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varying émouﬁts of wear-on the fabric and thus the experi- ,_

/‘ﬁ
\V
e . ABSTRACT

AN EXPERIMENTAL AND ANALYTICAL é&UDY'OF THE °
. WEAR OF PAPER MACHINE FORMING FABRICS »

Richdrd Charles Batty, M.Eng.
Concerdia University, 1979 . .

‘3

The origin and causes of the wear of paper machine /’

. forming fabrics are described. . Experimental results from -

tests during which various Eypes‘bf forming fabrics were
worn on a test machine are %@/fsnted They indicate that

a fabrlc s resistance to wear is proportional to the amount
of material -.available for weatr before the fabric.is worn out.

-

A mathematical model is proposed which, given the design

parameters of a forming fabric, would predict the rate .of

wear of the fabric compared to that of a fabric which had

N,

al?eady been worn out. The botéom shute’knucklé of the
formihg fabric is modelled as a section of a torus, or hoop,
aﬁgla.relatipnship is derived for its volume as a function
of . the distance fro% its outside edge. This volume is re-

lated to the'time on the test machine required to produce

mental and theoretical results may be compared. The model
is seen to predict quite accurately ‘the relative wear resis-

tance of various forming fabric designs.

rl. \ ’ ' ‘ ‘ ’
L o " . “

iii [




2

0
WMW e 0 gy e g

. ‘ ACKNOWLEDGEMENTS

. o o
|

:wﬂ The author would like to thank J.W. I. Ltd. fon their

Lu
perm1551on to- publlsh the experimental results 1ncluded in

thls paper, Mr. Dennls Allenger for his ass;gtance w1th the

N

. &r
) mathemat1ca1 derlvatlon, and Prof 'S. Katz, his, supervisor,

for his encouragement and assistance k? the preparation bf

Y
this dissertation. // ‘ -
. . ' . ' \
. B . { N
,.j ' ’ ‘ y \
- >
‘9’ . 1}
. p . -
.
* . « -
-~ Y
£
- \')
{ ' ) Va ,
) K” . L—
P A, 1 .
<. g :
2 \ )
Al ) "
| PR e S
hd ) . bl ”

o

oo b e

e o




TABLE OF CONTENTS

'
-~

. _ : o . Page -
LIST OF FIGURES AND TABLES = ' . I

N

LIST OF. SYMBOLS . -, 3 '
- N
" CHAPTER }. INTRODUCTION AND BACKGROUND
: ' : 1.1. The Development of Papermakmg 5
- - 1.2. Description of the Pager Forming \
T . Process L 6 -
1.3. Causes of Wear in Papermachlne -
Forming Wires . 8
- 1.4, Aim of this Study ’ 12

L 2
=

" ~.CHAPTER 2. THE MATHEMATICAL MODEL

A .. 2.1. Explanation of the Mathematlcal Model J15 o
' 2.2, Derivation of Iithe Volume Integral 20 }
. .CHAPTER'3. EXPERIMENTAL PROCEDURE
P © - 3.1, Artificially Induced Wear of Fabric
' . Samples - 33
| 3.2. Measurement of the Parameters Required
L for the Experimental Model 36 -
. 3.3. Comparison of Experimental Results )
with those of the Mathematical Model 4 36" 2

(Y

-CHAPTER 4. EXPERIMENTAL RESULTS Y
> ", '4.1. Comparison of Fabrics with Different
o~ Shute Strand Diameters . 39 2
4.2. Comparison*of a Four-Shed Fabric ‘
. with a Five-Shed Fabric ‘ - 41 .
6t . 4.3. Comparison of Two 56-mesh Fabr;.csh , »
\ , with Different Warp and Shute - - o
Strand Diameters .. “[ wp © 43 :
f.CHAPTER,S,;EVALEATIOV OF THE EXPERIMENTAL MOms 45
CHAPTER 6. DISCUSSION, CONCLUDING 1\REMARKS AND ’ . o .

RECOIZENDATIONS , sS4
REFERENCES . - . Y
TABLEG | ) o
APPENDIX ' e , 61

. . v R +
o a . . . L ]
i y R v,




LIST OF FIGURES AND TABLES

FIGURES ~ ‘ e e Page

~ Figure 1. ;;Fourdrinier PAper Machine: 9
Figure 2. The Most CémmofiForming Fabric WeavetPaﬁterns 14 :
Figure 3F The Degfinition of Fabric Percent Wear . 16 1

Figure 4. Modelling the Shute Strand as a Section of
’ a Torus

Figure 5. Section ofea Torus in Thrée Dimensions

Figure 6. The Torus in Cross-section

‘Figure 7. . Section of the Torus showing the Integral
_Variables in the xz plane B

Figure 8. Cross-section of the Torus in the x& plane g

showing the Critical Dimension £y’ 24
Figure 9. Cfosé section of the Torus in the xz plane
show1pg several of the Limits of Integratlon 26

Figure 10. Cross-section of the Torus in the xy plane 31

heS
¢ ’

Figure 1l. Volumes of t, converted t ercent Wear‘yé\ v . )
as determlned by the Mathghgtlcal Model 32 <

Figure 1l2. Draw1ng of the Wear Test Machine Y 34

Figure 13. Experimental Results for the Comparison of
Four Fabrics with different Shute Diameters,
Fabrics 1,2,3, and 4 40

Figure 14. Experimental Result
a Four-shed Fabric’
Fabrics 1 and 5
Figure 15. Experimental Results for the Comparison of Two
S6-Mesh Four-shed Fakrics, Fabrics 6 and 7 © 44

for the Comparison of
nd a Five-shed Fabric,
~ . 42

L

figure 16. Fabric Percent Wear vs. Test Cycles for : .
‘ Fabric .No. 1 . - 46 !

Figﬁre 17. Fabric Percent Wear vs. Test Cycles for
- Fabric No. 2 ‘ ) ¢ - 47

Figure 18. Fabric Percent Wear vs. Test Cycles for : -
- Fabric No. 3 . , ] 48 '




. FIGURES

. .
. Figure 19.

Figure 20

-

a
¥
i

Fabric Percent Wear vs. Test Cycles for
Fabric No. 4 .

Fabric Percent Wear vs. Test Cycles for

7

; Fabric No. 5. ’ . *

Figure 21.

Figure% .

s

Flgure 23.

TABLES

Table I.

. \

Table ITI.

Table TII. ﬁabrlc Designatiion Numbers and Specxflcatlons

Table IV,

f

Table V.
f

Fabric Percent Wear vs. Test Cycles for
'Fabric No. 6 .

|
'Fabric Percent Wear vs. ' Test cydles for
Fabric No. 7 P :

Dlmenslonless vertical shute knuckle co-
ordinate vs. dimensionless -shute knuckle
Wo;ume for the various fabrics studied

| 4

| -
Voluies of the Shute Knuckle for the Various
Fabrics studied as determined by the Mathe-
matlcal Model

Scale Facto¥s to convert Volumes obtained
from the Mathematical Model to Cycles !

Experlmental Results, Test,Cycles to reach
Various Percent Wear Values

4

multiplied by the Scale Fagtors to give
Predicted'Test Cycles for Various Perce

Wear Valres i ) | . va)

P "

“1

l

Data generated by the Mathematical Modej
t

~\

50
51

52

.64

59

39

60

60

e bt =




34

sP

P’

27

. LIST OF .SYMBOLS

’ . L Y . - O e
= ‘shute strang diameter "( Y '
= "length of perpendicular from center of torus cross-
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= length of the perpendicular from P to x-axis . e

1
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-

=" length of chord PQ

= shute Strand radius : ‘ : S
= distance along x-axis from x = R toward origin which ';V
represents the loss of strand thickness due to wear
=‘gistancg from x = R, to base of perpend}cular‘of length
= distance from T to base of perpendicular of length h
= coordinate in Qhose direction fabric wear occurs
= thizg member of a 3-dimensional cartesian coordidate
system 3
= Eentral coordi:Zte through torﬁs .
= thickness of: fabric ) n ' .
a ofié&n Af coordinate systan<‘“‘ . | R’ ’
= intersection of perpendicular from S to outer edge of
torus '
= arbitrary point on the perpendicular from P to x-axis
= point&of intersection witﬁ PO with inner edge of torus
= point of intersection with P'O with inner edge og tords
= outer radius of torus } ‘

»= @nd point of the distance t along the x-axis

centre of thi torus cross-section
=z .volume of a section of the torus

= volume of the torus section, valid to t = t,
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'ency, postage stamps and so forth. Types of paper have.

( CHAPTER 1 . 2

-

/ INTRODUCTION AND BACKGRQUND - .

ltl,'The Development of Papermaking -

~ In the year 105 A.D., an official at the imperial
court Q{\ihina by the name of Ts'ai Lun invented what has

become on® of the most versatile and widely used materials

)

.thg{world over - paper.  Paper .was originally usea for

" . : ./
recording information but while this remains a very import-
’ . : — .

ant use, many other applicatibns have arisen-over the years.

These include the disseminating of’ information in the form
A |

of bboks, leaflets, posters, newspabers, drawings and let-~.

ters’ and also widely ﬁarying uses such as wrapping,.paék—
aging, containers, towelling, photography, labelling, curr-

PS

become equally as numerous as the functions they sexrve.

Ts'ai Lun made paper not out of wood or synthetic -

fibres, but out of fibres from rags, fish nets or ropes’

o

P

beaten in water to form a’slurry. ‘He dipped a screen into
a container of this slurry and upon removal of the screen,
drainage of water left a wg; mat of fibres. The mat, or

sheet of pape?, was left to dry to allow evaporation of the

remaining water.” This method of making one sheet at a time

was the process WEECh travelled from Chinad to Japan, the
Arab Countries, Eufope and eventually to North America.’
Thé’process remained basically qnchangﬁa°unti1 the eight-

- . .
eenth century when the Industrial Revolution improved the

\ .

fad
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. efficiency of the.papermaking process with the invention
of the paper machlne. In 1798, the French government

granted a patent to Nlcolas-Louls Robert, who built a

9 -

moving screen to receive a continuous supply of slurry so

' A}

as to form a contlnuous sheet of paper. But tHeepaper
machine did net become an 1ndustr1al entlty until a patent
was granted in 1807 for an improved version of ﬁpbert's~=
machine. . ThlS machine was devised by two Engllsh engln—
eers who worked for the firm of Henry and Sealy FOurdrlnler.
It is by the name of Fourdrinier that the most common tyge

of paper machine ?s'still known. In 1809 John Dickinson,
an English papermater, invented another type of paper mach-
ine, the cylinder machine. Despite undergoing many tech-"
nological developments,'theséatwo typ;s:of papermaaﬁine

are in"principle unchanged. Several new types of paper

machine have been invented during the past few.years, but

rs

they also'make use of .the idea of draining water through‘e_

screen which conveys the slurry of paper flbres 1‘

1.2. Descrlptlon of the Paper Formlng Progess
[

Wood is the chief source of paper flbree. Indivi=- »

[

dual fibres are obtained py d;sintegrating (pulping) the
wood either mechanically and/or chemically and *after severai
processes 1nclud1ng screening, cleanlng, bleachlng, mlxing,
blendlng, reflnlng and the addition of addltxves, the re-

sulting pulp is diluted from about three perCent consistency

to approximately 0.5 to 0.7 pexcent. " This extremely low

-
v




" factorily- transferred to the next part"of the paper mach-.

ratlo of flbre to water is requlred to ‘enable even .dis-

tribution of he fibres, as they are dlspersed by a head—‘
d

box onto the rnov1ng screen which 1s commonly referred to

as the wire. * As previously mentloned, the function of

N

the wire is to drain as much water as possible from the

puly and form e"sheet of paper which can then be satis- -

N

&
:me, the press _section, where more water is removed by
e‘ﬁ
mechanlcal pre551ng action. Paper qualJ.ty standards are

high and thus the ‘fourdrinier (wire section) must be
arefully designed and operated to optimize the paper'

¢ .
formation process. The wire itself is of critical imp-

ortance in the process 51nce it must permlt the dlspersed

1nd1v1dua1 fibres in the. dllute pulp stock to be retained

.

_ evenly across the machine whlle allowing as much water as

N . o
) iy . N
possible to drain from the stock. Undue variations in

.'thickness and dispersal of fibres are totally unacceptable

)
«

whethegX 'in local areas or right across the width of the

pPADEY machine. Furthermore, the sheet of paper must usu-
‘ally be smooth and thus the wire must not impress a serious
pattern, known as wire mark, on the paper. The wire must

be designed such at the sheet of paper ¢an be removed

“»

from it without difficulty for wransfer to the p';:ess sectio

,{I'hese requirements place stringentdemands on the wire and’

!

thus over the years, khe design of the wires to maximize

wear properties had of necessity to take second place to

- .

’

t_:he'de‘xsign for good paper prSpertiles.

L

-



1.3. Causes of Wear in Papermachine Forming Wires o S

~ “

Rapld wear of fourdrlnler wires resulted as paper
machlnes were increased in speed and as various develop—

ments weﬁ? 1mplemented to enhance drainage. Wear was in

!fact 1né¥1table ‘due to the nature of the fourdrinier mach-
. ) . ine since wear wiﬁ&«occur whenever two surfaces are in

contact. If Eﬁegtwo surfaces are moving one with respect’ ‘

'to tﬁe other, the situation is worsened and éenerally.more
v wear will océur the greater the speed’differential.‘ Var-
ious other Kactors such as an increase in the normal force
between the terials that make up the two surfaces can
accelerate a weay problem.

Wear involves the unwanted removal of material from

a surface énd may be caused by any one or qpmbination of
‘four mechanisﬁs. These are adhesive or galling wear, ‘ -
abrasiJ; or cutting wear(/corrosibn wear and~su£face fatigue.
The acﬁion of these different mechanisms as they relaté to 10.

the Fourdrinier paper Q;chine has been well desctibed by | 2

Pye (1). While all fojir may occur on a paper machipe,,ﬁhe : ‘

most serious as far as t fourdrinier wire is concerned is
1/ ' abrasive wear. As depicted in figure'l the Qi e is an
h endless belt which travels through a path ?/Q nd¢ several
- rollé and over certain statlonary surfaces, Theoretlcally,
adhe51ve wear only should occut on the wire due—to the con-
" tact with the rolls. However, | speed dlfferentlal may

. N
' occur bgtween‘a'roll and tgg/wire i¥, for example, a bearing

begins to seize. In thig case the wear will he abrasive
1 4 .
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~and the rate of wear will be much greater than if adhesive
wear only was taking place, The abrasive action will be

¥ more severe and the rate of wear greatly accelerated if

0

. A . .
not only is there relative motion between wire and roll,

4 1 \
but also the surface of the roll deteriorates as is some-

times the case.

.

-~ Stationary drainage elements on the fourdrinier

machine include forming boards, foil blades and suction

boxes. Forming bé)ards' and foil blades, ;nhich replaced

tab_le\ rolls,‘.are generally madec from high molecular weight ‘

polyethylene or ceramics such as ‘aluminum oxic{es‘. Foil

biades may have inserts made from aluminum ox;ide, silicon,

fungste‘n or titaqium carbides or siw.lar very hard materials'

+to protect the polyethylene. These materials poée no ab-

rasion ‘p‘rob‘lem when their sdrface is smootl.‘h, b].lt if the
leading protrudes or segments become chipped or sepeiratéd
exposing a shar;; .corner, their action on a wire is almost
as severe as that of a knife. Sucti’on box.covers are also
m;dg from pélyethylene, c.eramics or the carbides mentioned

~ above. While less prine to separation‘ of segments or chp—
ping, they may inflict considerable abrasive, or di'ag, wear
on a wire since the high suction forces deflect the wire: “
into tg sharp-edged holes of the cover (2) . Suction hox

covers have been shown to be the major cause of wear on a

fourdrinier wire (3).

’

Speed differentials between the w:.reLand a roll may -

Jrlng mehtioned

N
occur due to factors other than the seized b




N

- above (4). Slippage of the wire on a roll (most often

the couch roll) may result from a high tension differ-
entiajiin the wire from one side of the roll to the other,
céusing what is known as creep Qear (5). The aeverity ;f
the abrasive actién will depend on the condition of the

‘ 4
roll surface and on whether the wire is deflected into
suction holes. A roll which deflects such that its central
axis does not coincide wiih its axis of rotation will cause

part;of the wire to travel faster than the roll and another

part of the wire to travel slower than the roll (4). fhus

I ]

both drag and creep wear will occur on tHe wire..

\ i"#

It is inevitable that some grit, especially from ‘
the groundwood $ill pulp stones (6), passes through the
stock cleaning ;ysteﬁ and while the finer particles may bass
through the wire during the draigage proces;, the larger
particles may become entrapped in the wire mesh and cause
go;;ing éamage to stati&nary elementsaand roll surfaces (3,
4). Once this hapbens; the démaged surfé&e may in turn
cause wear of the wire. Grit may also become imbedded in
the various stationary surfaces, similarly damaging the wire.
The same problems may also arise due to the use of fillers
such as kaolin (china clay) which'contgin abrasive impur-
ities 7).

P

1

“ Until about twenty.years ago, forming wires were
genefally made of phosphor bronze and were usually worn out

within ten days. It was felt that metal strands were re-

4

_ quired to resist the tensile forces (approx.’ 40 pounds per

€




iﬁgh of width) to which wires were subjected.  However,
the d; elopment- of polyester filaments:and the use of
diffe{egg weave patterns yielded sufficiently high elastic
moduli for papermaking application (B)aahd gaQ; birth to a
new éra: by 1975, sevené} percenﬁfof all fourdrinier paper
machines in the United States had switched from metal wires
to plastic forming fabrics (9). ° Average life of these
fabrics was 4.5 times that of bronze wires. This was a
vast improvement.” Hhwever, the ‘potential for évenvfﬁrthgr'
imp:pvemént existed and efforts to reduce clothing costs
and to reduce machine éowppime by improving fabric life

have continued. . _°

1.4. Aim of this Study
Ql

4

» As has been explained, there are thus many caﬁses.of
abrasive wear of forming fabric§.- The obvious approach to

* insure good fabric life is to-eliminate these causes or cer-
tainly to minimize them as much as boésihte. However, the

%best possible technology is eﬁploged to avoid these problem§

within financial constraints. In other words, vast expen-
+ o ?

ditures would be required to purchase rolls with practically

A .
- zero deflection or to provide screening processes which/ﬁould

& .

all but eliminaéé grit from the stock. Given tﬁ%twghé paper
companies muﬁt of necessity sacrifice fabric life for econ- ,
omic reasohs, the inevitable queﬁiispyis how can fabrid }ife
'be maximized within these constraints? This is one of the
roles of the paper machine clothiqg manufacturer. W thi;'

in mind, J.W.I, Ltd. #&cided to investigate how its major

7]
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N . "n
prodgct, pap%f machine forming fabrics, could be optimized

a

from a design viewpoint whilé maintaining good papermaking

N

‘Forming fabrics are woven on looms, either as a .

propérties.

*

continuous belt or as a flat ;}éée; the two ends bei q&ub- o
. at e T

L4

sequently jqQined together in a seam. '&he most. commonly *

o, 2

used gweave patterns are the four-shed and five-shed patterns

(4,8). In the former, strands in the cross machine direct-

ion (shute strands)' pass over one machine direction strand \)

[

(warp strand) and under the next three machine direction

-

strands. In the latter, the shute strand passes Pveroone .

warp strand and under the next four warp strands .(see ;‘igure

‘ 2). These are the two .weave patterns that are dealt with

in this paper. } - _ ’ "

. -
Different types of,papef&are made on different designs .

r of forming fabric. ‘Apart from weave pattern, the fabric

B

design parameter® which may vary are mesh, strand size and

strand material. = This paper attempts to shed¥;3ght on how

‘fhg amount of strand material available for wear is dependent

‘on these parameters for a given tyﬁe;of‘skrand material.

SN |

R "
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Figure 2. The Most Common Form.mg Fabrn.c Weave Patterns

Machirjlrectlon is 1nto tk\xe plane of the paper.
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CHAPTER 2 e

", THE MATHEMATICAL MODEL o

2.1. Explanation of the Mathematlcal Model

Fabrlcs are held together by the process of weav1ng
which entails interlocking of the warp and shute strands,
Both types of strands thu%’pass from‘?he top-to the bottom
of t fabric according to tﬂe weave pattern. The process
gf heét setting after Qénufagturing applies heat»toﬁthe
fabric as it is held under tension and stretches it. to the

.

-
reqp ned dlmen51ons while ensuring that the fabric will be

»

",

stable and w111 not stretcﬂ,ﬂurlng operation. Hgat setting
dqterminesdthe f#é;I\§gometry of the fabric including the
amount of curvature in the strandsf

After heat setting the warp strands are relatively
straight and the shute strands quite*curvéd'due to the tension

and heat that have been applied. The sections qf a strand

as it passes over or under a strand perpendicular to it are

known as knﬁékleﬁm This term is most usually applied to the -

shute strands because of their more pronounced curvature. A

In the four and five-shed forming fabric designs, the most

14

common for papermaking, the bottom shute knuckles form the

¥

" bottom surface of the fabric as it passes over rolls, foils.

,‘/

and suction boxes. They thus suffer most of the wear during
the fabric's life. (In most cases;~100& wear is reached
before wear begins to occur on the’warp strands. (SeeAFig—
ure 3). The reason.for this geometry étéms from thé'desire

of the fabric manufacturers to avoid wear on the warp strands

8 s A A
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c =FABRIC CALIPER
 d=SHUTE STRAND DIAMETER.
w=100% WEAR LINE

BY DEFINITION w= 0.58d

Figure 3. The Definition of Fabric Percent Wear

Machine direction strandg are agaln
into the plane of the paper

N.B. Warp strands- are Stlll above the wearlng surface at
100% wear. Shaded section indicates 'material
removed at 100% wear.

16.




since this could lead to a loss ih elastic modulus resulting

in stretching'oA the fabric.

" A fabdic is considered to be 100% worn when 58% of
the Qismeter—of the shuﬁe knuckle has been worn away (Figure
3). This crité}ion has been continued fr%ﬂ’ghe old practice
of considering metal wires 100% worn when 58% of the warp

diameter was worn. This definitigpAwas~¢he result of work

by Prof. Keay at Consolidated Paper Corporation who' found

* »
that this figure represented the average wear on a wire when

it was removed from the paper machine (10).

During my work, comparative testing for abrasion

s

resistance of various fabrics at J.W.I. Ltd., percent wear
/ N ’

was plotted against the number of d§blés. I observed that

T

the réte of wear decreased during the life of a fébric.

This seemed to indicate that as the bottom knuckles wore

and the wearing surface of the knuckles‘bgcame larger, re-
sistancq,to the abrasive action increased. It implied that
the amount‘of mate?ial removed from the knuckle during each

pass of the test machine reciprocating conponent used to

@

produce wear (description given later) was approximately the
same. Since this volume was nearly the same and the area

was constantly inqreasing, obviously the depth of \the mater-

©

ial removed per cycle became less and less.

To explain this phenomenon, I develog;i a mathemat-

ical model. The bottom shute knuckle of a f

L]

1y resembles a section of-a torus or hoop. ‘Itg geometry is

defined by a radius of curvature determined by both warp and

~ - .
~

17
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*

shute diameters and mesh after heat setting and_by the

diameter of the strand which forms thé_snuckle. - By

obtaining the volume of the torus as a function of dis-

1

tance from the outer surface (?{gure 4) , a comparison
e

could be made between the theoretical curves obtained

®r .

and those resulting from the exﬁe;igénts.

"such a model would be extremely usef?l in predicting how

well a particulax\fgbric would resist abrasion.
o . 3 >‘..

oy, -

If applicable,
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Figure 4. Modelling the Shute Strand as a Section of a Torus

The model obtains the worn volume (shaded area)
as a function of the coordinate x




+2.2. Derivation of the Jolume Integral §«~
N

.

)

Consider -the torus section shown in Figure 5.
L]

[

r_J
- on o o> = .

. . ’ - T | T o

- 1) -

Figure 5. Section of a’Torus in Threg‘Dimi!Fions
Corisider an infinitesimal volume 4v. Let R be the

outer radius of the torus, and r the radius of its circular
- B4 » / . P

Let ¢ be an angle between the radius from -

. e
EI‘O\SS-SQC‘CIOIL
= L d

the'origih to dV and the z-axis. Let 6 be the angle be}ween,
the projection of this radius on the Xy plane and the x-axis.
Le‘ t be thecti':iffe;.'ence between the outer radius of the torus
R and the x-coordinate of dv.

-~

For the purpose of this paper it is necessary to find

¥, the volume of the torus as a function of t; which starts




.e

0_ . .
° ' 21,
e : ) ‘ . o .
from zero at x = R and gets larger moving along the k-axis
A . ; ’ i)
- : . ! . '
. toward the origin. (See Figure 6 - the volume V is in-
L " dicated by the shaded section) . - ,
L4 - ] ‘\'
f
: .
' ¥X .
| .
‘ Figure 6. The Torus in Cross-section .

) . / .
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2.

Figure 7. Section of the Torus showing the Integral
Variables in the xz plane

.

Consider now Fiiure 7, which shows a’view of the

torus in the xg plane.

t is an arbitrary distance along the x-axis from -
x' = R (the outer edge of the torus) .
PS 1is the perpendicular drawn from t to intersect
the torus

P is joined to the origin and intersects the in-
side gurface of the torus at Q

—

, .
The circular cross-section of the torus)has radius

b oy L

>N

. g is the perpendicular drawn from the centre of

this circular cross~section to PQ
. ¥

This center will by definition be (R-r) from the
origin ‘ , -
¢ is the angle between PO and the z-axis

2 is the angle between PO and the x-axis

m is the chord from P to Q

B
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Expreésions must be obtained for PO, QO and
since these parameters will be variables in the volume
integral. Now .
j = a9 ? .
sinx e (1)
. @ )
and since. , ) ) \
L 5 ) : N
« . 2 2 2y .Ig'. . \ .
By substituting equation (1) into équatidn (2) and per-
forming some algebraic and‘trigonometric manipulation, .
m = 2vVr%cos?A-R(R-27) sinZh ’ (3)
Let /| Q| be the distance from the origin to Q and |P| the ‘ )
;
distance from the origin to P. Therefore 4
[Q]+ g = (R<r) cosr (4)
By substituting equation (3) into eguation (4)
Q| =(R-r)cosA-vYricosZAi-R(R-2r)sin?x (5)
Since IPl=]Q| + m (6)
By substituting equation (3) and equation (5) into
equation (6) one obtains
o : . &
|P| =(R-r)cosi+Yr?cos?i-R(R-2r)sin?) (7)
~ P'
%
/
, ﬁ
-\ | )
vy
/

N - A ——
e g e o
'-l

[P

b b s AT T s e

SR P
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/ Consider Figure 8 which again shows a cross-section

of the torus in the xz plane;
4

X =

Flgure 8. Cross-section of the Torus in the xz Plane
™~ showing the Critical Dimension tl

Whert PO is tangent to the circle, let t have a value of to'

I tet, only one integral (VP) is required to give the

volume V; however, if t>to, two separate integrals must be

P Q
are different in this' case. When PO is'tangent to the

added together, (V,+V ), since the limits of integration

circle, ) will be at its maximum, ¢ at its minimum, g will
be equal to r and |P| equal to l% To obtaif\xj $min’ it 'is

known that -

" = r
s e s:m()‘max) R~r . (&)

Rearranging, one obtains




P s T T

— = gi —_— . 9
max - °if -T . 9)
. &
e
Now tmin ~ (7 " *max g (10) :
-~ .. l ;
Therefore - )
‘ ."'1 r ot ( l) ‘ :
dmin = 5 ®% : } E
o=l R T ' i
a& ¢min = Sin R-1 1 B | (12)

L

Referring again to Figure 8, h is the perpendicular
from P to the x-axis. . To determine t, as a fun.,c)r.}ion'of R
and’r 1let tl be the distance from the torus cross-—sectibn

centre to the base of the perpendicular h. Therefore?

a "?‘

tl = ,to- r . (13)
Now £,2 = r2- b2 . S (14). ' li\
and also . ' i

By substituting equation (15) into equation (14) and re- '
'~ arranging one obtains ‘
2 2 - 4 2 (Rt V2 ‘ ' 3
r2-lof? = £ 2= (Rt )2 . (16)

It is known that

r2+|Q[2 = (t) +R-t )2 . .an

T If one manipulates equation (16) and equation (17), sub-
stitutes equation (13) and solves for to’ one obtains

. tg= Rr/(R-r) | , - (18)

. *

2




. Figure 9. Cross—‘section‘ of the Torus in the. xz Piane
—_ . showing several of the limits of integration

Reférring to Figure° 9, P' is any arbitrary point

»
on .the perpendicular from P to the x-axis. Q~ds the
I

Apin 1S the angle formed 'by PO and the x-axis a a Aax is -
P ' the angle between the tangent from the origin to the torus
‘ ‘and the x-axis.

" It is required to determine the length of lp'],.
since this dimensio.}} will be a limit in the integral.

Y s

4 point at which P'O intersects the inner side of?he torus.

e

»




It is also knowr ‘that for any A
o'} = (R-r)cos) = VrZ=(P-r) 2sin?X G . (19)
Letting ¥ = a, ¢ne obtains (20)
R-r ' - _
. -
Q'] = (R-r) {cosh- YaZ-sinZi} " 5 (21)
and iP'] = R-t o . C(22)

cos> . s
it is now possible to compute Amin' another of the limits

of the integral.

. 4
x\ z R-t : (23)
CoSA .. = P'\= 23
b1 m'ax
Substituting for 2! ax’ ©Ome obtains '
tSCOSA = R-t = - - : (24)
- —s1 ] Y
(R~x) ,coskmin+ Yoé-sin kmln}
: P~t _ . ’
Letting 5— = 8, and rearranging, (25)
2 . T ain? = ' i
cos )\min+COS)‘min/u sind ;= 8 (26)
Expanding@equation (26), rearranging and solving for cpsxm
s s ' (27)
co s ——————
min ST \
: . . &
Solvi for Sln)‘min' one obtains
sinx_. = /. _ g< (28)
min v 1 TTCTVOE

3

The lehgths of the vectors |P| and |[Q| have already been

gomputed Substituting equation (20) and eguation (25)

27.
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///// ' WQ[ (R-r) (cosi=va
BN b4

(R-r) (cosr+/aZ=si

ini ='u, \ !
Also sin mnax ‘
»
A Y
COS A nax 1-a

28.

F

*(32)
(33)
134)

(35)s

aAll the‘relationships ré&uirea‘for computing the integral

have now been obtained.

In spherical coordinates, an infinitesimal volume

i

dv is given by,

. AV = p?sinfdpdgds

In ;his partiéular case, for t<t,, fhe volume integral

with the appropriate limits will be -

, e R
Vp = 4 plsingdpdéde -
J OJ ',T"A . lP'l ‘ ¢
7 mlin N .
(912 . ]
= -4- 3 3_. R—t :
’ 3 e ‘ SlﬂQ{R (gIEE) }d¢§9
%7 "nin
8 % 8 % v
o -%R3J,cos¢ de-%(R-t)aj
e gﬁxmin ngrxmi

-

Letting cosAmin = v and sinxmina §, one obtains

Therefore
6 9
4 4 8
V = e 3 O- _—— - 3 ——
p 3R Io( 6?d6 3(R t) [OY qa
" ’ = 4 3 _ 4.3 —pt 38 '
» . 7§R5,3‘ ‘3'B(Rr)-;;9

(36)
\

(37)
3m)

. déde '

siﬁ’${39x

n

(40,41)

(42) -

(43)/ ,

. et
e S
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. Therefore, for the first part of the integral,
/ y = 4 ‘ 3 4 8 3 (R_r) 3 |
- Vp = 488 (R/l _'T—_) (44‘)
\ ) . 7/
. When t>to, another integral is used since the
g a
limits are now different. Let this integral be VQ. ‘
As before o o
- dV = p2sinsdpdedp - - (45) )
The vo integral with the app}opriate limits is
6 (7 "min  (R-t ) tan |
Vg = 4J J ' p2singdpdsde (46)
° »}')‘max L '
” . * ¥
8 g——lmin f ' 4
.4 ; oot I (B2t 3 1d0a
« = 3| . s:.n¢{(R*-to) cot <b-(§-m) }d¢de (47)
°) 2= Mnax ,
8,y md - - 8 Xnin
. -4 &y 3a4 3 -4 Rt3 d¢de
3J r (R tso) SJ.nch’ot ¢dode 3(R t) f r %5 (48)
ojr=-A . . ojm=-A
7 max
W . l‘ ‘ T \nin e . FHmin
= —3-{ (R-t‘o)3(§2cos4¢‘—acosz¢oosz¢) deé(k-t) 3 J (~cotd) "8 (49)
o - ‘ .}‘)\m Q 12[-] °
e ' : Tl'"A N
4
ot = 3(R-t) 3J {%‘-2(4cos“¢-8cdsz¢+1)-%cosz¢‘(20052¢-1)} de
° ' T Amae
. . [ d
.4 ﬂ e g.—\ R
4 ’
- glﬁs(R‘I‘)q{ (~cot4) de (50)
Jo A - N :
2‘ .
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6
= 3Rt 3J {32-(46‘*-8624»1)7452(262—1) 4 (55 -8 (g5 241}
[¢]
8 S
L1 T r.\2_q" 4.3 ey 3] (X - /L0 o
4(—R~)2{g(ﬁ) l}}ie+3a (R-x) L(S /_'Z‘u ‘ ) @ (51) |
_ 4 3 8% 82: 1 _ 8% 82 ot 1 at _a% )
g G Bt - Sl ol Sl A i S
, ‘
- % ol
4+,§63(Rrr)3f% ;//EE%' o (52)
" Therefore the second part of the integral is s
A
= 44 (n- 3____3‘* 4.3 poy 37Y _ /I=aZ, (53)
VQ‘S-B(R ) { ) }""598 (Rr)’{d /“’u—z—}
. Values for R and r are given (mgasured from a sample strand);

a,B and.to are functions of R,r gnd t; § and~y are functions

‘of a and B. ( VP and VQ may thus be determined as functions

of 8 and 6 is a function of t: ] : ‘
o = -FR-t .
= cos - {See Figure 10) (54)

e S I BT Dt SR e s e

[T AN S
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ws e

e

Figure 10. Cross-section of the Torus in the xy Blane\\

. -
»

Thus V = VP + VQ, which is the volume oﬁ the torus, ma& be
obtained as a function of the variable t.' This volume is .
the shaded area shown in Figure 10. Values of V for various
values Qf t, converted to percent wear, are given in Table T s

and are shown in Figure 11.
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. CHAPTER 3
EXPERIMENTAL PROCEDURE -
3.1. Artificially Induced Wear of Fabric Samples ‘
' Wear was induced on samples of wvario :fabric‘ ¥

* designs on a wear test machine (see Figure 127. The ' .

B

test machine held the samples stationary wiile a hard

blade reciprocated along their bottom surface. ' The

samples, 13 inchqs in width, were each tensioned to 15
é l.i. (pounds per }lnear 1nph of. wldth) and with the
blade in its foremost p031t10n, an angle of wrap of
approximately 5° was established.

The blade Qas composed of a tungsten carbide insert -
held in a polyethylene blcck; the complete agsembly beihg o
ﬁqunted in the test machine. The insert was similar to
the type used in paper machine foil blades except that its
front edge p{otguded from the polygthylene (as opposed to

4

being level for the paper machine application) “in order to
induce we

As

samples could be mounted simul-
tangéggiy in the test machine, but no more than four fabric
designs were studied at the éame time: at least two samples
of a particular fabric were usgd for each‘test_so that an
average amount of wear‘could be c?lculated for that design.
Besides careful levelling of the blade, delibérate ordered

<

rotation of the samples among test positions was carried

out during a test to prevent any influence that a, particular

" test‘position m%iff\iii}'(e.g. slightly different angle of

~

Py
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wrap). Each test was usually of~oﬂé.million machine cycles
dﬁration wiﬁhsfotation being performed every 250 thousand
cycles. S R |
) To further reduce discrepancies, the two samples of
' eaéh fgbric sample being tested were run in spaced positions
(i.e. position 1 and 5, or 2 and 6) rather than in adjgcent
positions on the tester. 4§All saﬁples were contiﬂhally 1ub-
: ‘ -
ricated with water throughout théir running time. After
each 250,000 cycle run, samples were also repositioned so as
to experience the.samelstroke'of the blade over the previous-
ly worn area, despite being. run in a different position.
This ensured that for a given distance from the end of the
stroke, each gample would have experienced .the same wear
© action (e.g..the same aﬁgle of wrap gt each point).* It i§
'obvious that due to the varying angle of wfép along tng
stroke, it would be meaningless to coméére one sample at 1"
from the end of the stroke with another at 2" from tge end
of the stroke. . : | e
o ' Percent wear was Ealculatédﬂas‘follows: the thickness
of a samﬁle was measured witﬂla‘hicrometer before testing and

then after each set of 250,000 cycles. Samples were meas-

ured at a point 1/8 inch from the front ©f the six inch wear

35.

i

Strip. This position experienced the maximum angle of wrap '

on the blade :7d also the maximum amount of wear. Some

‘other positions along the wear strip were used to check that .

this measurement was representative of the behaviour of the

»particular fabric and to ensure that no experimental quirks

A
\

1
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*

curred. Readings were always taken along the long-
4inal axis in order to avoid the &ffécts of tension

variations at the edge. -

3.2.  Measurement of the Parameters Required for the Experi-
mental Model :

\

The modelling of the shute knuckle as a section of
a torus requifed that an integral be set up and solved to
: * obtain volume as a function of the’'distance from the outside

*

" edge toward the centre. An algebraic expression was obtain-

ed giving volume as a function of thfee variables: the first
‘'was the distance mentioned above; the second was the diameter
of the strand knuckle and the third was the radius of curv-
,ature of‘ghe knuckle (Figure 4). Obviously measurements
of the second and third variables for each fabric design
‘were required in order to be able to generate curves piotting
the volume as a function of distance from the outside edge.
These measur?ments were bbtain?d by photographing
shute strands under a microscope‘with known magnification.

The photomicrographs were then measured\physically and. these

. measurements were divided by the magnification to yield the

-,
actual dimensions.
. 3.3. Coﬁparison of Experimental Results with those from the
Mathematical Model
B o Solution of the integral set up for the mathematical

model gave an algebraic expression for knuckle volume as a
function of the vertical distance through the knuckle. The

experimental results gave fabric percent wear for various

.




wa

ﬁumbers of wear ;Dﬁies’on the test machine. In order to.®
be able to cémpare the results yielded by the mathematical
model with tﬁehexperimental data generated by the test mach-
ine, it was necessary to put both sets of‘infBimation»in
terms of the same parameters. This was no problem for .the
vertical coordinate through the knuckle since this variable
may easily be cenverted to.percent wear. 'Zero‘percent wear
occur; at the bottom of the knuckle and 100% wear is defined
to be the point O.Ssxx the strand diameter, from the bottom
of the knuckle. A simple linea? relationship thus gxists

. betweén these two variables.

The.situétion'is not quiée as simple when one tries
to combare test machine cycles with knuckle volumé. However
since both variableé represent resistance to wear of the fab-

N

ric, the two may .be related by means of a gcale factor. If

the mathematical model was completely accurate, it would be

possible for each fabric to multiply'each volume produced by
the torus integral by the same constant numerical factor to
'equal the number ‘of gycles required on the test machine to

yield that particular percent wear. This method was used )

a

and the scale factors were obtained by performing a linear

4

regression analysis between the volumes  and number of cycles

. 37.

v

3
N

for each fabric. The scale factor was, of course, the slope .

of the LeéressiOn line for the two parameters. These fac-
‘tors are giver in Tablg,II. Once they were calculated, the
knuckle volumes for each fabric were multiplied by their

respettive scale factor and the, vertical knuckle coordinate,

4

e

T E e e
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converted to percent wear, was plotted'againstefﬁé theo-

retical number of cycles.
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CHAPTER 4 k‘

;o . EXPERIMENTAL RESULTS

4.1. Comparison of Fabrics with Different Shute Strand
' Diameters

The first test compared four forming fabrics, )

(fabric nos 1, 2, ‘3, 4) , all woven with the same four-shed

) 4
weave pattern, which were virtually identical except for
! . ,
the: diameter of their shute strands. Their specifications
are given in. Table III. Material for the warp strands and-

for the shute strands is the same for each sample. Warp

strand diameters are identical for each type of fabric.
Mesh counts differ slightly but not sufficiently to expect

them to have+¥a large effect on relative wear resistance of

. ‘ the different fabrics. 1In any,case, these differences

were unavoidable since fabric sqmples identical in every
specification except shute strand diéméter. were unobtainable.

Results from the wear experiment on the ,test machine are

. given in Table IV.

4

Comparison of the wear resistance of these fabrics K
Car
is shown in Figure 13, which plots percent wear against the

number of cycles on the test machine. The graph shows the

- fabric with the smallest shute strand diameter to suffer the
' [
most wear over a given time, followed by the two fabrics with 3

the next largest shute diameters.

These two fabrics exhibit

practically identical wear. The fabric with the largest .

shute strand diameter suffers the least wear. These results

Andicate that wear resistance of a forming fabric might well

s

; be proportional to the amount of material below the 100% wear
V4 ~ ' : :

’
-~
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" plane in the bottom shute knuckles.

4.2. Comparison of a Four—sﬁed Fabric with a Five-Shed Fabric
( This experimeq} compared two fabricé (fabrics no. 1
and no. 5) which were different in every respect except for
their shute strand mate;ial. The fact that their warp
strand materials are different is unimportant sipce these
strands remain unexposed to wear. Their mesh céunts, strané
sizes and weave pattern are al¥l quite different (see Table
I1I). . Thus thi§ is. not a very scientific comparison; how-
ever, it is a very relevant compariéon from a papdrmaking
viewpoint since the five-shed fabric boasts superior paper-
making qualities to the four-shed design and can substitute
for it on a papermachine. Its abrasion fesisqance is sus-
pect thou&h, due to its significantly smaller shute strand
diameter. Experimental wear results are listed &n Tablg Iv.
Results of comparative testiné of these two fabric
des;gns on the testing machine are plotted in Figure 14.
The wear resistarice of these two’fabrids is seen to be vir-
turally identical. ﬁowevér, it is not possible at this
stage to determine whether the unexpectedly good abrasion
resistance of the five-shed fabric ié due to its higher mesh
&ount (65 versus 49 in the cross-machine direction) or to ‘
the geoQFtry of its shute strands. Certalnly the equal
wear resistance of the two fabrlcs seems due to an equal

amount of strand material available for wear up to 100%.
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1 ‘ ,
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4.3. Comparison qf Two 56-Mesh Fabrics with Different Warp R
and Shute Strand Diameters . .

This comparison dealt with two 56-mesh fébrics
(fabfic nos. 6 and 7) having virtually identical .mesh
counts and identical material for both shiute strands ané
also for warp s;rands. Strand diameters were different,
for both Qarp and shute (sée Table III for specifications).
Test machine cycles vs. percent wear for the two fabrics

are given in Table IV.

The results of the wear tests for these two fabrics

~are plotted in Figure 15. The two designs exhibit equal

abrasion resistance. This was originally unexpected due

to the larger shute, strands in the case of‘one of the fabrics.
Following the results of the previous two tests, it seems
possible that the amount of maéerial in a’ shute knuckle

\ )
below the 100% wear plane is equal in both fabrics.
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CHAPTER 5 o

EVALUATION OF THE EXPERIMENTAL MODEL .

After determinétion of the scale factor for each
fabric, the knuckle volume data generated by the mathematical
modeiﬂanﬁ listed in Table I was multiplied bf‘the appropriate
scale féctors,to yield the number of cycles predicéed to
reach the various percent wear values. The pumber of
cycles for each fabric are listed in Table v, This data | ’
was then plotted as percent wear versus predicte&‘cyqles on -
the same graph as the gxperimentai percent wear cycles re-
sults (from Table IV) for each fagriq. Thisfpermi£tgd'an
evaluation of how well the mathemgtical model prédictgd the

wear behaviour or various forming fab;ics.

The actuai and predicted numbers of\BYG¥és required

e
»

to reach 0 to 100% wear for all the fabrlcs studied are glven
in Flgures le - 22. Curves are drawn for the wear predlcted i
by the maEPematical mode}. The experimental data on each

gréph is indicated with circles. For all fabrics, the~ex—' .

perimental points lie very close to the predicted wear curves, -

o e om0

especially at relatively high numbers of cycles. ‘The error

is greater at the beginning of the wear curve because the ?

N .

4shute knuckles have a rglatively émall contact ared early in
" the life of the fabric./ as previonsly:hentioned they start

out’ w1th virtually point contact, so that a moré rough; goug— '

ing type of abrasion will take place at flrst. But as the“

p
knuckle area increases in size, the wear rate decreases and\

the wearing action itself becomes smoother; it more closely

»

e e e i e s
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resemb}eS'thé cutting. of slices off. the bottom of the

Y

knuckles. “

N t

It should be kept in mind that the test machine

was intended to simulate a papérmachine from an abrasion
viewpoint. It was not meaét to be‘aJsophisticated piece

» of equiprent. which very carefully and s}owly produced even,
~smooth wear on fabric samples. A variation of as much as
5%.wear aeross the width of the sample was known to occur.
Thislvariation alone could account for the differences

_ between experimental and preditted results. Other errors
were of course present in the measurement of worn sample '
.caliper. However, despite these experimental sources of
error, the“torus appears to be an excellent model of the

bottom shute knuckle of a forming fabric. Use of the model

-

" allows the fabric manufacturer to know before installation

on a papermachine how a particular fabric will resist ab-

gE

rasion compared to its predecessors. -§¢:

The(appendix gives a derivation of a non—dimen§£onal
» ' .
expression for the mathematical model which may be used to
predict how different fabric designs compare from a wear

viewpoiht. @ The non-dimensionalized volume is plotted in‘

Figure 23 against the non-dimensionalized percent wear for

various values of the diameter ratio R/r.

~ -




CHAPTER 6

s ‘ )
~ DISCUSSION, CONCLUDING REMARKS AND RECOMMENDATIONS ‘

The results presentéd here yield seyeral conclusions,
concerning the wear of forming fabrics. Due to the curvatul\e
of the cross-machine direction knuckles'and the fact tha£ they
lie lowver %p the fab;;c than the machine direction stranas,
the wear rate of the forming fabric gradually decreases as
wear progresses. As each individual bottom shute knuckle

wears, its bottom surface jincreases 'in area from virtually

init%al point contact with stat%onary paper machine components.
As the bottom area of the knuckle increases, a progressively
smaller thickness of material Qill be removed during each
rotation of the fabric around the paper maghine or durin§
each stroke on the test machine. In other words, the shape
of the wear curves from commercial paper machines (4) or from
this study indicate that a@proximately the same volume of mat-
erial rather than the same thickness is removed during each
rotation on the machine or during each stroke on the test
machine. The réason for ;his\seems most 1ik§ly to be the
reduced loading on thé knuckles as their surface area increases.
Wear thebry states_that se%erity:of abrasion is dependent on

the normal force between the two surfaces (11). Thus the

birtually constant~&eight of the stock will be spread over a

larger area resulting in progressively less interlocking at
the microscopi¢: level of the fabric surface with the various

surfaces on the ‘paper machine. . : ' ’

The fact that the shute knuckles form the bottom




«

. ' " 55.
surface of a fabric without help from the warp strands means ’
that even after substantial‘wear has occurred, only a small
pefcentage of the fabric's complete area will contact the
paper ' machine components. Unfortunately, designing a
fabric so as to have both warp and shute sﬁrands available
for wear can have dangerous consequentes. Wear on the warp
strands could result in a loss of elastic modulus and the
stretching of the fabric off the paper machine. (Paper
machines have a relatively small range of possible fabric
lengths) .

Since forming fabrics must first be designed for
their papermaking qualities and secondly for abrasion resis-
tance, éeveral constraints are imposed on any possible modifi-
cations to improve fabric life. But successful modificationg
do exist. Increasing shute strand size for the four-shed
fabrics made more strand material available for wear and in

one case significantly increased fabric life. However, for

the 56-mesh four-shed fabrics, increasing both warp and shute

strand diameters produced increased curvature of the shute
strand knuckles. The result of this was no significant
change in the amount of material available for wear resistance.
As loné,as papermaking qualities are not affectedx\&ncreasing
shute strand diameter (and not warp strand diameter) will
increése fabric life. N

The use of different weave pattern, the five-shed

instead of the four-shed, proved to be extremely effective

in pr&‘}ding resistance to abrasion. The five-shed fabric




i

was seen to wear at the same rate as a four~shed fabric with

a 14% larger shute strand. The reason for this was seen to

»

be 'the smaller curvature of the bottom shute knuckles in the

3

five-shed design. !

The mathematical model presented predicts the rela--

tive abrasion resistances of various forming fabrics. The ~
4 N <

S

bottom shute knuckles of four and five-shed fabrics are well

modelled by a section of a torus. The theoretical curves

developed closel& approximate those obtained with the experi~-

mental wear tester. The differences between the two are

readily explained by experimental error. Variations in

- -
worn caliper across the ‘experimental samples could single-

handedly be responsible for these differences. - Errors due

to the variation of both new sample thickness and strand

56.

-

diameters were minimized by measuring a large number of samples.

In conclusion, the problem of fabric wear is unlikely
to disappear in the near future since it is not quite the

priority it was in the days

f bronze wires. \ Other areas

, L A A
in the papermaking process prasent far more potential for re-

ducing costs. However, the e of a mathematical model can

assist the choice of forming f: ric for a particular appli-
: ¥ fi .

cation by maximizing the (life of the, £ ric.
[ ) LS

v
i

.



RECOMMENDATIONS

1) Experimental, work should be performed on forming fabrics - A
{ ’ with identical specifications except for shute material.
| ) . In this way the mathematical model could be modified to

include a factor dependent on the type of shute strand

material.
2) Information should be gathered from commercial paper-
machines to relate the life of a particular design of fabric
to machine speed'and productién of paper. The mathematical
- model could then be used to help design a fabric which would
- ‘ minimize fabric cost per ton of paper under papermaking and

/

operating constraints.

3
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Table I.

~—

i

\.

\

"TaQXf II.

N

P i

Volumes (mm> x 10~ ") of the Shute Knuckle for the
Various Fabrics studied as determlned by the
Mathematical Model

Pcw FAERIC NO.
1 2 3 4. 5 6 7
0 0 o~ -0 0 0 0" "0
10 5 . 5 5 9 4 10 8
20 | 18 20 21 .36 14 39 30
30 | 38 43 46 78 31 85 65
40 | 66 73 79 134 . 53 146 111
50 | 99. 111 119 202 80 220 167
60 | 137 153 165 280 110 304 232
70 |-.178 200 215 365 143 397 302
80 | 222. 249 267 455, 178 495 376
90 | 266 299 321 547,214 594 451
100 | 382 369 .- 389 637 - 712 . 699

-

Scale Factors to convert Volumes obtained from the
Mathematical Model to Cycles (as determined by re-

gression analysis)

Volume values must be multlplled by this flgure to
be expressed as cycles for the mathematical model

i3

FABRIC

SCALE FACTOR (Million Cycles/mm®)

NoOU s WN

22.80
26.07
23.57
22.72
29.29
19.49
28.06




Table 1II. Fabric

Designation Numbers and Specifications

60.

FABRIC DESIGNATION WEAVE MESH WARP STRAND SHUTE STRAND
NIMBER PATTERN DIAMETER (mm) DIAMETER (m)
1 4-SHED 73x49 0.210 ——0.224
2 4~SHED 72%50 0.210 0.238 .
3 4~SHED 72x48 0.210 0.245 i
4 4~SHED 70x45 0.210 0.300
5 5-SHED 85x65 0.170 0.196
y 6 4-SHED . 57x40 0.280 0.300 P
7 4-SKED 56x40 0.250 0.270
Table IV. Experimental Results, Test Cycles (x 1000)
to reach Various Percent Wear Values
PCW FABRIC NO.
‘ 1 2 3 4 5 ) 7 .
0 0 0- 0 0 0 0 0
10 28 45 45 45 33 60 60
20 58 100 100 100 70 125 130
30 95 . 165 165 165 113 200 220
40 148 235 235 235 " 165 310 330
50 203 320 320 340 228 450 470
60 273 420 420 510 298 605 650 {
. 70 365 520 520 960 380 815 900 i
) | 80 505 650 640 - 500 - -
90 680 810 790 - 705 - -
100 915 1020 970 - - - - i
Table V. Data generated by the’ Mathematical Model multiplied 1
: by Scale Factors to give Predicted Test Cycles 2
(x 1000) for Various Percent Wear Values 3
| Pcw .FABRIC’ NO.
1 2 3 4 5 6 7 j
‘ 0 0 0 0 0 0 "0 0 y
. o 10 10 13 13 21 11 20 21
. 20 40 51 50 81" 41 76 83
“ 30 87 111 108 177 90 165. 181
40 150 191 186 305 155 284 312
50 225 288 280 459 233 428 470
60 312 399 388 636 323 593 650 ;
70 406 521 506 . 830 420 774 847
, L 80 506 648 630 1035 522 964 1054
90 607 778 756" 1243 626 1157 1264
‘100 |. 870 962 917 - 1448 - 1387 1961
. / \
. ; ,
- - eopsTEREmRSEESS |



APPENDIX

It is possible to non-dimensionalize the equation
for the volume of the shute knuckle in order to generalize

the mathematical model for any fabric whose parameters r

*t

and R are given. Now : | B
n 3 = +V o 1'
v =Y ) ‘ (1
= 4 3_ B¥(R-r)3 3 ‘
and v, = 3 68 (R —~j—?———) , . . (2)
- C - Rt SRR :
Since 8 Rez ‘ . (3)

Substi%uting equation (3): ' ‘ l

.4 R 3_ _1.3;: |
. vp R,3 1,R |
or IEg = 664[(?) - ?(~——) ] o (?)
. ' . 4,
} Letting % = J, % = K and EEE =L - : (6,7,8).

and substituting, we obta;n

T 3vp s _ L3 . . ‘

. L Ipr %8 (K ¥ ) - . | . (9)
Since & = cos”! R=t ! o . ‘ (ro0) -
Lo o . . C‘f N .
© } ’

J and since ‘
Cero 8 ,
& . /1- Y 5 T . '
/ ac~1+28 Yo Z=1+28 (11,12)

Subystituting in equation (9)

Ve . f1- B -1 (Rety (g3 g3 AT=TFIEy o
- 1 gy e BB a3

Y LR
Id

P
e T LI AT e i

r



62.
Substituting equations (6,7,8) and siﬁplifying'
: 3vp _ /7 _ _GfLZ_ -1L, o3_ L?
e /1 geirms (oos) R (- g et a4,
i
_ 4 Coov3e3at 384 4 3.0 3y _/l-a?
Now Vo = 38(R-t )’ (=3 5+ 387 (R-r) {5~/ 52— 1 (15) -
_ Rr ' ¥
and tO * R=% (16)
Substituting equations (6,7,8,10,11,12,16) and simplifying;
" one q?tains
3vo . -1,.3 3 mn a?L2 2 ~ .
Z’g? = {cos E}{EK (l-a) {at=- (1- m) }
Y
‘ T=a?
+ 13 (—2k -/ (17)
/aZ-1¥2aL-a’L? ¢ '
Setting V, = VB 4 %l’g
N - 4r r «(18)
\
we now have a dimensionlwss expression for the shute knuckle
volume in terms of dimensionless parameters. It is now
possible to plot J(=t/r), which is analagous to percent wear,
~
‘ys. V§y for the different fabrics. - This is given in Figure ¥

The parameter K(=R/r) is different for each fabric.
B . f .
\T\\\ng;ting J vs. Vﬁ for the various fabrics yields a family
gy

of curves £or which the value of K increases from left to

right. For each comparison undertaken in this study, the

most wear resistant fabric lies to the left of the one or

w«

ones against which it was tested. - We may therefore conclude

{ - -
/ that to increase fabric abrasion resistance for a given design .

}

¢




»

of fabric, the quame'ter K should be decreased ‘as much as

possible subject of course to the constraints irﬁposed by
- & o

paperpakihg'. . -
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