1,095 2,206

.72 4,164 4,627 1,071 2,106

.73 4,283 4,759 1,042 2,100

.7366 4,373 4,859 1,020 2,057

.74 4,403 4,892 1,013 2,042

.75 4,525 5,028 986 1,987

.76 4,648 5,165 960 1,935

.7620 4,680 5,200 953 1,922

.77 4,774 5,304 935 1,884

.78 4,900 5,445 910 1,835

.7874 4,997 5,552 893 1,800

.79 5 029 5,588 887 1,788

.80 5,159 5,733 865 1,743

.81 5,291 5,879 843 1,700

.8128 5,324 5,916 838 1,689

.82 5,425 6,027 822 1,658

.83 5,526 6,140 807 1,627

.84 5,662 6,292 788 1,588

.85 5,800 6,445 769 1,550

.86 5,940 6,600 751 1,514

.8636 6,011 6,679 742 1,496

.87 6,082 6,757 734 1,479

.88 6,225 6,916 717 1,445

.89 6,370 7,077 700 1,412

.90 6,516 7,240 685 1,380

.91 6,664 7,405 669 1,349

.9144 6,739 7,488 662 1,334

.92 6,814 7,571 655 1,320

.93 6,965 7,739 640 1,291

.94 7,118 7,909 627 1,263

.95 7,273 8,081 613 1,236

.96 7,390 8,211 604 1,217

.9652 7,508 8,343 594 1,198

.97 7,548 8,387 591 1,191

.98 7,707 8,564 579 1,167

.99 7,868 8,742 567 1,143

.9906 7,909 8,788 564 1,137
1,00 8,031 8,923 555 1,120
1.01 8,195 9,106 544 1,097
1.016 8,320 9,244 536 1,081
1.143 10,530 11,700 423 854
1.270 13,000 14,444 343 691
1.397 15,730 17,477 283 571
1.524 18,720 20,800 328 480
1.651 21,970 24,411 203 409
1.778 25,480 28,311 175 353
1.905 29,250 32,500 152 307
3.032 33,280 36,977 134 270
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Appendix B
Forming Section Troubieshooting Guide

Symptom
Barring

Possible Causes/Check Points/Possible Solutions
— Check conditions of rolls (vibration)
—Check seals of the couch roll 
— Check for variation on all machine elements 
— Check for loose bearing houses 
— Compare mark to felt pattern 
— Check for pressure pulses

•  headbox
•  pressure screen
•  stock delivery system

Cockling

Couch Shadow Marking

— Poor formation 
—^Water jumps— stock jump 
—^Water circulation from suction couch roll 
— ^Reduce refining 
— ^Pulsating on the stock system 
— ^Rewetting of the fabric from showers 
—^Water spots from dandy roll or couch press

— Check drainage— may be flooding couch 
— Check vacuums— increase drainage on 

table
—Check drag to jet ratio 
— Check fabric tension— may be too low 
— Check for excessive fabric wear 
— Review fabric drainage capacity— m̂ay need to 

increase fabric drainage 
—^Freeness too low

Cracks —Check machine deckles 
— Check trim 
— Rewetting on edges
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Symptom
Crushing — Sheet running wet into pressing elements 

— Check draws (speed differences)
—Check couch press 
— Check dandy roll 
— ^Dandy out of balance 
— Sheet too wet at dandy 
— ^Dandy set too hard 
— Consistency too high 
— F̂abric plugged
— Suction couch roll showers not set correctly

Possible Causes/Check Points/Possible Solutions

Curl — F̂iber alignment 
— T̂wo sidedness 
—^Refining 
— D̂raw
— Êdge dewatering 
—Increase long fiber 
—^Reduce freeness of stock 
—^Retention aid uneven 
— F̂abric dewatering uneven 
— Check headbox slice opening

Dandy Roll Marks —^Plugged dandy shower 
—^Damaged dandy roll 
— ^Dandy not level 
—Check alignment of dandy 
— Sheet coming into dandy, too wet 
— Sheet too dry—^picking sheet 
— Check vacuum levels of suction boxes

Edge Breaks -Trim squirt plugged— n̂ot cutting clean
-Recouching of sheet and edge trim in pick nip
-Foil, couch roll— trim too small
-Dirt build up on bottom lip
-Dirt build up on fabric edge
-Stock build up on deckles
-Poor dewatering of edge area
-Rewetting at couch
-Fabric damaged
-Stock build up on foils or suction boxes 
-Fabric edge damage from suction box sealing 
-Deckles touching fabric 
-Stock build up on return rolls

Guiding -High vacuum on suction boxes 
-Improper guide palm sensitivity 
-Non-uniform fabric tension— f̂ront to back 
-Insufficient wrap on guide roll



Symptom Possible Causes/Check Points/Possible Solutions
— ^Diagonal of drilled boxes 
— Check drive sync 
— Check for fabric slippage 
— Check doctor blades 
— Check roll bearings 
— Check fabric tension 
— Check draw
— Check suction box vacuum and surface 
— Check for unbalance rolls 
— Check guide movement
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Moisture Profile Uneven — ^Uneven head box slice caliper 
— Stock jet speed difference in tubes 
— Stock speed difference 
—Uneven plates in headbox 
—Check rectifier roll 
—^Deflection of breast roll 
— Check foils for unevenness— level side to side 
— ^Check foils for wear 
— ^Uneven fabric tension 
— ^Uneven shower water supply 
— Check for plugged suction rolls

Pin Holes — Check for air in the system 
—Check for excessive drainage— stapling 
— Change table elements— too slow drainage 
—^May need to close up fabric 
— Check vacuum of suction boxes— too high 
— Check for thin spots in sheet 
—Poor sheet release

Ply Bonding/Delamination —Increase refining 
—Improve formation 
— Decrease internal sizing 
— Increase long fiber content 
— Încrease strength additives

Poor Drainage — Check if freeness is too high 
— Check if stock temperature is too low 
— Check pH
— Check retention aids used 
— Check if refining is excessive 
— Check for air in stock 
— Check fabric for excessive wear 
— Check machine elements for wear 
— Check table alignment 
— Check fabric tension 
— Check for dirty fabrics



366 APPENDIX B

Symptom

Poor Formation

— Check for air leaks 
— Sheet sealing

— T̂oo high fabric oscillation— air 
—^Vibration of table elements 
— F̂abric slippage 
—Check for excessive fabric wear 
— High friction at suction boxes

•  vacuum too high
•  dirt
•  sharp edges

— Încrease fabric tension 
— Check for fabric deflection 
— Check for vacuum pulses 
— ^Check rush/drag— impingement—elements

Possible Causes/Check Points/Possible Solutions

Release

RidgesAVrinkles of Forming Fabrics

Sheet Wrinkles

— ^Check for sheet stapling 
— T̂rim squirts not cutting edge 
— Check fabric for excessive drainage 
—Check fabric for excessive sheet side wear 
— Couch vacuum too high 
— Pickup vacuum too low 
— P̂ickup felt plugged— add water to pickup felt 
— Check fabric tension 
— Check draws 
— Check for wrinkles/ridges

— Check machine alignment 
—^Excessive table shake 
— Check high pressure shower nozzles 
— Check for deposits on table elements 
—Check for damaged foils— table elements 
— Check operating tension 
— ^Check pressure of high pressure showers 
— Check rolls and doctor blades for excessive wear 
— Check rolls and doctor blades for alignment, 

deflection and stability 
— Check shower flows and pressures 
— Check drive ratios
— Check guide system, pressure and air supply 
—Check for wrong geometry of fabric oscillation

— Too high stock speed in head box tube system 
— B̂ase plates uneven 
— Plugged tubes 
— Slice uneven 
— Check for damaged slice 
— Check breast roll shower 
— Check for worn shower nozzles
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Symptom Possible Causes/Check Points/Possible Solutions
— Check for breast roll alignment 
— Check for build up on breast roll 
—^Deckle setting incorrect 
—^Dirty fabric 
—^Wom fabric 
—^Waves in fabrics

Speed Variation on Fabrics — Check for fabric slippage 
— Check for excessive friction 
— Check table elements 
— Check bearings 
— Check machine alignment 
—Check for drive overload— drag load 
— Check suction box vacuum— t̂oo high 
—Check for roll surfaces— t̂oo smooth 
— Check for slot width being too wide 
— Check for vacuum variation 
— Check for couch stability 
— Check for frame instability 
— Check for couch roll cover hardness variation 
— Check for roll balance

Streaky Formation

Wire Mark

— Check headbox slice opening 
— Check for stock build up on slice 
— Check for slice distortion 
— Check headbox 
— Check rectifier roll 
— Check for wear streaks in fabric 
—^Wom out slice 
— Check alignment of table 
— Check if fabric is dirty 
— D̂irty dandy roll

— Check refining
— Check vacuum— r̂educe if possible 
— Check fabric tension— increase if possible 
— Check drag to jet ratio 
— Check for excessive fabric drainage 
— Reduce loading on dandy-couch press pickup felt 
— Check fabric for excessive sheet side wear 
— Different fabric may be needed



http://taylorandfrancis.com


Appendix C

Press Section Troubleshooting Guide

Symptom
Poor Pickup

Crushing

Blistering

Possible Causes/Check Points/Possible Solutions__________
— Încrease felt water just ahead of the pickup zone 
— Check weight profile, especially if the pickup problem is 

not confined to the edges
— Speed differential: Are loads and amperages normal?
— “Wire” tension— try to increase—^below 20 is too low 

(25 pli on suction breast roll, SBR)
— F̂elt tension: Is it normal? Try slack, then tight.
— ^Holes in the sheet—Is forming fabric contaminated? 

Check for fibers in spray as felt and forming fabric 
separate. Lots of fibers indicate poor pickup, not 
contamination.

— Sheet stapled to forming fabric: Lower vacuum at SBR;
check suction box position.

— Lower felt pickup point (into forming fabric)

— Decrease felt water content 
— Increase vacuum (check vacuum)
— Clean felt
— Înspect for plugged uhle box, suction roll holes, blind- 

drilled hole, etc.
— ^Lower machine speed while high pressure showering 
— Check for felt surface damage 
— Check for roll cover slippage

— Check for uniform Yankee coating (check spray boom 
coverage)

— Check for uneven loading/wear on Yankee doctor blade 
— Hot edges (add water to the edges)
— ^Lower steam pressure in Yankee, increase hood 

temperature
— Check Yankee differential pressure (high differential 

creates hot spots resulting in blistering. Good number is 
12-16 psi).

— Check thermal topography of the Yankee
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Symptom
Sheet Following

Felt Bagginess

—Check felt moisture ratio
—Check for uniform Yankee coating. If uneven, check 

Yankee doctor blade and spray bottom
—Check for filled, compacted, smooth areas in felt and 

clean accordingly
—Check suction pressure roll box position (throw off 

should be 8°-10® from the exiting felt tangent) and seal 
strips

—^Lower felt water— ĥas pressure roll crown been changed
—Check pressure roll loading and increase

—Check felt tension (fabric slippage)
—Check for worn uhle box strips, pickup shoes/bars and 

their proper lubrication
—Check for temperature differentials across the face of the 

fabric
—Check for Yankee hood leaks on the surface of the 

fabric

Possible Causes/Check Points/Possible Solutions_________

Sheet Moisture Profile Problems

Sheet Stealing (to bottom felt)

—^Determine where problem was seen first 
—Check for uneven basis weight profile 
—Check for damaged forming fabric 
—^Measme felt moisture—does problem correlate?
—Is the felt skewed?
—Clean felt
—^Uneven shower application—^uneven cleaning 
—Check air pressure on the seal strips 
—Are seal strips loaded evenly?
—Plugged/wom uhle box 
—Check hood profiling dampers 
—Check for roll plugging 
—Check for roll cover slippage 
— Îs the sheet profiler operating correctly?
—Doctor loading on the pressure rolls or main rolls 
—^Doctor loading on the Yankee 
—Check spray boom for nozzle plugging

—^Reduce loading at the main press 
—^Reduce bottom felt tension 
—^Vary water flow (usually lower)
—Check uhle box vacuum
—^Rotate the main press suction box toward the wet end 
—Check air pressure on the seal strips 
—Are seal strips loaded evenly?
— Îs bottom felt filled? If so, clean.
—^Lightly brush the bottom felt surface 
—^Tum bottom felt inside out



Appendix D

Tension Force Calculations of Dryer Fabrics

INTRODUCTION

To enable a dryer fabric to perfectly fulfil its role, 
it is necessary that it is properly tightened.
This tension is generally expressed in kilograms 
per centimeter (kg/cm) of width of fabric and 
ideally it should be between 1.5 and 1.8 kg/cm. 
Below 1.5 kg/cm, the contact between the paper 
and the cylinder is negatively affected and conse
quently, the drying capacity is diminished.
Above 1.8 kg/cm, excessive mechanical tension 
could lead to excessive deflection of the rolls and 
can cause premature rupture of fabric and/or 
seam.
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1. GENERAL SITUATION 2. PARTICULAR CASES

On most paper machines, the tension regulation 
systems of dryer fabrics (if they exist) are schema
tized as follows;

Force "F" which acts on the stretch roll depends 
on force "P", shown here by weights but can 
equally be a hydraulic system or compressed air 
or be exerted by a motor.
Dividing force "T" by the width of the fabric "L" 
presents the effective tension.

The preceding formulas can be used with good 
approximation when the wrap on the stretch roll 
is approximately 180°C and the force "F" acting 
on it is parallel to the reaction force "Tr" of the 
stretch roll.
When these two conditions are not simultaneously 
met, it is important to know that in establishing 
the formula (1) above, the cosine values of the 
Intervening angles with the vectorial breakdown 
should be used.

2.1 The movement of the stretch roll follows 
the bisector of the angle formed by the 
fabric

F =  force acting on the stretch roll 
in equilibrium with Tr 

Tr = total reaction force of the fabric
After breaking down the vectorial component, 
we obtain:

cos-
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2.2 The movement of the stretch roll occurs 
parallel to one of the edges of the fabric

The total reaction force "Tr" of the fabric only ba
lances the acting force "F" with the aid of the 
counteracting force "R" which represents the 
reaction of the frame of the machine.
By breaking down force "F" vectorially in Pos. 1, 
we obtain:

Tr =
1

cos-

The decomposition of "Tr" on Pos. 2 gives: 

^ Tr 1

2 cos-

Finally:

T =

2.3 The movement of the stretch roll can 
occur In any direction in relation to the 
direction of the acting forces

F = Force acting on the Stretch roll 
R = Counteracting force of the machine frame 
Tr = Total counteracting force on 

the dryer fabric

The vectorial breakdown of "F" on Pos. 1 produces: 

1
cos 6

Tr =  F

The breakdown of "Tr" on Pos. 2 shows: 

Tr 1
T =

Finally: 

T =

2 cos-

2 co s S co s -

2 coŝ
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2.4 Diagram of the values of

1 1 
—--------and o f ------------ as
cos- coŝ

2 2 

a function of the angle ”oc '

Depending on the machines, the angle "oc" can be 
strongly variable and can reach sometimes relati
vely high values when, for example, a dryer fabric 
has been shortened as a result of a new seam. 
Another frequent example: a change in the return 
run of the fabric.
The diagram shows us that for "oc" = 60°, the over
tension on the fabric compared to the classical 
case surpasses 50% in case 2.2 (relatively frequent) 
and even more than 15% in case 2 1.

3. SOME EXAMPLES 
OF THE CALCULATIONS 
OF "F ” AND "T"

3.1 Bottom position of the section
Effect of the weight of the stretch roii
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3.3 influence of a pneumatic returning 
stretch roll
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3.4 influence of the angle "oc"
The movement of the stretch roll occurs 
according to the bisector of the angle ' 
formed by the fabric

In this machine, the possible movement of the 
stretch roll is not very important.
The angle "<x" varies only slightly between the 
maximum and minimum positions of the stretch 
roll.
90° ^  oc ^  115°

As per 2.1 and 5.1 above, the force on the fabric 
is calculated as follows:

1 1
T = (F + P ) -------- ------------

3.5 Influence of the angle "oc"
The movement of the stretch roll occurs 
parallel to one side of the fabric

On this machine, it was calculated that the angle "oc" 
for the maximum and minimum positions of the 
stretch roil varies between the extremities:
46°  ^  oc ^  1 4 5 0

As per 2.2 above, the tension of the fabric is cal
culated as follows:

T =
cos.2 oc 

2

The over-tension factor is therefore between the 
values:

1.18 ^  9 .95
coŝ

To regulate correctly the manometric pression re
quired, it is vital to take into consideration the po
sition of the stretch roll on the frame.

cos-

The factor of over-tension shall is therefore situa
ted between the values:

1.41 1.86
cos-
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3.5.1
In this nnachine, not considering the over-tension 
factor, a manometric pressure of 5.5 kg/cm^ cor
responds to a fabric tension of 1.6 kg/cm.

3.5.2

In fact, the extreme position "A" of the stretch roll 
would require a manometric pressure of:

3.5 
118

= 2.97kg/cm^

in order to generate the fabric tension of 1.6 kg/cm.

3.5.3
Similarly, in position "B", the manometric pressure 
should be:

3.5
Z65

= 1.33kg/cm2

In order to generate a same tension of 1.6 kg/cm.

ing. Marcel SIQUET 
Applications Engineer 

January 1990
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Appendix E

List of Testing Laboratories/ 
Research Faciiities

Copyright © 1996 by TAPPI PRESS, Technology Park/Atlanta, P.O. Box 105113, Atlanta, GA 30348-5113, USA.
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TAPPI does not sanction the companies cited in this list. TAPPI provides this information as a service to 
its members and the general public. This information was obtained from a survey o f industry test 
laboratories and research facilities. To determine the services they offer, please contact individual 
laboratories. To be included in the current test laboratories list, please call (770) 209-7208.

APPLIED TECHNICAL 
SERVICES, INC.
1190 Atlanta Industrial Dr. 
Marietta, GA 30066 
Contact Person: Bob Dunning or 
Phil Rogers 
Tel: (404)423-1400

1218 Donaldson Rd.
Greenville, SC 29605 
Contact Person: Paul West, 
Manager
Tel: (803)299-0525

108-A Castle Dr.
Madison, AL 35758 
Contact Person: John Cooley, 
Manager

ARTHUR D. LITTLE, INC
25 Acorn Park 
Cambridge, MA 02140 
Contact Person: Dr. Judith Harris 
Tel: (617)864-5770

AUBURN UNIVERSITY
Pulp and Paper Research and 
Education Center (PPREC)
242 Ross Hall 
Auburn, AL 36849-5128 
Director: Dr. Ronald D. Neuman 
Tel: (205)826-5223

BADGER LABORATORIES & 
ENGINEERING COMPANY, 
INC.
1110 South Oneida Street 
Appleton, WI 54915 
President: Arthur B. Kaplan 
Tel: (414)739-9213 

(800)242-3556

BATTELLE MEMORIAL 
INSTITUTE/COLUMBUS 
LABORATORIES
505 King Avenue

Columbus, OH 43201 
Tel: (614)424-6424

CHICAGO TESTING 
LABORATORY, INC.
3360 Commençai Avenue 
Northbrook, IL 60062 
President: Conway C. Burton 
Tel: (312)498-6400

CONTAINER TESTING 
LABORATORY,
INC.
607 Fayette Ave.
Mamaroneck, NY 10543 
Tel: (914)381-2600 
Fax; (914) 381-0143

CÉGEP DE TROLS-RIVIÈRES 
PULP & PAPER SPECIALIZED 
CENTER
2250, rue St.-Oliver 
Troise-Rivières, QC G9A 5E6 
Canada
Directeur; Mr. Pierre Lavoie, ing. 
Tel: (819)372-0202 
Fax: (819)372-9938

DSET LABORATORIES, INC.
Box 1850
Black Canyon Stage One 
Phoenix, AZ 85029 
Tel: (602)465-7356

ECONOTECH SERVICES 
LIMITED
852 Derwent Way 
Annacis Island
New Westminister, BC V3M5R1 
Canada
Pulping & Bleaching: Randy Lowe
and Tadas Macas
Fibre Testing: Wendy McAlpine
Analytical: Terry Peel
Tel: (604)526-4221
Fax: (604)526-1898

U.S. Mailing Address;
P.O. Box 952
Point Roberts, WA 98281

FOREST SERVICE 
Forest Products Laboratory 
1 Gifford Pinchot Dr.
Madison, Wl 53705-2398 
Director: John R. Erickson 
Tel: (608)231-9200 
Fax: (608)231-9592

GALBRAITH LABORATORIES, 
INC.
2323 Sycamore Drive 
Knoxville, TN 37921 
Tel: (615)546-1335

GORHAM INTERNATIONAL, 
INC.
P. O. Box 8 
Gorham, ME 04038 
Contact Person: Alfred Belisle 
Tel: (207)892-2216

HERTY FOUNDATION
P. O. Box 7798 
Garden City, GA 31418 
Director: Dr. Michael J. Kocurek 
Tel: (912)964-5541 
Fax:(912)964-5614

INDUSTRIAL TESTING AND 
RESEARCH LABORATORY
P. O. Box 43643 
650 Great S.W. Pkwy.
Atlanta, GA 30336
Contact Person: Roberta Louise
Johnson
Tel: (404)344-7883

INSTITUTE OF PAPER 
SCIENCE AND TECHNOLOGY
575 14th Street, N.W.
Atlanta, GA 30318 
President: James Ferris
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Tel: (404)853-9500 
Fax:(404)853-9510

INTEGRATED PAPER 
SERVICES, INC.
Suite 250
101 West Edison Avenue 
P. O. Box 446 
Appleton. W1 54912-0446

Director of Technology: Salman 
Aziz
Analytical Chemistry: Sally A. 
Berben or Betty J. Stevens 
Aquatic Biology: David L. Rades or 
David F. Sanders
Fiber Sciences: Walter J. Rantanen
or Sara J. Spielvogel
Information Systems & Services:
Craig S. Booher
Paper & Paperboard Testing:
Catherine J. Detain
Pulping, Bleaching & Papermaking:
Thomas W. Paulson
Tel: (414)749-3040
Fax:(414)749-3046

MCGILL UNIVERSITY
Department of Chemical
Engineering
3480 University Street
Montreal. PQ H3A 2A7
Canada
Coordinator: M. R. Kamal or L. St. 
Pierre
Tel: (514)398-4262

MICHIGAN
TECHNOLOGICAL
UNIVERSITY
Institute of Wood Research 
Houghton, MI 49931 
Director: Dr. W. E. Frayer 
Tel: (906)487-2464

NORTH CAROLINA STATE 
UNIVERSITY
Pulp and Paper Laboratory 
Box 8005
Raleigh, NC 27695-8005 
Department Head: Dr. Richard J. 
Thomas
Tel: (919)515-2888 
Fax:(919)515-7231 
Wood Products Laboratory 
Box 8005
Raleigh, NC 27695-8005 
Department Head: Dr. Richard J. 
Thomas
Tel: (919)515-2881 
Fax:(919)515-7231

PRO-PACK TESTING 
LABORATORY, INC.
15 North Florida 
Belleville, IL 62221 
Contact Person: Manuel Rosa 
Tel: (618)277-1160 
Fax:(618)277-1163

PULP AND PAPER RESEARCH 
INSTITUTE OF CANADA
570 St. John's Boulevard 
Pointe,PQ H9R3J9 
Canada
Contact Person: Wilfried Johasch 
Tel: (514)630-4100 
Fax: (514 6304134

SUNY COLLEGE OF 
ENVIRONMENTAL SCIENCE 
AND FORESTRY
Empire State Paper Research 
Institute
Syracuse, NY 13210 
Director: Dr. Leland R. Schroeder 
Tel: (315)470-6502

Paper Science & Engineering Pilot 
Plant
Syracuse, NY 13210 
Director: Dr. William Holtzman 
Tel: (315)470-6506 
Fax:(315)470-6779

TECHNIDYNE CORPORATION
100 Quality Ave.
New Albany, IN 47150-2272 
Contact Persons: Thomas Crawford 
and Pat Robertson 
Tel: (812)948-2884 
Fax:(812)945-6847

UNIVERSITY OF 
CALIFORNIA, BERKELEY
Forest Products Laboratory 
1301 South 46th Street 
Richmond, CA 94804 
Director: Dr. Frank C. Beall 
Tel: (415)231-9452

UNIVERISTY OF LOWELL 
RESEARCH FOUNDATION
450 Aiken Street 
Lowell, MA 01854 
Executive Director: Edward F. 
Miller, Jr.
Tel: (508)458-2508 
Fax: (508)453-6586

UNIVERSITY OF MAINE
Environmental Studies Center 
Cobum Hall #1

Orono, ME 04469 
Director: Gregory K. White 
Tel: (207)581-1490 
Fax:(207)581-1426

Department of Chemical
Engineering
Jenness Hall
Orono, ME 04469
Laboratory Manager: Proserfina
Bennett
Tel: (207)581-2321 
Fax:(207)581-2223

UNIVERSITY OF OREGON
Forest Industries Management 
Center
Eugene, OR 97403 
Director: Dr. Stuart U. Rich 
Tel: (503)686-3335

UNIVERSITY OF QUEBEC AT 
TROIS-RIVIERES
Pulp and Paper Research Center 
3351 Boulevard des Forges 
Trois-Rivieres, PQ G9A 5H7 
Canada
Director: Dr. H. O. Lavalle 
Tel: (819)376-5075 
Fax:(819)376-5012

UNIVERSITY OF TORONTO
Pulp and Paper Centre
Dept, of Chemical Engineering &
Applied Chemistry
200 College Street
Toronto, ON M5S 1A4
Canada
Director: Prof. Douglas Reeve 
Tel: (416)978-3062

UNIVERSITY OF 
WASHINGTON
Center for International Trade in 
Forest Products
College of Forest Resources AR-.10 
Seattle, WA 98195 
Acting Director: Dena Daivid B. 
Thorud
Tel: (206)543-8684 
Fax: (206)543-3254

WESTERN MICHIGAN 
UNIVERSITY
Paper and Printing Pilot Plants 
Department of Paper and Printing 
Science and Engineering 
Kalamazoo, Ml 49008 
Interim Chairperson: Aryon D. Byle 
Tel: (616)387-2770
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Appendix F

Units and Conversion Factors

1. U.S. CUSTOMARY UNITS

Length 1 foot = 1 2  inches
1 yard = 3 feet
1 mile = 1,760 yards = 5,280 feet 
1 inch = 1,000 mils

Area 1 square foot = 1 4 4  square inches
1 square yard = 9 square feet 
1 acre = 43,560 square feet 
1 square mile = 640 acres

Volume 1 cubic yard = 27 cubic feet
1 cubic foot = 1,728 cubic inches 
1 gallon = 231 cubic inches

liquid or fluid measures

1 pint = 4 gills = 1 6  ounces 
1 quart = 2 pints 
1 gallon = 4 quarts 
1 cubic foot = 7.4805 gallon

dry measures

1 quart = 2 pints 
1 peck = 8 quarts 
1 bushel = 4 pecks

Weights 1 ounce = 16 drams = 437.5 grams
1 pound = 16 ounces = 7,000 grains 
1 ton (US) = 2,000 lb

Pressure 1 atmosphere = 14.7 psi
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2. SI PREFIXES

multiplication factors prefix SI symbol

1 000 000 000 000 000 000 = 10'* exa E
1 000 000 000 000 000 = 10’^ pecta P

1 000 000 000 000 = 10'2 tera T
1 000 000 000 = 10^ giga G

1 000 000 = 10® mega M
1 000 = 10* kilo k

100 =10* hecto h
10= 10* deka da

0.1 = 10“* deci d
0.01 = 10“* centi c

0.001 = 10“* milli m
0.000 001 = 10“® micro P'

0.000 000 001 = 10“̂ nano n
0.000 000 000 001 = 10“** pico P

0.000 000 000 000 001 = 10“*® femto f
0.000 000 000 000 000 001 = 10“** atto a

5. SI UNITS

quantity unit SI symbol Formula

Base Units
length meter m
mass kilogram kg
time second s
electric current ampere A
thermodynamic temperature Kelvin K
amount of substance mole mol
luminous intensity candela cd

Derived Units
acceleration meter per second square m/s*
area square meter m*
density kilogram per cubic meter kg/m*
energy joule j N-m
force Newton N kg-m/s*
frequency hertz Hz 1/s
power Watt W J/s
pressure Pascal Pa N/m*
velocity meter per second m/s
voltage volt V W/A
volume cubic meter m
work joule J N m

1 meter = 100 cm = 1,000 millimeter 
1 angstrom = 10“* centimeter



Units and Conversion Factors 385

1 ton = 1,000 kg 
1 kilogram = 1,000 gram 
1 kilogram = 9.807 Newton 
1 Newton = 100,000 dyn

1 liter = 1 0 0  centiliter = 1,000 milliliter = 1,000 cubic centimeter 
1 cubic meter = 1,000,000 cubic centimeter

1 atmosphere = 1.01 x 10  ̂ Pascal 
1 kg/cm^ = 0.9678 atmosphere 
1 bar = 10® dynes/cm^ = 10® Newton/m^
1 Pascal = 1 Newton/m^
1 cm of mercury (0° C) = 13.60 cm of water (4° C)

1 kWh = 3.6 X 10® Joules 
1 Watts = 1 Joules/second = 1.34 x 10“® HP

4. CONVERSION BETWEEN SI AND U.S. CUSTOMARY UNITS

1 miles = 1.609 kilometer 
1 yard = 0.9144 m 
1 inch = 25.4 mm 
1 m® = 1.196 square yard 
1 acre = 4,047 m^
1 cubic inch = 16.39 cubic centimeter 
1 lb = 0.453 59 kg = 453.59 g 
1 quart = 0.9464 liters 
1 ounce = 28.35 grams 
1 ounce (liquid) = 0.02957 liters 
1 kg/m® = 9.807 Pascal = 0.001422 pounds/square inch 
1 Ib/square foot = 4.882 kg/m^
1 ton (metric) = 2,205 lbs 
1 BTU = 1,054 Joules 
1 Joule = 0.7376 ft-lbs 
1 HP = 550 ft-lb/second 
1 Newton = 0.2248 lbs 
1 m/s® = 3.281 feet/s®
1 cfm = 18.29 m®/m®/h

Metric to US Customary Conversion Factors

to get multiply by

inches centimeters 0.3937007874
feet meters 3.280839895
yards meters 1.093613298
miles kilometers 0.6213711922
ounces grams 0.03527396195
pounds kilograms 2.204622622
gallons (liquid) liters 0.2641720524
fluid ounces mililiters (cc) 0.03381402270
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to get multiply by

square inches centimeter squares 0.1550003100
square feet meter squares 10.76391042
square yards meter squares 1.195990046
cubic inches milliliters (cc) 0.06102374409
cubic feet cubic meters 35.31466672
cubic yards cubic meters 1.307950619

US Customary to Metric

to get multiply by

microns mils 25.4
centimeters inches 2.54
meters feet 0.3048
meters yards 0.9144
kilometers miles 1.609344
grams ounces 28.34952313
kilograms pounds 0.45359237
liters gallons (liquid) 3.785411784
milliliters (cc) fluid ounces 29.57352956
square centimeters square inches 6.4516
square meters square feet 0.09290304
square meters square yards 0.83612736
milliliters (cc) cubic inches 16.387064
cubic meters cubic feet 0.02831684659
cubic meters cubic yards 0.764554858

5. TEMPERATURE CONVERSION 

°F = 9/5 (°C) + 32 

°C = 5/9 [(°F) -  32]

°K (Kelvin) = °C + 273

SOURCES:

—ASTM
—^Mark’s Standard Handbook for Mechanical Engineers, McGraw-Hill Book Company, 

1978.
— Standard Mathematical Tables, CRC Press, 1982.
—^Handbook of Mathematical, Scientific and Engineering Formulas, Tables, Functions, 

Graphs, Transforms, Research and Education Association, 1994.
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Abrasion, 104, 205 
Abrasion resistance, 63, 228 
Absorbency, 301 
Acid papermaking, 136 
Acid resistance, 228 
Acidic sulfite process, 3 
Acrylic, 198 
Additives, 4 
Adhesion force, 247 
AF&PA, 11 
Air carrying, 194 
Air carrying capacity, 228 
Air laying, 138
Air permeability, 89, 171, 228, 301 
Air volume, 286 
Algor®, 348
Alkaline kraft process, 3 
Alkaline papermaking, 136 
American Association of Textile Chemists and 

Colorists (AATCC), 69, 337 
American National Standards Institute (ANSI),

291, 337
American Paperboard Packaging Environmental 

Council, 31
American Society for Quality Control (ASQC),

310, 337
American Society of Testing and Materials (ASTM), 

64, 291, 337 
Andritz system, 248 
Animal fiber, 281
Anticontamination impregnation, 225
Aragonite, 136
Aramid, 196
Assembly language, 341
AutoCAD®, 348
Autoclave, 228

Baby dryer, 245, 246 
Bar diagram, 318, 319 
Bark, 2

Barker, 10
Base fabric, 159
Base pressure uniformity, 154
Baseless felt, 161
Basic language, 343
Basis weight, 298
Bast fiber, 282
Batt, 160
Batt laying 166
Batt on base, 216
Batt stratification, 154
Batt-on-base felt, 161
Batt-on-mesh felt, 162
Batt-to-base ratio, 171
Beating, 4
Beating up, 72
Bel Champ, 252
Bel Run, 251
Beloit ENP, 190
Bending stiffness, 296
Binder yam, 54
BiNipTM press, 189
Bitnet, 343
BiVent^^ press, 189
Black liquor, 4
Bleach chemicals, 10
Bleached paperboard, 25, 27
Bleacher, 10
Bleaching, 4
Bleed-through, 107, 179
Bending, 166
Blow box, 247
Blow tank, 10
Blowing, 179, 182
Bonding, 226
Bottleneck, 89
Bottom layer, 54
Bottom roll signal, 269, 271
Bounce, 179
Bow, 104

387
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Bowed roll, 175 
Bowing, 237 
Breast roll, 123 
Brightness, 303 
Brightness level, 26 
Broken twill, 40, 43 
Browser, 343 
Brush, 241 
Brush cleaning, 119 
Burling, 166 
Burring, 105 
Bursting strength, 4, 297

“C” former, 130 
“C” language, 343 
“C” wrap, 134 
c Charts 315 
C2S, 27
Cabled monofilament, 159 
Cabled yam, 200 
Calcite, 136 
Calendering, 10, 14, 24 
Caliper, 205, 228 
Caliper gauge, 269 
Campbell effect, 289
Canadian Standard Freeness (CSF) tester, 35 
Canister warping, 221 
Carding, 166
Cause-and-effect diagram, 326
Caustic resistance, 228
Cellulose, 1, 283
Cellulosic fiber, 282
Central processor unit (CPU), 343
Centrifugal force, 247
Chaflin refiner, 4
Chemi-groundwood (PGW), 3
Chemi-mechanical pulping (CMP), 2
Chemi-thermo mechanical pulp (CTMP), 3
Chemical analysis, 185
Chemical pulping, 3
Chemical resistance, 240
Chemicals, 240
Chip, chipper, 2, 10
Chord modulus, 65
Class interval, 317
Clay, 5
CMT test, 295
Coated free sheet, 25, 26
Coated groundwood, 25, 27
Coating, 6, 24
Coefficient of friction, 228
Coefficient of variation (CV), 324
Cohesiveness, 288
Coil fabric, 147
Coil seam, 217
Color, 69, 303
Combi press, 188
Compact disk (CD), 343
Compressibility, 171
Compression behavior, 293

Compressive force, 156, 157
Computer, 341
Computer account, 341
Computer aided design (CAD), 347
Computer aided modeling, 347
Computer integrated manufacturing (CIM), 348
Concave roll, 177
Condensate, 193
Conductive monofilament, 65
Conifer, 282
Consistency, 24, 33
Constmction, 76
Contact area, 205, 212, 228
Contaminant resistance, 63, 113
Control chart, 328
Converting, 9
Converting process, 24
Conveying wire, 130
Convolution, 184
Copolymer, 200
Cormgating medium, 25, 28
Cotton, 285
Couch, 128
Couch pickup, 150
Counting glass, 86
Cover pattern, 184
CPPA, 291
Creping, 135
Crescent former, 133
Crimp interchange, 78
Crimp level, 48
Crimp transfer, 78
Crimping, 209
Cross machine direction (CD), 35, 38
Crowfoot, 40
Crowned roll, 177
Crushing, 182
Curl, 298
Cyberspace, 343
Cylinder machine, 133

Dandy rolls, 126 
Data, 315 
De-inking, 354 
Deciduous, 282 
Decitex, 68 
Deflocculant, 290 
Denier, 68
Design of experiments, 315 
Desktop, 343 
Deviation, 323 
Dewatering, 183 
Diagonal stability, 228 
Diameter, 65 
Digester, 3, 8, 10 
Digitizer, 343 
Dimensional stability, 298 
DIN, 291
Direct-lay batting, 169 
Directionality in paper, 286
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Disk refiner, 4
Dispersion aid, 291
Distance producing device, 176
Distortion, 237
Distortion resistance, 228
Doctor blade, 241
Doppler laser sensing device, 262
Dots per inch (DPI), 343
Double disk refiner, 4
Double twill, 40
Double wire double offset clipper seam 

(DWDOCS), 220 
Download, 343 
Drag coefficient, 194 
Drainage, 5, 34 
Drainage aid, 291 
Drainage index (DI), 91 
Drainage rate, 123 
Draw measurement gauge, 186 
Drop-off, 179, 181 
Dry heat, 205, 240 
Dry heat resistance, 228 
Dry solids content, 196 
Dry strength agent, 290 
Dry-end performance, 271 
Dryer fabric testing, 228 
Dryer fabrics, 6 
Dryer felts, 6
Drying, 2, 6, 10, 13, 24, 191 
Drying rate, 192 
Drying zone, 24 
Dynamic behavior, 228

Edge binder tensile strength, 228
Edge sealing, 112
Edge treatment, 225
Electrical properties, 304
Electronic data interchange (EDI), 343
Electronic mail (e-mail), 343
Element, 315
Elongation, 68
EMA-Jet®, 242
Endless fabric, 165
Endless weaving, 38
Enthalpy, 193
Environmental Protection Agency (EPA), 337
Evaporation, 24
Expert system, 343
Extruder, 68
Extrusion, 68, 200

Fabric cleaning, 241 
Fabric consistency, 77 
Fabric contamination, 113, 241 
Fabric distortion, 176 
Fabric mass, 170 
Fabric press, 158 
Fabric showering, 115 
Fabric shutdown, 173 
Fabric tension, 103

Fabric thickness, 92, 170 
Fabric treatment, 82 
Fabric wear, 181 
Fan shower, 118
Fast Fourier Transform (FFT), 186, 260
Fell, 76
Felt, 153
Felt side, 290
Fiber, 281
Fiber bonding, 288
Fiber bridging, 95
Fiber coarseness, 285
Fiber cohesiveness, 288
Fiber curl, 298
Fiber flexibility, 304
Fiber length, 285
Fiber orientation, 286
Fiber orientation distribution, 287
Fiber support index (FSI), 89
Fiber/sheet knockoff shower, 118
Fibrillation, 108
File transfer protocol (FTP), 343
Filled spiral fabric, 216
Filler, 291
Filler materials, 37
Fillers, 5
Filling, 38
Filling count, 72, 85
Filling density, 76
Filling insertion, 69
Filling insertion rate, 76
Filling profile, 42
Filter belt, 145
Filtration, 2, 145
Final heatsetting, 82
Fine paper manufacturing, 135
Finish, 304
Finishing, 9, 82, 226
Flat crush test, 295
Rat ribbon fabric, 205
Flat weaving, 38
Rat woven fabrics, 165
Rexible rapier, 72
Rexural rigidity, 296
Roating, 209
Rocculant, 290
Flocculation, 35
Flooded nip showers, 117
Roppy disk, 343
Row chart, 320
Row controlled nips, 154
Row resistance, 159, 171
Folding endurance, 297
Forest residue, 8
Formation, 2, 69, 298
Formation aid, 291
Formation shower, 125
Forming, 6, 10, 13, 33, 69
Forming board, 123
Forming fabrics, 6, 37
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Forming section analysis, 262 
Forming section doctors, 119 
FORTRAN, 343 
Fourdrinier, 6, 120 
Free wire pickup, 149 
Freeness, 4, 35 
Frequency distribution, 316 
Frequency polygon, 318, 320 
Frictional force, 247 
Fringing, 79 
Fruit fiber, 282

Gamma gauge, 186, 262, 269
Gap blade former, 130
Gap former, 129
Gap roll former, 129
Gap roll/blade former, 130
Glass yam, 201
Global ID, 341
Gloss, 303
Glue, 4
Godet, 65
Gopher, 343
Graduated permeability, 225 
Grammage, 298 
Gravitational force, 247 
Gripper shuttle, 71 
Ground limestone (GL), 136 
Guiding, 107 
Guide roll, 76 
Guideline distortion, 176 
Guiding, 107, 174, 236

Hand properties, 303
Hard disk, 343
Hardness, 303
Hardwood, 282, 283
Harness, 39
Headbox, 10, 121
Heat transfer, 24, 191, 228
Heatsetting, 170, 236
Heddle eye, 76
Herringbone design, 146
High level language, 343
High pressure needle showers, 115
High speed photography, 269
High speed video camera, 262
High vacuum, 127
High yield kraft, 3
High yield sulfite, 3
Histogram, 318
Hole diagonal, 92
Hole size, 92
Holes, 109
Hollander beater, 4
Homepage, 342, 343
Hook protector, 228
Hot wire anemometer, 269
Hydraulic force, 156, 157
Hydroentanglement, 143

Hydrogen bonding, 288
Hydrolysis, 205, 240
Hydrolysis resistance, 65, 228, 240
Hydrolysis testing, 228
Hyper text markup language (HTML), 343

ID, 357
Image technology, 349 
Impregnation, 223
Industrial Fabrics Association International 

(IFAI), 338 
Infiltration, 184 
Infrared camera, 280 
Initial modulus, 64 
Inner fabric, 158 
Inorganic fiber, 282 
Inside high pressure shower, 116 
Installation, 229 
Internal bond strength, 293 
Internal stress, 289
International Standards Organization (ISO), 338 
Internet, 344
Internet protocol (IP), 344 
Intrinsic viscosity (IV), 63 
Intrinsic fiber strength, 286 
Inver press, 187 
Inverted UnoRun, 246 
ISO 14000, 336 
ISO 9000, 333

Jamming force, 247 
Jet angle, 121, 122 
Jones-Bertram beater, 4 
Jordan refiner, 4 
Just in time (JIT), 349

K.C. shoe pickup, 149 
King pin seam, 219 
Knuckle, 44, 60 
Knuckle-free fabric, 163 
Kraft paper, 25, 28 
Kraft pulping, 3

Laminated design, 159 
Laminated press felt, 163 
Laptop, 344 
Lead-in distance, 175 
Lead-out distance, 175 
Leader skirt, 228 
Leadered roll, 177 
Leaf fiber, 282 
Let-off, 72
Lick down transfer, 251, 253 
Lightweight coated (LWC) groundwood, 27 
Lignin, 1
Linear voltage displacement transducer (LVDT), 265 
Linerboard, 25, 28 
Log, 10
Low density double (two) layer fabric, 48, 49 
Low vacuum equipment, 126
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Low vacuum region, 126 
Lumen, 282 
Lunometer, 86

Machine direction (MD), 35, 38 
Machine language, 344 
Main frame, 344
Management information system (MIS), 349
Manmade fiber, 282
Market pulp, 28
Mass transfer, 24, 192
Mass uniformity, 154
MD/CD tensile ratio, 287
Mean, 321
Measures of central tendency, 320
Measures of dispersion, 322
Mechanical grinder, 12
Median (Mdn), 321
Melt spinning, 65
Meltblowing, 142
Mesh, 85, 212
Metal fabric, 60
Metal wire, 63
Midi frame, 344
Mini frame, 344
Minimum average hole area, 89
Mode (Mo), 321
Modulus, 63, 92, 228
Monofilament, 60, 196, 199
Monofilament fabric, 205
Monoplane, 86
Mosaic, 344
MS-DOS, 344
Mt. Hope roll, 177
Multi wire former, 132
Multifilament, 196, 199
Multifilament fabric, 205
Multisection UnoRun, 250

Narrowing, 237
National Institute of Standards and Technology 

(NIST), 338
National Standards Association, 338
Natural fiber, 281
Needled fabric, 201, 216
Needling, 160
Netscape, 344
Network system, 344
Neutral line, 228, 253
Neutral sulfite process, 3
Newsgroup, 344
Newsprint 25, 29
Newsprint manufacturing, 135
Newsreader, 346
Nip, 24, 154
Nipco INTENSA-S, 190
No-crimp base fabric, 163
No-draw transfer, 252
Nomex®, 146, 199
Noncellulosic fiber, 282

Nonstacking, 48 
Nonsymmetric design, 58 
Nonuniform fibrillation, 109 
Nonwoven, 29, 36 
Nonwoven manufacturing, 136 
Normal curve, 320
Northern bleached softwood kraft (NBSK), 28 
Np charts, 315 
Nucleating agents, 65 
Nylon, 61, 196

Occupational Safety and Health Administration 
(OSHA), 338

Old corrugated containers (OCC), 31
Opacity, 303
Open area, 86
Open draw, 150
Operating tension, 105
Optical properties, 302
Organic fiber, 282
Oriented shear, 34
Overdrying, 196

p Charts, 315
Paper, 1, 2, 36
Paper drying theory, 191
Paper grades, 25
Paper Grocery Bag Council, 31
Paper machine, 8, 24
Paper machine auditing, 259
Paper machine checkpoints, 99
Paper manufacturing, 1, 5
Paper properties, 281, 291
Paper Recycling Advocates, 31
Paper stiffness, 296
Paper structure, 281, 286
Paper testing, 281, 291
Paper web, 2
Paperboard, 22
Papermaking, 1
Papyrus, 5
Pareto chart, 320
Pareto diagram, 327
Pascal, 343
PCTA, 200
Percent elongation, 228
Permeability, 205, 300
Personal computer (PC), 346
Phosphor bronze, 58
Physical analysis, 185
Pick count, 72
Pie chart, 320
Pin seam, 79, 80, 159, 216
Pin seaming, 166
Pintle wire, 216
Pirn shuttle, 71
Pistol grip lick transfer, 255
Plain weave, 35, 39
Plane difference, 86
Plied multifilament, 159



392 Index

Plumb bob, 231 
Pocket humidity, 274 
Pocket ventilation system, 195 
Polyamide, 196 
Polyester, 61, 198 
Polyetheretherketone (PEEK), 199 
Polyphenylensulfide (PPS), 146, 199 
Polypropylene (PP), 199 
Polytetrafluoroethylene (PTFE), 200 
Poor drying, 179 
Population, 315 
Porosity, 300 
Post Force, 69
Precipitated calcium carbonate (PCC), 136
Preimpregnated twisted yam, 200
Preliminary heatsetting, 77
Preneedling, 166
Press bounce, 179
Press fabric, 6, 153
Press felt, 6, 153
Press operations, 269
Press roll trigger placement, 269
Press section evaluation, 265
Press transfer, 249
Press types, 186
Press vibration, 179
Pressing, 2, 10, 13, 24, 153
Pressure controlled nips, 154
Pressure forming, 122
Pressure uniformity, 159
Pressurized groundwood, 3
Pimless shuttle, 222
Process capability, 332
Process capability study, 315
Process simulation, 349
Programmable logical controller (PLC), 346
Programming language, 346
Projected open area, 86
Projectile, 72
Pulp, 1, 25
Pulp and paper technology, 1
Pulp fiber, 285
Pulp ffeeness, 35
Pulp manufacturing, 1
Pulping, 1, 2
Pulpwood, 8
Pulsation study, 259

Q90 series, 334 
Quality, 309
Quality control (QC), 310 
Quality philosophies, 310 
Quick response (QR), 349

R charts, 315
Random access memory (RAM), 346 
Range, 323 
Rapier, 72
Read only memory (ROM), 346 
Reconditioning, 205

Recovered paper, 8
Recyclable paper symbol, 22
Recycled linerboard, 28
Recycled paper symbol, 22
Recycled paperboard, 25, 28
Recycled Paperboard Alliance (RPA), 31
Recycling, 22, 31
Reed number, 76
Refined fibers, 12
Refiner mechanical pulping (RMP), 2 
Refining 4, 12 
Registrar, 334
Registrar Accreditation Board (RAB), 335, 338
Regression, 315
Regular braid 36
Regulations, 333
Relative humidity, 293
Repulping, 8
Resiliency, 171
Resin treatment, 223
Restraint-free drying, 196
Retention aid, 291
Returned fabric analysis, 119
Ribbon yam fabric, 205
Ridging, 106
Ring bridle arrangement, 233 
Rolls, 103 
Rosin, 4
Rotary vacuum washer, 4, 10 
Roughness, 301 
Round yam fabric, 205 
RTD probe, 273 
Run chart, 328 
Running caliper gauge, 186 
Rush/drag, 123 
Ryton®, 199

“S” former, 130 
“S” wrap, 134 
Sample, 315
Saturated steam pressure, 193
Saturation temperature, 193
SCAN, 291
Scan pro, 269
Scan-Jet®, 242
Scanning, 346
s e e  test, 295
Schopper-Riegler tester, 35
Scraper, 241
Sealing, 226
Seam alignment arrows, 226
Seam efficiency, 92
Seam mark, 179
Seam picking, 112
Seam style, 216
Seam tensile strength, 92, 228
Seam wear, 179
Seaming, 79, 223, 235
Section non-UnoRun, 254
Section to section transfer, 255
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Semi-chemical mechanical pulp (SCMP), 3
Sewing method, 235
Shadow mark, 179
Shear, 124
Shear force, 228
Sheath-core, 213
Shed, 39, 69
Shedding, 69, 179
Sheet caliper, 299
Sheet density, 299
Sheet flutter, 254
Sheet formation, 33
Sheet formation region, 124
Sheet instability, 247
Sheet marking, 180
Sheet release, 112
Sheet side high pressure shower, 116
Sheet thickness, 299
Sheet transfer, 148
Sheeting, 9
Shoe press, 189
Short colunm crush (SCC) test, 295
Short draw transfer, 255
Shower maintenance, 118
Shower pipe, 243
Showers, 182
Shrink force, 69
Shrinkage, 69
Shute, 38
Shute count, 72
Shute runner, 86
Significance test, 315
Singeing, 170
Single layer design, 38
Single monofilament, 159
Single tier, 250
Size, 65
Sizing, 290
Sizing agents, 4
Skew, 104
Skewed tradeline, 176
Skewing, 237
Slice, 121
Slurry, 2, 13
Smoothness, 301
Softness, 303
Softwood, 282, 283
Solid bleached sulfate (SBS), 27
Source, 346
Special treatment, 225
Special yams, 200
Specialty fabrics, 145
Specialty papers, 29
Speciflc heat, 61
Specific volume, 299
Speed producing device, 177
Spinnerette, 65
Spinning, 201
Spiral fabric, 201, 214
Spun yam, 159

Spunbonding, 140 
Spunlacing, 143 
Staboxyl, 65 
Stacking, 49 
Stamm-Jet®, 242 
Standard deviation, 324 
Standard pin seam, 217 
Standard shoe pickup, 149 
Standard two layer, 42 
Standards, 333 
Staple yam, 196 
Starch, 4
Statistical process control (SPC), 310, 313
Steam, 24
Stem fiber, 282
Stiffness, 228
Stitch yam, 54
Stock approach pressure, 265
Stock approach study, 259
Stock delivery, 121
Stock preparation, 8
Stone ground wood (SGW), 2, 3
Straight-through^M press, 187
Stratified design, 159
Stratified press felt, 163
Stress-strain diagram, 68
Stretching, 105
Suction pickup, 150
Suction roll showers, 117
Sulfite pulping, 3
Sun computer, 346
Super computer, 346
Superheated steam, 193
Surface tension, 289
Surface texture, 301
Surfacing, 82
Swelling, 301
Symmetric design, 58
Synmietrical bow, 238
Synchronous time averaging (STA), 265
Synthetic fiber, 281, 285

Table elements, 103 
Take-up, 72 
Talc, 4
TAPPI, 35, 291 
TAPPI drying rate, 273 
TAPPI test methods, 304 
Tear resistance, 297 
Tearing strength, 4 
Teflon®, 200 
Telnet, 346
Tensile property, 68, 291 
Tensile strength, 4, 92, 228 
Tensiometer, 186 
Tentering, 78 
Tex, 68
Textile drying, 145 
The 2:1 ratio, 237 
The 2:1:1 ratio, 238
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Thermal properties, 304 
Thermal refiner mechanical pulp (TRMP), 3 
Thermal stability, 228 
Thermo-mechanical pulp (TMP), 2, 3 
Thickness, 228
Thin line coil (TLC) seam, 218
Three layer design, 38, 54
Through air dryer, 135
Tissue, 25, 27
Tissue manufacturing, 134
TLC seam, 218
Top layer, 54
Top roll signal, 269, 271
Top wire former, 130
Total quality management (TQM), 310
Trade line, 226
Transversal flow nip, 155
Traversing nozzle head, 242
Treatment, 170
Tree, 1
Trimming, 172 
TriNip™ press, 188 

Triple shute weave, 58 
TriVentTM press, 188 
Tufted, 36 
Turbulence, 34, 124 
Twill, 40 
Twill line, 40 
Twin-wire, 128 
Twinver™ press, 187 
Twist of paper, 298 
Twisting, 201 
Two layer design, 38, 43 
Two layer extra design, 50 
Two sidedness, 187 
Two wire former, 132

u Charts, 315
U-factor, 273
Uhle box, 184
Uncoated free sheet, 25
Uncoated groundwood, 25, 26
Uniform fibrillation, 108
Universal resource code (URL), 346
Unix, 346
Uno Roll, 251
UnoRun, 241, 244
Unrefined fibers, 12
Upload, 346

Vacuum, 126 
Vacuum force, 247 
Variability, 322 
Variance, 323 
Vascular-bundle fiber, 282 
Velcro seam assist, 226 
Velocity forming, 122 
VersaCAD®, 348 
Vibration, 179 
Vibration analysis, 186, 265

Virus, 346
Visco-elastic behavior, 295 
Void volume, 89, 171 
Voith FLEXONIP, 190

Walstrom’s model, 156 
Warp, 38 
Warp count, 85 
Warp cycle, 60 
Warp density, 76, 212 
Warp geometry, 72 
Warp line, 76 
Warp profile, 40 
Warp runner, 86 
Warping, 221 
Washing, 4, 170 
Water content, 186 
Water removal region, 125 
Water removal theory, 153 
Water resistance, 301 
Watermark, 148 
Wax, 4 
Wear, 110
Wear prediction number, 91 
Weaving, 69, 221 
Weaving machine, 72 
Web browser, 343 
Weft, 38 
Weft knit, 36 
Weight, 228 
Welding, 226
Wet fiber compactability, 286 
Wet finishing, 160 
Wet laying, 138 
Wet strength agent, 290 
Wet tensile strength, 293 
Wet-end, 6
Wet-end chemistry, 290 
Wet-end performance, 262 
Wet-end survey, 120 
Wettability, 301 
Wetting angle, 114 
Whip roll, 72, 76 
White liquor, 3 
Widening effect, 176 
Width regain, 239 
Wire, 60
Wire marking, 47 
Wire side, 290 
Wood, 1 
Wood fiber, 282 
Wood waste, 8 
Work station, 346
World Wide Web (WWW), 341, 346 
Woven fabric, 201 
Wrapped yam, 200 
Wrinkling, 181

X-diagram, 48



Yankee dryer, 134 
Yam degradation, 240 
Yam linear density, 65 
Yield, 77, 105 
Young’s modulus, 64

Z-direction tensile strength, 293 
Zero line, 76
Zero-span tensile strength, 293 
Zip drive, 346 
Zip tape, 226, 235
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