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Abstract 

This	master	thesis	provides	an	overview	of	the	paper	machine	with	focus	on	the	
forming	section.	The	forming	section	is	the	first	part	in	the	paper	machine	where	
the	 paper	 pulp	 is	 injected	 through	 a	 head	 box.	 The	 paper	 pulp	 contains	 about	
99.5%	of	water	and	0.5%	fiber.	The	water	as	content	is	reduced	by	vacuum	and	
gravity.	The	problem	to	be	studied	in	this	project	is	related	to	external	rewetting.	
This	 is	 water	 going	 back	 to	 the	 paper	 web	 from	 the	 forming	 fabric	 after	 the	
dewatering	 zone.	 The	 dewatering	 is	 based	 on	 vacuum	 slots	 under	 the	 forming	
fabric.	The	vacuum	slots	absorb	water	from	the	soaked	paper	pulp	through	the	
forming	 fabric.	External	rewetting	causes	problem,	hence	the	paper	will	have	a	
higher	dry	content	when	leaving	the	forming	section.	The	paper	should	have	as	
low	dry	content	as	possible	in	the	end	of	the	forming	section.		
	
Three	different	 forming	 fabrics	 from	Albany	 International	were	 chosen	 for	 the	
project.	The	 structures	of	 the	 forming	 fabrics	were	 two	different	double	 layers	
and	one	plain	weave.	The	performance	of	the	fabrics	was	studied	by	4	different	
methods.	The	methods	used	were	2	different	wicking	tests,	a	vacuum	dewatering	
trial	 and	one	 foulard	 test.	Also	micro	 tomography	was	done	 to	understand	 the	
structure	of	each	design.	The	main	test	was	a	foulard	test	where	the	aim	was	to	
see	 in	what	way	the	rewetting	got	affected	by	different	pores	sizes.	The	results	
showed	higher	water	content	for	the	paper	that	was	on	top	of	the	forming	fabric	
with	the	larger	pores.		
	
	
	
	
Keywords:	Forming	fabric,	rewetting,	pore	size,	papermaking,	foulard	and	
vacuum	dewatering.	
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Popular	abstract	
	
Some	of	the	experimental	part	is	finished	together	with	Albany	International	in	
Halmstad.	 Albany	 International	 is	 a	 producer	 of	 textile	 clothes	 for	 paper	
machines.	The	paper	machine	 consists	of	 three	main	parts,	which	are	 forming,	
pressing	 and	 drying.	 Every	 section	 has	 an	 important	 role	 in	 producing	 paper.	
This	 thesis	 will	 focus	 on	 the	 forming	 section	 and	 the	 fabric	 that	 is	 used	 to	
dewater	 the	 paper	 pulp.	 The	 fabric	 used	 to	 dewater	 the	 paper	 pulp	 is	 called	
forming	 fabric.	 There	 are	 different	 mechanisms	 that	 affect	 the	 paper	 making	
process	 in	 the	 forming	 section	 where	 the	 purpose	 is	 to	 dewater	 some	 of	 the	
paper	pulp.	Rewetting	is	a	drawback	in	the	paper	making	process	and	can	occur	
in	the	forming	section.	In	a	simple	way	one	can	say	that	it	is	water	that	goes	back	
to	the	paper	after	the	dewatering	zone.	This	water	has	a	big	impact	on	the	paper	
process,	mainly	in	terms	of	energy	use,	which	due	to	this	can	increase.	The	main	
purpose	was	to	observe	which	forming	fabric	that	had	the	lowest	ability	to	give	
rewetting.		
	
	
Keywords:	Forming	fabric,	rewetting,	pore	size,	papermaking,	foulard	and	
vacuum	dewatering.	
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Introduction	
Papermaking	 has	 been	 developed	 over	many	 years,	 from	 simple	 hand	making	
processes	to	bigger	paper	machines.	The	first	paper	found	can	be	traced	back	to	
China	 for	 about	 2000	 years	 ago.	 The	 paper	 was	made	 of	 textile,	 wood,	 hemp,	
mulberry	and	nettles.	The	paper	making	process	was	 simple	and	one	used	 the	
smashed	material	 together	 with	 water	 and	 then	 screened	 it	 on	 a	 cloth	 to	 get	
paper	(Persson	1996).		
	
The	 first	 paper	 machines	 were	 made	 in	 England	 and	 France	 around	 1800	
(Persson	 1996).	 These	 paper	machines	were	 small	 and	made	 paper	 of	 limited	
quality.	 On	 the	 initiative	 of	 the	 Fourdriniers	 brothers	 a	 bigger	 paper	machine	
was	 developed	 (Fellers	 &	 Norman	 1996).	 Those	 paper	 machines	 needed	 a	
material	 that	 transports	 the	 paper	 through	 the	machine	 in	 a	 horizontal	 plane.	
The	material	used	today	is	a	textile,	which	has	different	construction	depending	
on	where	in	the	paper	machine	the	textile	exist	(Adanur	1995).			
	
There	are	 three	main	zones	 in	 the	paper	machine,	which	are	 forming,	pressing	
and	drying.	Forming	has	a	fabric	 for	paper	transport;	 this	 is	often	weaved	with	
fine	 yarns.	 This	 thesis	 will	 focus	 on	 the	 forming	 section	 and	 the	 structure	 is	
called	 forming	 fabric.	The	press	 section	has	 a	 textile,	which	has	 a	high	volume	
and	often	 consists	of	being	non-woven.	This	 textile	 is	 called	a	press	 felt	 and	 is	
built	up	by	layers	with	different	structures.			
	

	
Figure	1,Cross	cut	picture	of	a	forming	fabric	taken	in	SEM	at	Albany	International	in	Halmstad	by	
Eva	Eliasson	Laboratory	Engineer.		
	
The	drying	sec	tion	has	a	dryer	fabric	for	paper	transport.	This	fabric	is	a	woven	
structure	often	made	with	inlay	yarns	in	the	seam	loops.	Adanur	(1995)	writes	
about	 the	 importance	 of	 good	 textile	 engineering	 when	 making	 paper.	 Paper	
could	basically	be	done	without	a	paper	machine	and	the	chemicals	used	in	the	
process	but	 it	 could	not	be	done	without	 the	 fabrics	 that	are	used	 in	 the	 three	
different	sections.		
	
Lindberg	et.al	(n.d)	writes	that	the	most	energy	consuming	section	is	the	drying	
section.	 This	 section	 uses	 heat	 for	 water	 removal	 due	 to	 the	 relatively	 low	
dewatering	capacity	in	the	former	sections,	forming	and	pressing.	This	thesis	will	
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focus	on	 the	 forming	section	and	 the	 forming	 fabric	 (also	called	wire)	used	 for	
dewatering	 of	 the	 paper	 pulp.	 The	 forming	 fabric	 can	 have	 different	 weave	
structures	 which	 in	 particular	 ways	 can	 benefit	 the	 forming	 process.	 The	
problem	to	study	in	this	project	is	related	to	rewetting	that	is	water	going	back	
to	the	paper	after	the	forming	section.	This	is	a	disadvantage	because	it	will	give	
the	 paper	 lower	 dryness	 content.	 Lower	 dryness	 content	 leads	 could	 lead	 to	
higher	use	of	energy	 in	 the	next	sections.	Three	different	structures	of	 forming	
fabrics	are	chosen	to	study	if	some	of	them	have	a	lower	ability	to	give	rewetting.		
The	structures	are	2	double	layers	and	one	plain	weave.		

Literature	review		
The	literature	review	involves	basic	knowledge	in	the	papermaking	process	with	
focus	on	the	forming	section.		

Paper	making	
	
Paper	 is	 produced	 in	 a	 paper	 machine	 that	 consist	 of	 three	 main	 zones.	 The	
paper	 pulp	 is	 injected	 through	 a	 head	 box	 to	 the	 forming	 section.	 After	 the	
forming	section	the	paper	pulp	is	transported	to	the	press	section	and	at	last	to	
the	 drying	 section.	 Figure	 2	 shows	 the	 paper	 machine	 where	 the	 green	 zone	
shows	 the	 forming	 section,	 the	 blue	 zone	 shows	 the	 press	 section	 and	 the	 red	
zone	 shows	 the	drying	 section.	The	water	 is	 reduced	 in	 all	 three	 sections	with	
different	 functions.	The	purpose	 is	 to	have	as	 little	water	as	possible	 left	at	 the	
last	stage;	drying.	This	is	to	avoid	a	high	amount	of	energy	and	in	the	same	time	
have	a	well-formed	paper.	The	water	is	taken	away	by	different	mechanisms	for	
the	different	stages.	
	
Forming	section–	water	is	drained	by	gravity	and	the	suction	boxes.	
Pressing	section–	pressed	by	mechanical	forces.	
Drying	section–	the	remained	water	is	evaporated	by	heat.	
	
	
	

	
	
	

	
	
	
Figure	2,	Schematic	picture	of	a	paper	machine,	the	forming,	press	and	drying	section	
is	marked	(Albany	International).		
	
	

Drying	
section	

Press	
section	

	
Forming	
section	
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Forming	section	
The	 first	part	 in	 the	paper	machine	 is	 the	 forming	 section.	The	paper	 slurry	 is	
injected	through	a	head	box	to	the	forming	fabric,	which	is	illustrated	in	figure	3	
below.	Adanur	(1995)	writes	that	a	typical	content	in	the	paper	slurry	is	99.5	%	
water	and	0.5	%	paper	fiber.	The	purpose	of	the	forming	section	is	to	orient	the	
fibers	and	to	dewater	the	paper	pulp.	According	to	Fellers	&	Norman	(1996)	the	
dewatering	can	be	done	 in	 two	ways;	 filtration	and	thickening.	Filtration	 is	 the	
conventional	way	 to	 dewater	 the	 paper	 pulp.	 The	 filtering	 process	means	 that	
the	fibres	are	falling	down	at	the	wet	sheet,	one	at	the	time	while	building	on	a	
sheet,	 in	 the	 same	 time	 as	 water	 is	 being	 removed.	 Figure	 4	 illustrates	 this	
mechanism.	Thickening	means	that	highly	concentrated	mixture	is	building	up	a	
fibre	 network	 before	 the	 forming	 fabric	 in	 the	 head	 box.	 The	 fibre	 network	
becomes	 more	 three	 dimensional	 in	 the	 thickening	 process	 compared	 to	 the	
filtering	process	where	the	sheet	becomes	two-dimensional.		
	

	
	
Figure	3,	Flat	wire	machine	with	forming	fabric,	suction	boxes	and	paper	pulp.		
	
	
	

	 	
Figure	4,	show	the	building	of	a	fibre	mat	by	the	filtering	process	(Fellers	&	Norman	1996).	
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Figure	5,	Fiber	mat	built	up	by	thickening	process	(Fellers	&	Norman	1996).	
	
	
The	dryness	 content	 in	 the	end	of	 the	 forming	 section	 is	 typically	20wt-%	and	
this	can	be	seen	in	graph	1	below.		
	
It	 is	 important	 that	 the	 fibers	 in	 the	 paper	 pulp	 are	 well	 oriented.	 To	 avoid	
flocculation	 the	use	of	mechanical	 stress	or	 some	micro	 turbulence	 is	 common	
(Persson	1996	;	Theilander,	H.	et	al	2000).		
	

	
Graph	1,	shows	the	dryness	content	in	the	paper	after	X	seconds	in	each	section	of	the	paper	
machine,	forming,	press	and	dryness	section.	The	speed	of	the	machine	in	this	example	is	1000	
m/min	(Lindquist,	2010).	
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There	are	different	types	of	forming	sections	and	the	earliest	one	developed	was	
the	 flat	 wire	 machine.	 Picture	 2	 above	 is	 showing	 a	 flat	 wire	 section	 in	 the	
forming	 zone.	Normally	 this	 section	has	 rotating	 rolls	 under	 the	wire	 fabric	 to	
drive	the	fabric	forward,	all	 in	a	horizontal	plane.	The	dewatering	is	made	with	
the	help	of	gravity	and	suction	boxes	(Fellers	&	Norman	1996).	
	
	

	
	
Figure	6,	Schematic	figure	of	the	twin	wire	function	(Gavelin,	G.	1990).	
	
	
The	 twin	wire	 section	was	 developed	 in	 1950.	 The	 reason	 for	 developing	 this	
machine	was	to	be	able	to	reach	higher	speeds.	The	plane	wire	can	be	used	when	
paper	with	high	grammage	is	being	produced	and	low	speed	is	being	used.	The	
reason	 is	 that	 dewatering	 with	 suction	 pulse	 can	 be	 difficult	 to	 control	 with	
higher	speeds	(Gavelin,	G.	1990).		
	

Suction	boxes	
The	suction	boxes	are	positioned	under	the	forming	fabric	as	shown	in	figure	3.	
The	fabric	runs	over	the	suction	boxes	and	a	suction	pulse	is	utilized	towards	the	
paper	web.	The	water	is	removed	due	to	the	difference	in	pressure	between	the	
vacuum	 in	 the	 suction	 boxes	 and	 the	 ambient	 air	 pressure.	 The	 suction	 boxes	
have	slits	with	holes	and	the	vacuum	is	obtained	with	a	vacuum	pump	(Åslund	
2008;	Ramaswamy	2007).		
	
The	main	 characteristics	 in	 the	vacuum	dewatering	 zone	 is	both	air	 and	water	
that	 flows	 trough	 the	 wet	 state,	 which	 means	 that	 there	 is	 a	 two-phase	 flow	
(Ramaswamy	2007).	Åslund	(2008)	means	that	a	normal	suction	pressure	lies	in	
the	 range	 between	 15	 to	 40	 kPa.	 Under	 normal	 conditions	 a	 higher	 suction	
pressure	 allows	 for	 more	 water	 removal.	 The	 normal	 time	 for	 an	 effective	
suction	pulse	is	20	to	450	ms.		
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Ramaswamy	 (2007)	 means	 that	 the	 parameters	 affecting	 the	 vacuum	 box	
dewatering	process	are	the	vacuum	level,	air	flow	rate	and	dwell	time.	
	

Rewetting	in	the	forming	section	
The	 phenomena	 rewetting	 occurs	 both	 in	 the	 press	 and	 forming	 section.	 The	
paper	 web	 will	 absorb	 some	 of	 the	 water	 left	 in	 the	 forming	 fabric	 after	 the	
suction	zones.	The	rewetting	will	affect	the	dry	content	of	the	paper	sheet	when	
some	of	the	water	is	going	back	to	the	paper	sheet.	As	long	as	there	is	vacuum,	
the	water	will	be	kept	in	the	forming	fabric1.	Norman	(1987)	separates	rewetting	
into	 three	 parts,	 external,	 internal	 and	 separation	 rewetting,	 illustrated	 below.	
Internal	rewetting	means	water	going	back	 from	the	 felt	 into	the	web	after	 the	
press	nip	when	the	felt	 is	 taking	back	 its	shape	after	the	nip.	This	occurs	while	
the	pressure	is	decreasing.	
			
External	rewetting	is	when	the	water	is	going	back	to	the	web	from	the	felt	after	
the	press	nip	while	 they	are	 in	contact	with	each	other	 (Granevald	et.	al	2004;	
Norman	 1987).	 	 The	 pressure	 has	 decreased	 to	 zero	 at	 this	 point.	 Separation	
rewetting	is	referring	to	the	point	where	there	is	no	pressure	left	after	the	press	
nip	and	when	the	felt	and	paper	web	is	divided.	It	is	the	water	left	at	the	felt	face	
that	contributes	to	the	separation	rewetting	(Norman	1987).		This	master	thesis	
focuses	 on	 external	 rewetting	 in	 the	 forming	 section	when	 the	water	 is	 going	
back	to	the	web	from	the	forming	fabric	without	any	pressure.		
	
Åslund	(2008)	made	a	study	on	rewetting	and	its	affect	on	the	dry	content	of	the	
paper	web.	The	purpose	was	to	verify	that	rewetting	took	place	after	the	suction	
pulse;	this	was	detected	due	to	expansion	of	the	paper	web.	The	dry	content	of	
the	 paper	 web	 was	 determined	 after	 the	 suction	 pulse	 and	 was	 conducted	 to	
display	rewetting	and	no	rewetting.	To	display	rewetting	the	samples	was	taken	
away	after	6	seconds.		To	indicate	no	rewetting	the	samples	were	removed	after	
a	 preset	 time	 while	 still	 being	 exposed	 to	 vacuum.	 The	 result	 indicated	 that	
rewetting	occurred	for	both	mechanical	and	chemical	pulp.	Mechanical	pulp	gave	
a	 significant	 rewetting,	 a	 loss	 in	 dry	 content	 of	 the	 paper	 web	 at	 6%.	 The	
chemical	pulp	gave	a	higher	dry	content	and	a	 lower	rewetting;	 the	 loss	of	dry	
content	was	4-5%.	
	

Åslund	 (2008)	 concluded	 that	 external	 rewetting	 was	 minimized	 when	 using	
higher	suction	pressure	and	for	longer	suction	time.	The	reason	for	this	was	that	
higher	 suction	 pressure	 and	 longer	 suction	 time	 induced	 a	 higher	 flow	 of	 air	
through	the	paper	sheet	and	the	 forming	fabric.	This	 in	 turn	 lead	to	that	water	
moved	 from	the	 forming	 fabric	 into	 the	suction	boxes	giving	 less	water	 left	 for	
rewetting.	Fellers	&	Norman	(1996)	says	that	separating	the	felt	from	the	paper	
sheet	 directly	 after	 the	 press	 nip	 in	 the	 press	 section	 can	 reduce	 external	
rewetting.		
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Figure	7,	Internal,	external	and	separation	rewetting	in	the	press	section	(Åslund	2008).	

	

Granevald	 et.al	 (2004)	 studied	 the	 impact	 of	 different	 forming	 fabrics	
parameters	 on	 sheet	 solids	 content	 during	 high	 vacuum	 dewatering.	 The	 trial	
was	 made	 with	 10	 different	 forming	 fabrics;	 they	 had	 different	 caliper,	 void	
volume	 and	 air	 permeability.	 Caliper	 means	 the	 same	 as	 the	 thickness	 of	 the	
forming	 fabric,	 void	 volume	 is	 the	 volume	 not	 occupied	 by	 yarns	 and	 the	 air	
permeability	is	the	flow	of	air	through	the	forming	fabric.	One	of	the	conclusions	
was	 that	 varying	 forming	 fabric	 parameters	would	 affect	 the	 amount	 of	water	
available	for	rewetting.		

Sjöstrand	 et.al	made	 a	 study	 ’’Rewetting	 after	 high	 vacuum	 suction	 boxes	 in	 a	
pilot	 paper	 machine’’.	 The	 study	 contained	 several	 dryness	 measurements	
performed	at	different	distances	from	the	vacuum	box.	The	trial	was	conducted	
in	 a	 pilot	 paper	 machine.	 The	 trial	 was	 evaluated	 by	 dryness	 of	 the	 samples	
before	 and	 after	 0.05	 m	 from	 the	 vacuum	 box	 last	 slits.	 To	 understand	 the	
magnitude	of	the	rewetting	a	measurement	about	3.25	m	from	the	vacuum	box	
was	made,	 close	 to	 the	 couch	 roll.	 By	 the	 use	 of	NDC	paper	moisture	 analyzer	
near	to	the	couch	roll	one	could	keep	track	of	the	available	water	in	the	wire.	A	
NDC	paper	moisture	analyzer	can	determine	the	moisture	content	of	 the	paper	
sheet.	The	results	showed	that	varying	dwell	time	and	pressure	drop	would	not	
affect	the	rewetting	directly.	Dwell	time	means	an	episode	of	time	that	a	system	
can	 have.	 A	 higher	 dryness	 content	 of	 the	 paper	 will	 give	 a	 higher	 rewetting.	
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They	 concluded	 some	parameters	 in	 their	work	 and	 one	 of	 them	was	 that	 the	
maximum	measured	rewetting	observed	was	180	g/m2,	which	was	the	same	as	
6.1%	lower	dryness	content	of	the	paper.		

Åslund	(2008)	means	that	the	dryness	content	of	the	sheet	decreases	between	3-
6	 %	 because	 of	 rewetting.	 The	 study	 concluded	 that	 the	 amount	 of	 available	
water	in	the	wire	does	not	have	any	relationship	with	the	rewetting.	The	amount	
of	water	 left	 is	 always	 greater	 than	 the	 rewetting	 itself.	Most	 of	 the	 rewetting	
occurs	faster	than	30	ms.		

Press	section	
As	mentioned	 above,	 the	 second	 step	 in	 the	 papermaking	 process	 is	 the	 press	
section.	 Adanur	 (1995)	 writes	 that	 the	 press	 sections	 main	 functions	 are	 to	
consolidate	the	sheet,	give	texture	to	the	sheet	and	transfer	the	sheet	through	the	
press	section.	The	textile	used	for	the	transfer	of	the	paper	sheet	 is	a	press	felt	
which	often	are	a	non-woven	and/or	a	woven	structure.	
	
One	 or	 two	 rolls	 in	 the	 press	 section	 presses	 the	 paper	 pulp,	 as	 in	 picture	 8	
below.	The	dryness	content	after	the	press	section	is	approximately	40%	which	
graph	1	illustrates.			
	
	
	

	
	
Figure	8,	a	felt	is	pressed	between	a	top	press	roll	and	bottom	press	roll.	The	in	going-nip,	mid-
nip	and	outgoing-nip	is	illustrated	(Adanur	1995	p.	384).	
	

Drying	section	
The	last	step	in	the	paper	machine	is	the	drying	section,	which	removes	the	last	
water	 by	 evaporation	 from	 the	 paper	 pulp.	 The	 consistency	 of	 the	 dryness	
content	in	the	end	of	this	section	is	95	%,	which	can	be	observed	in	graph	1.	This	
is	 the	most	 energy	 consuming	 part;	 hence	 the	 use	 of	 heat	 energy	 is	 high.	 The	
paper	sheet	is	pressed	towards	heated	rolls	while	being	transported	on	a	dryer	
fabric;	picture	9	below	is	illustrating	this	(Adanur	1995).			
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Figure	9,	Schematic	picture	of	the	heated	rolls	in	the	dryer	section	with	the	dryer	fabric	and	
paper	sheet	(Adanur	1995	p.	385)	

Paper	pulp	
Paper	 pulp	 consists	 of	 different	 types	 of	 fiber	 cellulosic	 material	 like	 wood.	
Cellulose,	hemicellulose,	lignin	and	a	small	amount	of	extractives	chemicals	build	
up	the	wood.	Table	1	illustrates	the	content	of	softwood	and	hardwood	(Fellers	
&	Norman	1996).	
	
Table	1,	is	showing	the	contaminations	of	softwood	and	hardwood	(Fellers	&	Norman	1996).	
Wood	 Cellulose	 Hemicellulose	 Lignin	 Extractives	
Softwood	 42%	 27%	 28%	 3%	
Hardwood	 44%	 33%	 20%	 3%	
	
The	wood	cell	consists	of	long	cellulosic	chains.	The	chains	are	then	connected	to	
fibrils.	The	picture	shows	the	structure	of	the	fiber	wall.		
	

	
Figure	10,	schematic	picture	of	the	fiber	wall	(Träguiden	2016-07-28)	

Pulp	making	process	
To	make	paper,	the	first	step	is	to	uncover	the	fiber	in	the	wood	and	this	can	be	
done	 with	 different	 processes	 (Fellers	 &	 Norman	 1996).	 There	 are	 4	 ways	 to	
make	paper	pulp;	these	can	be	chemical,	mechanical	pulping,	chemi-mechanical	
or	 semi-chemical	 according	 to	 Biermann	 (1996).	 The	 process	 is	 chosen	
depending	 on	 which	 kind	 of	 properties	 the	 paper	 should	 have.	 The	 different	
processes	give	various	wood	exchanges.	Like	for	instance	mechanical	paper	pulp	
gives	high	wood	exchange	which	means	 that	about	93-96%	of	 the	wood	 is	 left	
(Fellers	&	Norman	1996;	Gavelin,	G	1990).			
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Biermann	(1996)	explains	that	the	chemical	method	involves	fiber	separation	by	
chemicals	for	instance	NaOH	or	NaHSO3.	The	chemicals	are	dissolving	the	lignin	
that	bonds	the	fibers	in	the	wood	together.	The	wood	exchange	for	the	chemical	
method	is	about	48-60	%	(Fellers	&	Norman	1996).		
	
The	fibers	can	be	dissolved	with	a	physical	act,	with	only	water	as	chemical,	this	
is	 the	mechanical	method	 (Biermann	1996).	 The	 use	 of	 heat	 and	moisture	 are	
separating	 the	 lamella	 from	 the	 primary	 wall,	 this	 in	 turn	 gives	 a	 free	 fiber	
(Fellers	&	Norman	 1996).	 The	 hydrogen	 bonding	 in	 the	 paper	 can	 be	 affected	
due	to	that	the	lignin	is	being	kept.	This	in	turn	gives	paper	with	lower	strength	
than	paper	made	by	the	chemical	way	(Biermann	1996).		According	to	Fellers	&	
Norman	(1996)	the	wood	exchange	for	the	mechanical	process	is	over	90	%.		
	
The	 chemi-mechanical	method	 is	 a	 two-step	 process.	 The	 first	 step	 is	 a	 gentle	
chemical	 process.	 The	 second	 step	 is	 an	 aggressive	mechanical	 process.	When	
using	 this	 two-step	 method	 the	 lignin	 is	 kept	 intact.	 When	 using	 the	 semi-
chemical	 method	 one	 uses	 two	 step-process	 which	 is	 a	 chemical	 method	
followed	by	a	mechanical	method.	(Biermann	1996).	
	
To	reach	the	best	features	of	the	paper	one	often	needs	to	use	additives,	like	for	
instance	 chalk,	 crayon,	 clay	 or	 talc.	 The	 size	 of	 the	 additives	 is	 about	 10	
micrometer,	which	can	be	seen	in	picture	8	below.	These	additives	will	give	the	
paper	 better	 optical	 features	 and	 increase	 their	 printability.	 It	 will	 also	 give	 a	
cheaper	material	hence	the	additives	is	cheaper	than	the	paper	itself.	As	always	
there	are	negative	aspects,	it	can	decrease	the	strength	of	the	paper.	To	increase	
the	loss	of	strength	one	can	use	dry	strength	agents	(Persson	1996).	
	

	
Figure	11,	size	of	the	additive	and	the	paper	fiber.	The	black	square	illustrates	the	mesh	of	the	
wire	(Fellers	&	Norman	1996).	
	
Retention	agents	are	often	used	in	the	process	and	have	two	functions;	to	keep	
the	 additive	 particles	 in	 the	paper	 and	 to	 distribute	 the	 additives	 in	 the	paper	
evenly.	Retention	agents	are	polymer	ions,	which	are	called	polyelectrolytes.	The	
polymer	 adsorbs	 to	 the	 surface	 of	 the	 additive	 and	 the	 paper	 fiber	 (Fellers	 &	
Norman	1996).		
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Forming	fabric	
Forming	 fabric	 is	 the	material	 that	 transports	 the	paper	pulp	 from	the	 forming	
section	 in	 the	machine	 to	 the	 press	 section.	 Neun	 (1994)	writes	 that	 different	
forming	 fabric	 styles	 will	 affect	 the	 papermaking	 process	 when	 it	 comes	 to	
formation,	retention	and	run	ability.	These	are	the	main	features	of	the	forming	
fabric;	
	

- Water	must	be	able	to	pass	through	the	construction	
- The	paper	sheet	should	be	supported	by	the	forming	fabric	
- It	conveys	the	sheet	from	the	forming	section	to	the	press	section	

	
The	fabric	is	a	woven	structure	and	has	threads	in	machine	direction	and	cross	
machine	direction	as	in	the	figure	below.	The	orange	dots	show	the	warp	yarns	
and	the	blue	line	shows	the	weft	yarn	(Weber	&	Bodbacka	1999).	
	
MD	direction	(machine	direction)-	warp	yarn	
CD	direction	(cross	direction)-	weft	yarn	
	

	
	
	
	
	
	

	
	
	
	
Figure	12,	the	machine	direction	and	the	cross	direction	is	marked.		
	
The	weave	 pattern	 can	 vary;	 the	most	 used	 are	 single	 layer,	 double	 layer	 and	
triple	 layer	 fabrics.	 The	 simplest	 construction	 is	 the	 single	 layer	 fabric	 and	 is	
often	called	a	plain	weave.	The	fabric	can	vary	with	different	amounts	of	yarn	in	
MD-direction	over	or	under	the	CD-inlay	yarn.	The	different	designs	are	called	2-
shed,	3-shed,	4-shed	and	5-sheed	etc.	 (ibid).	Below	 is	a	picture	of	2-shed	plain	
weave.	
	

	
	
	

	Figure	13,	above	picture	is	illustrating	a	plain	weave,	2-shed	1/1.	
	
Double	layer	fabrics	are	similar	to	the	plain	weave,	except	that	there	is	double	
layer	with	yarns	in	MD,	see	figure	14	below.	The	red	and	the	black	threads	lays	
above	each	other.	As	mentioned	for	plain	weave,	extra	inlay	yarn	in	MD	can	be	
used	and	this	gives	a	higher	open	area	(ibid).		
	
	
	

MD	

CD	

v	
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	Figure	14,	double	layer	fabric.	
	
Triple	 layer	 fabrics	 are	 basically	 two	 thread	 systems	 above	 each	 other.	 The	
layers	 bind	 together	 with	 an	 extra	 yarn	 in	 CD-direction.	 The	 manufacturing	
process	in	this	case	is	somewhat	more	complex	than	for	both	plain	weave	layers	
and	two	layers	(ibid).		
	 	
	

	
	
	
	
	
	
	

Figure	15,	triple	layer	fabric.	
	
The	forming	fabric	is	made	out	of	polyester	and	polyamide.	Polyester	is	used	in	
MD	direction	due	to	the	high	modulus	which	is	14	GPa	compared	to	polyamide	
which	is	6	GPa	(Black	1980).		
	
Polyamide	has	a	high	wear	 resistance	compared	 to	polyester;	hence	 this	 is	 the	
reason	why	polyamide	is	used	at	the	wear	side.	Polyamide	is	only	used	in	every	
other	thread	on	the	wear	side	due	to	high	water	absorption,	which	in	turn	leads	
to	 less	 stiffness	and	strength.	The	side	 that	 transport	 the	paper	 is	 called	paper	
side	and	the	side	lying	towards	the	machine	is	called	the	wear	side.	The	pulp	is	
transported	 at	 the	 paper	 side	 while	 going	 through	 the	 machine	 (Weber	 &	
Bodbacka	1999).		

Features;	forming	fabric	
The	forming	fabric	has	different	features	that	affect	the	dewatering	process	and	
the	ability	for	the	fabric	to	transport	the	paper	pulp.	This	study	will	focus	on	five	
different	 characteristics;	 void	 volume,	 air	 permeability,	 drainage	 index,	 fiber	
support	index	and	open	area.	These	are	important	parameters	when	it	comes	to	
controlling	the	capacity	of	the	forming	fabrics	inside	(Granevald	et.al	2004).		
	

Void	volume	
“Void	volume	 is	 the	volume	not	occupied	by	yarns	 in	 the	 fabric	volume”	 (Adanur	
1995,	p.392).	The	dimension	for	void	volume	is	mm3/mm2.	The	percentage	can	
also	be	used	to	define	the	amount	of	void	volume.	When	measuring	in	mm	it	 is	
the	height	of	the	pores	that	is	measured	(Weber	&	Bodbacka,	1999).	
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Air	permeability	
The	 ability	 for	 the	 air	 to	 flow	 through	 the	 forming	 fabric	 is	 called	 air	
permeability.	 The	measurement	 for	 it	 is	 ‘’cubic	 feet	per	minute	CFM	per	 square	
foot	 of	 fabric	 at	 ½	 water	 column	 pressure	 drop’’	 (Bongers	 &	 Perfect	 n.d).	 Air	
permeability	 is	 a	 control	 of	 the	 homogeneity	 of	 the	 fabric.	 Hence	 the	 forming	
fabric	can	have	several	layers.	It	is	not	recommended	to	use	it	as	an	indicator	on	
how	 much	 water	 the	 fabric	 will	 drain.	 More	 than	 one	 layer	 will	 lead	 to	 a	 V-
shaped	outlet	and	this	gives	an	improper	measurement.	

Fibre	support	index	
The	 fibre	 support	 index	 determines	 the	 fibre	 support	 of	 the	 forming	 fabric	
towards	the	paper	sheet	 	(Bongers	&	Perfect	n.d).	 It	 is	an	 important	parameter	
when	 it	 comes	 to	 sheet	 forming.	 The	 fibre	 support	 index	 can	 be	 calculated	 as	
below:	
	
FSI	=	K/(K+1)	x	(aN+2bNc)	
	
K	=	fibre	angle	distribution	constant	
	
a	=	MD	assistance	coefficient	
b	=	CD	assistance	coefficient	
Nc	=	amount	of	CD	yarns	
Nm	=	amount	of	MD	yarns	(Bongers	&	Perfect	n.d).	
	

Drainage	index	
The	drainage	index	determines	the	forming	fabrics	drain	speed.	A	low	drainage	
index	will	give	a	low	drainage	speed.	The	equation	appears	as	below;	
	
DI	=	(bPa	Nc	)/1000	
	
b	=	CD	assistance	coefficient	
Pa	=	air	permeability	of	the	fabric	
Nc	=	amount	of	CD	yarns	
	

Open	area	
According	to	Adanur	(1995)	open	area	indicates	the	straight	through	drainage	in	
the	wire.	 In	 some	cases	 there	are	no	 straight	 through	drainage,	 for	 instance	 in	
some	 two	 layer	 designs.	 The	 drainage	 path	 is	 important	 when	 choosing	 the	
forming	fabric	design	for	the	machine	hence	it	determines	the	orientation	of	the	
fibres	 in	 the	 sheet.	 As	 in	 the	 picture	 below,	 it	 shows	 that	 the	 straight	 through	
drainage	is	different	depending	on	if	it	is	a	single	or	a	two-layer	fabric.	The	single	
layer	has	a	 straight	 through	path	while	 the	double	 layer	often	have	an	angular	
drainage	but	it	can	also	have	straight	through	drainage.		
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Figure	16,	the	drainage	path	of	a	single	and	double	layer	forming	fabric,	(Adanur	1995).	

Surface	chemistry	
The	ability	for	a	surface	to	retain	or	not	retain	water	is	important	when	making	
paper.	The	water	 left	 in	the	forming	fabric	can	easily	absorb	back	 in	the	paper,	
which	 can	 create	 problems	 related	 to	 higher	 energy	 consumption.	 There	 are	
different	mechanisms	that	affect	this	ability,	which	are	described	below.	

Surface	tension	
The	 surface	 tension	 can	 be	 described	 as	 ‘’the	 work	 required	 to	 create	 a	 new	
surface’’	 (Cowie	 &	 Arrighi	 2008).	 It	 can	 also	 be	 described	 using	 force	 as	 a	
parameter;	 ‘’surface	tension	is	the	force	per	unit	 length	that	acts	perpendicularly	
to	every	line	that	can	be	drawn	at	the	surface’’	(Bolton	2008).		
	
	

Contact	angles	
To	determine	the	surface	energy	of	a	solid	surface	one	can	measure	the	contact	
angle	 of	 a	 liquid	 phase.	 The	 angle	 is	 measured	 by	 putting	 a	 drop	 on	 a	 solid	
surface.	 Thomas	 Young	 described	 the	 equilibrium	 state	 by	 a	 formula	 called	
Youngs	equation.	The	 formula	can	be	seen	below	(Bolton	2008;	Garbassi	et.	al,	
2002),		
	

𝛾!" −  𝛾!" =  𝛾!" 𝑐𝑜𝑠𝜃	
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Where	𝜃	is	 the	 equilibrium	 contact	 angle.	 	 l,	 v	 and	 s	 stands	 for	 liquid	 vapour,	
solid	and	vapour.	The	equation	requires	that	the	surface	tension	for	the	liquid	is	
known.	
	
	
	
	
	
	
		
Figure	17,	a	drop	on	a	solid	material.	
	

Capillarity	
Capillarity	 can	 affect	 highly	porous	 or	woven	 structures.	 In	 this	 case	 there	 are	
basically	two	things	that	affect	the	liquid	phase,	this	is	the	adhesive	force	and	the	
difference	between	the	bulk	and	the	meniscus	pressure.	The	meniscus	pressure	
means	 that	 the	pressure	 is	 lower	 in	 the	 capillary	 than	 in	 the	bulk	of	 the	 liquid	
phase	 (Cowie	 &	 Arrighi	 2008;	 Finn	 1974).	 Figure	 18	 below	 illustrates	 the	
capillarity	affect	of	a	 liquid	phase.	The	 forming	 fabric	 is	a	woven	structure	and	
can	get	get	affected	by	capillarity.	Some	of	the	water	will	stay	in	the	pores	of	the	
woven	structure.		

	
	
Figure	18,	illustrating	the	capillarity	affect,	which	involves	adhesion	between	the	liquid	and	the	
solid	phase.		It	is	cohesion	between	the	molecules.	
	

Wicking	
Benltoufa	 et.al	 (2008)	 studied	 wicking	 that	 can	 be	 explained	 as	 a	 textile	 or	
material	that	transfer	liquid	by	capillary	action.	The	study	involved	four	samples	
of	knitted	jersey	in	cotton	material	with	different	characteristics.	The	aim	was	to	
survey	how	the	samples	micro	and	macro	structure	got	affected	by	capillary	rise.	
Four	samples	were	dipped	in	water	to	see	how	high	the	water	raised	at	different	
times	until	equilibrium	was	reached.		
	

Solid	

Liquid	Θ	
𝛾!"	

𝛾!" 	 𝛾!" 	
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Benltoufa	 et.al	 (2008)	 observed	 that	 the	 liquid	 diffused	 more	 quickly	 in	 the	
macro	channels	but	higher	in	the	micro	channels.	The	liquid	diffuses	first	in	the	
macro	channels	and	then	in	the	micro	channels	for	fabrics	like	in	this	case.	It	was	
also	 written	 that	 it	 is	 difficult	 to	 fully	 understand	 wicking	 of	 textile	 materials	
from	the	complex	structures	of	different	pores.	This	project	investigates	forming	
fabrics	with	 both	 large	 and	 small	 pore	 structures.	 It	 is	 possible	 that	 the	 liquid	
diffuses	 faster	 for	 the	 tested	 structure	with	 larger	pore	 structure	but	more	 for	
the	structure	with	the	smaller	pore	sizes.		

Porous	media	
The	 forming	 fabric	 can	 be	 described	 as	 a	 porous	media	 and	 the	 flow	 of	water	
through	the	fabric	can	be	the	flow	through	the	porous	media.	In	reality	there	is	
both	 flow	of	water	 and	air	 through	 the	 forming	 fabric	when	 it	passes	over	 the	
suction	box.	

Flow	through	porous	media	
According	 to	 Scheidegger	 (1960)	 pores	 can	 be	 described	 as	 voids	 and	 is	
distributed	 frequently	 in	 the	 media.	 The	 voids	 can	 be	 non-interconnected	 or	
interconnected.	Hence	 the	 fluid	 can	 only	 pass	 through	 if	 the	 voids	 are	 at	 least	
partly	interconnected.		The	pores	can	be	ordered	or	disordered.	They	can	also	be	
dispersed	or	connected.		

Problem	statement	
The	 paper	 pulp	 goes	 through	 the	 paper	 machine	 lying	 on	 the	 forming	 fabric,	
while	water	 is	 drained	 through	 the	wire	with	 the	 help	 of	 gravity	 and	 vacuum	
boxes.	 The	 fabric	 will	 keep	 some	 of	 the	 water	 inside	 its	 structure,	 because	 of	
capillarity.	The	hypothesis	 is	 that	water	will	be	kept	 in	 the	 fabric	especially	 for	
those	with	small	pores,	which	in	turn	should	lead	to	less	rewetting.	An	important	
parameter	 is	 the	 dryness	 content	 of	 the	 finished	 paper.	 To	 investigate	 which	
forming	fabric	that	gives	the	highest	dryness	content	a	vacuum	test	was	made.	It	
is	interesting	to	observe	if	the	dryness	content	correlate	with	the	forming	fabric	
that	 in	 theory	 should	 give	 less	 rewetting.	 The	 ability	 of	 the	 fabric	 to	 transport	
water	 is	called	wicking.	 If	 the	 forming	 fabric	has	 low	ability	 to	 transport	water	
the	theory	is	that	it	have	less	water	to	give	to	the	paper.	The	focus	in	this	thesis	is	
the	pore	sizes	of	the	fabric	so	it	is	of	interest	to	explore	if	the	different	pore	sizes	
affect	the	wicking	ability.		

Research	questions	
How	 is	 the	degree	of	 rewetting	determined	by	 the	pore	 structures	 in	 the	 forming	
fabric?		
How	 does	 the	 dryness	 content	 of	 the	 paper	 get	 affected	 by	 varying	 the	 weave	
structures	after	a	vacuum	box?	
Does	different	pore	sizes	in	the	forming	fabric	affect	the	wicking	ability?	

Limitations	
The	samples	that	will	be	used	are	made	at	Albany	International	on	their	weaving	
machines.		
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The	 method	 is	 limited	 to	 available	 equipment	 at	 Albany	 International	 in	
Halmstad,	Karlstad	University	and	The	Swedish	School	of	Textiles	in	Boras.	
The	 focus	will	be	on	 looking	at	 construction	parameters	of	 the	 forming	 fabrics	
rather	 than	 the	material	 properties.	 The	 parameters	 are	 air	 permeability,	 void	
volume,	thickness,	fibre	support	index	and	drainage	index.	

Experimental	part		
Three	different	forming	fabrics	were	used	in	this	project	based	on	the	conclusion	
made	in	the	trial	from	Granevald	et.al	(2004).	The	conclusion	is	that	varying	the	
forming	 fabric	 parameters	 would	 affect	 the	 amount	 of	 water	 available	 for	
rewetting.		The	main	test	was	to	evaluate	the	forming	fabrics	ability	to	maintain	
or	give	away	water	(rewetting).	To	fully	understand	the	theory	and	the	subject	of	
rewetting	 four	 different	 investigations	was	 conducted.	 There	was	 also	 a	micro	
tomography	 conducted	 to	 evaluate	 the	 structure	 of	 the	 forming	 fabrics.	 The	
experimental	 part	 is	 based	 on	 articles	 and	 books	 from	 the	 literature	 study.	 In	
table	2,	 the	air	permeability	values,	void	volume,	thickness,	 fiber	support	 index	
and	drainage	 index	are	 from	the	 three	chosen	 forming	 fabrics.	The	parameters	
are	standard	data	from	Albany	International.		
	
Table	2,	Forming	fabric	parameters	
Forming	
fabric		

Air	
permeability	
(CFM)	

Void	
volume	
(%)	

Thickness	
(mm)	

Fiber	support	
index		

Drainage	
index	

X	 409	 0.58	 0.75	 234	 4.58	
Z	 344	 0.56	 0.70	 174	 4.1	
Q	 575	 0.44	 0.95	 48	 10.9	
	

Micro	tomography	
A	micro	 tomography	was	 conducted	 to	 evaluate	 the	 structures	 of	 the	 forming	
fabrics,	 with	 respect	 to	 open	 area	 and	 pore	 sizes.	 Micro	 tomography	 is	 a	
technique	 that	 creates	 cross	 sections	 images	 of	 an	 object	 in	 a	 3D-model.	 To	
create	these	cross	sections	the	equipment	uses	X-ray	beam	(Landis,	N.	E,	Keane,	
T.	D,	(2010)).	The	micro	tomography	was	conducted	at	Albany	International	AB	
in	Halmstad.	 For	 the	 characterization	Micro	 tomography	 equipment	was	 used,	
Skyscan	 Material	 Testing	 Stage	 from	 Bruker.	 The	 resolution	 was	 set	 to	 small	
pixels	 and	 4.69-μm-pixel	 size.	 Every	 sample	 was	 cut	 into	 10x10	mm	 size;	 the	
volume	of	interest	(analyzed	sample	size)	was	4.7	mm	x	4.7	mm	x	3.4	mm	of	the	
fabric.	All	samples	were	placed	in	the	micro	tomography	one	at	the	time.		

Wicking	test,	1	
The	wicking	test	was	conducted	to	observe	how	much	water	the	three	different	
forming	 fabrics	 would	 absorb	 in	 a	 specific	 time.	 The	 samples	 were	 cut	 into	
pieces,	which	were	approximately	4x6	cm.	All	of	the	forming	fabrics	were	placed	
at	 the	 same	 time	 in	 a	 container	 filled	 with	 colored	 water.	 The	 fabrics	 was	
standing	up	in	a	horizontal	planes.		The	height	of	the	water	was	about	1	cm.	The	
time	was	set	to	10	min	and	then	a	photo	was	taken.	All	of	the	samples	were	left	
in	the	container	for	further	6	hours.	
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Figure	19,	sample	Q,	Z	and	X	in	a	container	with	water	and	color.	

Wicking	test,	2	
A	trial	was	performed	to	evaluate	the	wicking	properties	of	the	forming	fabrics.	
Every	sample	was	cut	 into	pieces	 in	 the	size	of	5x10	cm.	All	 the	 three	samples	
was	marked	every	centimeter.	All	the	samples	were	dipped	into	a	liquid	solution	
containing	 1	 liter	 colored	 water.	 These	 samples	 were	 put	 in	 the	 water	 for	 5	
seconds	and	only	the	top	of	about	1	mm	was	inserted	in	the	water.	After	the	dip	
the	samples	were	held	in	the	air	for	one	minute.	A	photo	was	then	taken	on	each	
sample	 to	 visualize	 how	 much	 water	 that	 was	 being	 swept	 up.	 The	 trial	 was	
repeated	three	times	for	each	design.		

Vacuum	dewatering	and	its	impact	on	sheet	solid	content	
The	vacuum-dewatering	 test	was	performed	at	Karlstad	University	 in	Karlstad.	
The	paper	pulp	was	made	by	a	PFI-mill.	The	mill	was	used	 to	divide	 the	paper	
pulp	 into	 paper	 slurry.	 Table	 3	 below	 shows	which	pulp	 that	was	 used,	which	
revolutions	and	beating	degree	that	was	used	when	making	the	paper	pulp.	To	
get	 a	 paper	 sheet	 that	 is	 100	 g/m2,	 the	 paper	 was	 produced	 with	 a	 slurry	
concentration	of	2	g/l	and	1330	ml	slurry	per	sheet.	Grammage	dry	means	that	
the	produced	paper	being	dry	is	100	g/m2.	The	paper	sheet	diameter	and	fabric	
sheet	 diameter	 was	 chosen	 to	 fit	 the	 vacuum	 dewatering	 zone.	 These	 three	
parameters	 can	be	 found	below.	The	volume	of	 the	vacuum	 tank	was	300	dm3	

and	can	impact	the	dewatering	capacity.		
	
Table	3,	important	parameters	for	
the	experiment	

	

Pulp	 Softwood	Pulp	
PFI	revolutions	 Unbeaten	
Beating	degree	 15	SR	
Grammage	dry		 100	g/m2	

Slurry	concentration	 2	g/l	
Slurry	per	sheet	 1330	ml	
Sheet	diameter	 184	mm	
Fabric	diameter	 196	mm	
Vacuum	zone	diameter	 178	mm	
Volume	of	vacuum	tank	 300	dm3	

	
A	sheet	was	prepared	 in	a	hand	sheet	mold	at	Karlstad	University	by	placing	a	
circular	 forming	 fabric	 in	 the	mold.	 To	 get	 the	 desired	 grammage	 of	 the	 sheet	
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(100	g/m2)	an	amount	of	1330	ml	slurry	was	added	to	the	mold	with	additional	
tap	water	to	give	a	mixture,	which	in	turn	gives	an	even	paper	sheet.	The	amount	
of	slurry	was	calculated	with	following	formula;	
	
	𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑔𝑟𝑎𝑚𝑚𝑎𝑔𝑒 𝑏𝑜𝑛𝑒 𝑑𝑟𝑦 ∙ !"#$%&' !!!!" !"#$%&%'

!"#$%#&'(&)"# !"#$$%
=  𝑠𝑙𝑢𝑟𝑟𝑦 𝑣𝑜𝑙𝑢𝑚𝑒	

	
A	 mechanical	 device	 was	 then	 stirring	 the	mixture	 two	 times.	 The	 water	 was	
then	 being	 drained	 from	 the	 sheet	 former.	 After	 the	 sheet	 former	 section,	 the	
forming	 fabric	 together	with	 the	paper	 sheet	 on	 top	was	moved	 to	 the	 sample	
holder	 of	 the	 vacuum	 dewatering	 apparatus.	 The	 equipment	 can	 be	 seen	 in	
picture	 21.	 To	 obtain	 the	 desired	 dwell	 time	 one	 used	 a	 plate	 and	 two	 linear	
drives	with	a	servomotor.	The	plate	had	a	slot,	which	was	5	mm	in	diameter.	The	
plates	were	moved	to	 its	end	position	before	each	trial,	while	 the	vacuum	tank	
was	being	emptied	to	the	right	vacuum	level.	The	dwell	time	was	set	to	10	ms.	A	
signal	 from	 the	 pressure	 transducer	was	 logged	 for	 each	 trial.	 Three	 different	
forming	fabrics	were	used	and	the	trial	was	repeated	four	times	for	each	design.	
The	trial	was	conducted	in	room	temperature	at	20°C.	
	

	
	
Figure	20	shows	the	vacuum	dewatering	equipment,	1:	plate	with	slit,	2:	Linear	unit,	3:	Servo	
motor,	4:	Vacuum	pump,	5:	Sample	holder,	6:	Pipe	7:	Vacuum	tank,	8:	Pressure	transducer,	9:	
Operating	panel,	Rickard	Granevald,	Karlstad	University.	
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After	the	paper	sheet	was	dewatered	in	the	vacuum-dewatering	device	a	part	of	
the	 paper	 samples	were	 scraped	 away	 from	 the	 forming	 fabric.	 There	was	 an	
inner	circle	with	the	diameter	of	8	cm	that	was	left	and	being	used	for	evaluating	
the	trial.	Every	paper	sample	was	then	left	in	a	small	pot	and	then	in	oven	with	
100	 degrees	 for	 about	 12	 hours.	 All	 of	 the	 paper	 samples	 with	 the	 pot	 were	
weighed	before	(wet)	and	after	(dried).	

Foulard	trial		
A	 test	 was	 performed	 to	 evaluate	 the	 ability	 for	 the	 three	 different	 forming	
fabrics	 to	 take	 in	 or	 not	 take	 in	 liquid	 while	 being	 exposed	 to	 pressure.	 The	
pressure	 should	 simulate	 the	 vacuum	 box.	 The	 test	 was	 conducted	 at	 The	
Swedish	School	of	Textiles	in	Boras.	The	three	different	forming	fabrics	were	cut	
into	the	same	sizes,	17x10	cm.	Three-paper	sheets	were	cut	into	the	same	size	as	
the	forming	fabrics,	17x10	cm.	The	grammage	of	the	paper	sheet	was	80	g/m2.	
The	trial	was	performed	in	a	laboratory	environment	with	21.7	degrees	Celsius	
and	a	relative	humidity	of	41%.		
	
One	forming	fabric	with	a	paper	sheet	on	top	(called	laminate)	was	then	put	into	
water	to	become	soaked.	The	temperature	of	the	water	was	21	degrees	Celsius.	
The	 laminate	 was	 then	 weighed	 on	 a	 scale	 (electronic	 balance	 HX-T).	 The	
laminate	was	 then	 put	 into	 a	 foulard	with	 the	 speed	 of	 1	m/min	 and	with	 an	
applied	pressure	of	2	bars.	Mathis	manufactured	the	foulard	and	the	model	name	
was	CH-8156.	The	 rollers	 length	was	35	 cm	and	 the	diameter	was	10	 cm.	The	
material	 of	 the	 rollers	 was	 rubber.	 Then	 the	 sample	was	 once	 again	weighed.	
This	 was	 repeated	 until	 the	 samples	 reached	 equilibrium.	 When	 the	 weight	
appeared	to	be	stabilized	it	was	judged	that	the	equilibrium	was	reached.		
	
When	 the	 samples	 were	 judged	 to	 have	 reached	 equilibrium	 the	 trial	 was	
extended.	After	weighing	the	laminate	the	forming	fabric	alone	was	weighed	and	
also	 the	 paper	 sheet	 alone.	 The	whole	 test	 was	made	 in	 the	 same	way	 for	 all	
three	constructions.	
	
The	 last	 step	 after	 the	 equilibrium	 was	 reached	 the	 trial	 was	 repeated	 three	
times	for	each	construction.		
	
The	weight	for	each	wire	and	each	paper	sheet	are	shown	in	the	table	below:	
	
Table	4,	weights	for	forming	fabrics	and	paper	sheet	
Wire	 Q	 Z	 X	
Weight	wire	 9.41	g	 6.81	g	 6.32	g	
Weight	paper	
sheet	

1.38	g	 1.36	g	 1.35	g	
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An	Anova	test	was	performed	on	the	result	from	the	foulard	test.	The	reason	was	
to	evaluate	if	there	was	any	statistical	difference	between	the	wires.		

Results		

Micro	tomography	
The	 results	 from	 the	 micro	 tomography	 can	 be	 found	 below.	 The	 aim	 was	 to	
understand	 the	 3	 different	 forming	 fabrics	 structures.	 Open	 area	 graphs,	 pore	
size	 distribution	 graphs	 and	 pictures	 can	 be	 found	 below	 for	 every	 forming	
fabric.		
	
	
Sample	Z	

	
Figure	21,	sample	Z	from	micro	tomography.	
	
The	above	picture	is	taken	from	sample	Z	and	it	shows	the	structure,	which	is	a	
double	 layer.	The	top	layer	is	a	plain	weave	1/1	and	the	bottom	layer	is	a	1/4-
shed.		
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Graph	2,	open	area	graph	versus	fabric	depth.	
	
	An	open	area	graph	for	sample	Z	is	shown	above.	The	graph	shows	fabric	depth	
versus	percentage.	The	open	area	indicates	the	straight	though	drainage.	It	gives	
an	 indication	 on	 how	 the	water	will	 be	 drained	which	 have	 importance	 in	 the	
paper	making	process.	The	open	area	varies	depending	on	which	structure	it	is.	
One	 can	 observe	 that	 the	 open	 area	 varies	 approximately	 between	 31-83%	
depending	on	where	 in	 the	 structure	 the	measurements	 are	made.	The	 reason	
for	this	is	because	of	the	change	in	structure	of	the	forming	fabric.	This	structure	
is	a	double	 layer	 fabric	and	will	most	 likely	not	give	a	straight	drainage	part	of	
the	water	through.		

	
Graph	3,	pore	size	distribution	versus	fabric	depth.	
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The	 pore	 size	 distribution	 graph	 above	 shows	 that	 the	 value	 varies	 between	
approximately	 42-219	 𝜇𝑚. The	 pore	 sizes	 can	 vary	 depending	 on	 weave	
structure.	The	pore	sizes	affect	 the	drainage	of	 the	water.	 It	 can	also	affect	 the	
ability	 of	 the	 fabric	 to	 give	or	not	 give	 rewetting.	 There	 are	 two	 curves	 at	 this	
graph	and	 the	 lowest	 value	 for	 the	pore	 sizes	 is	 for	 the	bottom	 layer.	There	 is	
also	a	curve	at	the	top	layer	with	a	value	of	74	𝜇𝑚.	
	
Sample	X	

	
Figure	22,	sample	X	from	micro	tomography.	

Sample	X	is	shown	above	taken	in	the	micro	tomography.	This	forming	fabric	has	
a	 double	 layer	 structure	with	 a	 plain	weave	1/1	on	 top.	The	bottom	 layer	 is	 a	
1/3-shed	with	inlay	yarns.	
	

	
	
Graph	4,	open	area	graph	versus	fabric	depth.	
	
The	 above	 graph	 is	 showing	 the	 fabric	 depth	 in	 mm	 versus	 open	 area	 in	
percentage.	 The	open	 area	 varies	 between	32-81%	depending	on	how	deep	 in	
the	fabric	the	measurement	is	made.	The	lowest	measured	open	area	is	on	top	at	

-0,8	

-0,7	

-0,6	

-0,5	

-0,4	

-0,3	

-0,2	

-0,1	

0	
0	 20	 40	 60	 80	 100	

De
pt
h[
m
m
]	

Open	area	[%]	



29 | P a g e  
 

the	fabric	where	the	1/1	shed	appears.	This	lower	value	can	give	lower	drainage	
ability	in	this	area.	The	drainage	path	for	this	fabric	is	not	straight	due	to	that	it	is	
a	double	layer	structure.		
	

	
	

Graph	5,	pore	size	distribution	versus	fabric	depth.	
	
The	graph	 for	pore	size	distribution	 is	shown	above.	The	value	varies	between	
44-234	𝜇𝑚.	The	minimum	value	is	in	the	top	layer	of	the	structure.	There	is	also	
a	curve	in	the	bottom	layer	of	the	structure.	The	pore	size	shows	that	the	value	is	
73	𝜇𝑚	in	 this	 area.	 The	 lower	 value	 for	 the	 forming	 fabric	 on	 top	 gives	 most	
likely	a	lower	ability	for	the	water	to	be	drained	compare	to	the	rest.	The	reason	
for	having	this	dense	structure	is	because	it	gives	an	even	paper.		
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Sample	Q	

	
Figure	23,	sample	Q	from	micro	tomography.	

 

The	above	picture	is	showing	sample	Q,	where	one	can	see	a	simple	plain	weave	
structure	1/1	with	circular	yarns.	
	
	
	

	
Graph	6,	open	area	graph	versus	fabric	depth.	
	
The	diagram	is	showing	the	open	area	 in	percentage	versus	the	fabric	depth	 in	
mm.	The	open	area	is	varying	approximately	from	30-70%.	The	curve	is	rather	
even	and	the	lowest	value	appears	to	be	in	the	middle	of	the	fabric.	A	lower	value	
in	the	middle	gives	a	lower	ability	for	the	water	to	be	drained.	This	graph	shows	
a	straight	through	drainage	path.	The	reason	for	this	is	the	structure,	which	is	a	
plain	weave.		
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Graph	7,	pore	size	distribution	versus	fabric	depth.	
	
The	graph	from	above	is	showing	the	mean	pore	size	in	micrometer	versus	the	
fabric	depth	 in	micrometer.	The	variation	 lies	between	95-400	𝜇𝑚.	 The	 lowest	
value	is	placed	in	the	middle	where	the	forming	fabric	is	compacted	by	yarns.		
	
The	graphs	and	pictures	above	give	some	indication	on	how	they	will	behave	in	
the	paper	making	process.	Both	structure	Z	and	X	is	having	the	dense	parts.	The	
low	 pore	 size	will	 affect	 the	 ability	 of	 the	water	 to	 be	 drained	 and	 give	 lower	
drain	 ability	 in	 those	 areas.	 They	 differs	 somewhat,	 sample	 Z	 have	 its	 densest	
structure	(lowest	pore	size)	in	the	bottom	layer	while	sample	X	is	densest	in	the	
top	 layer.	This	means	that	the	water	most	 likely	can	be	drained	easily	with	the	
once	made	with	sample	Z,	at	least	until	the	water	is	within	the	fabric.	To	have	a	
higher	 pore	 size	 on	 top	 can	 be	 a	 disadvantage	 hence	 the	 paper	 can	 become	
uneven.	 In	 this	 case	 there	 is	 impossible	 to	 determine	which	 is	 bad	 or	 good,	 it	
depends	on	which	type	of	paper	that	is	going	to	be	produced.	Sample	Q	have	the	
highest	pore	size	and	this	will	most	likely	give	a	high	ability	to	drain	the	water.	It	
is	also	a	single	layer,	which	gives	a	straight	path	for	the	water.	This	is	better	in	
terms	 of	 drainage.	 The	 disadvantage	 is	 that	 higher	 pore	 sizes	 do	 not	 function	
well	to	make	fine	paper.	The	fine	papers	can	become	uneven	due	the	high	pores.	
It	can	be	important	to	mention	that	high	drainage	can	mean	less	use	of	vacuum	
energy.	Sample	Q	can	benefit	the	process	with	less	energy	use.		
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Wicking	test,	1	
The	height	of	the	colored	water	at	the	forming	fabrics	was	after	ten	minutes	at	1	
cm,	the	same	height	as	when	the	trial	started.	The	samples	were	left	for	further	6	
hours	 and	 no	 change	 in	 height	 was	 detected.	 An	 observation	 showed	 a	 small	
change	in	height	for	sample	Z,	about	1	mm.	The	trial	was	stopped	after	6	hours	
hence	the	forming	fabrics	small	ability	to	soak	up	water.		

Wicking	test,	2	
	
	

	
Figure	24,	test	for	sample	X.	
	
The	samples	above	are	showing	a	significant	uptake	 in	the	water.	The	first	and	
the	second	sample	shows	that	 the	samples	have	been	wet	about	1	cm.	The	 last	
sample	 is	 slightly	 lower	but	 still	 in	 the	 same	range	of	 the	 former	 samples.	The	
final	score	lies	between;	0.5-0.9	cm.		
	
	

															 	
Figure	25,	test	for	sample	Z.	
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Results	above	 from	sample	Z	shows	a	rise	 in	height	 from	the	water	with	color.	
Sample	one	and	two	have	a	rising	height	of	about	0.4	cm	while	sample	two	lies	at	
about	0.8	cm.	The	final	score	lies	in	the	range	of	0.4-0.8	cm.	
	

											 			
Figure	26,	test	from	sample	Q.		
	
The	 tests	 for	 sample	 Q	 can	 be	 observed	 above.	 They	 have	 a	 significant	 rise	 in	
height	with	water	and	color.	The	results	lie	in	the	range	0.3	to	0.4	cm.	The	final	
score	is	0.3-0.4	cm,	which	is	the	lowest	score.		
	
All	 the	 three	 samples	 went	 through	 the	 same	 procedure	 and	 can	 then	 be	
comparable.	 It	 shows	 that	 sample	 Q	 that	 had	 the	 highest	 pore	 sizes	 have	 the	
lowest	 ability	 to	 take	 up	water.	 Both	 sample	 Z	 and	 X	 got	 a	 score,	which	were	
close	 to	each	other.	By	 taking	 the	measure	 insecurity	 into	account	one	can	say	
that	their	results	are	even.		

Vacuum	dewatering	and	its	impact	on	sheet	solid	content	
	
Results	from	the	vacuum	dewatering	can	be	found	below	in	table	5.	The	different	
rows	are	speed,	dwell	time,	sample	number,	type	of	 forming	fabric,	mass	pot	&	
wet	sheet,	mass	pot	&	dry	sheet,	mass	pot,	solid	content	 in	percentage	and	dry	
mass	 paper	 pulp.	 The	 most	 important	 parameter	 here	 is	 the	 solid	 content	 in	
percentage	due	to	this	shows	the	ability	of	the	forming	fabric	to	drain	water.	A	
high	dryness	 content	means	exceptional	dewatering	ability.	The	 forming	 fabric	
does	not	only	affect	the	dewatering,	the	vacuum	zone	has	a	big	impact.	With	an	
exceptional	forming	fabric	there	is	chance	that	less	energy	need	to	be	used	in	the	
forming	 section,	 less	 energy	 means	 cheaper	 process.	 The	 different	 forming	
fabrics	shows	a	different	average	for	the	solid	content	in	the	paper	sheet;	sample	
X	=	26.25%,	sample	Z	=	26.53%	and	Q	=	27.51%.	A	bar	chart	for	the	solid	content	
from	the	trial	can	be	observed	in	graph	8.	
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Table	5,	Result	solid	content	in	paper	sheet	after	the	vacuum	dewatering	
Speed	
(m/s)	

Time	
(ms)	

Sample	
number	

Forming	
fabric	

Mass	
pot	+	
wet	
sheet	
(g)	

Mass	
pot	+	
dry	
sheet	
(g)	

Mass	
pot	
(g)	

Solid	
content	
(%)	

Dry	
mass	
paper	
pulp	
(g)	

0.5	 10	 1	 X	 62.08	 60.14	 59.48	 25.41	 0.66	
0.5	 10	 2	 X	 56.68	 55.08	 54.50	 26.79	 0.58	
0.5	 10	 3	 X	 54.50	 52.84	 52.24	 26.53	 0.60	
0.5	 10	 4	 X	 -	 -	 -	 -	 -	
0.5	 10	 5	 Z	 54.50	 52.80	 52.19	 26.48	 0.61	
0.5	 10	 6	 Z	 61.87	 60.26	 59.67	 26.63	 0.59	
0.5	 10	 7	 Z	 54.96	 53.30	 52.70	 26.47	 0.60	
0.5	 10	 8	 Z	 55.28	 53.68	 53.10	 26.56	 0.58	
0.5	 10	 9	 Q	 54.89	 53.49	 52.96	 27.54	 0.52	
0.5	 10	 10	 Q	 59.75	 58.30	 57.74	 27.73	 0.56	
0.5	 10	 11	 Q	 32.60	 31.19	 30.66	 27.36	 0.53	
0.5	 10	 12	 Q	 58.367	 56.92	 56.38	 27.39	 0.54	
	
	
	
	

	

Graph	8	shows	the	error	bar	chat	for	the	average	values	of	the	solid	content.	The	values	standard	
error	is	used,	X=0.422,	Z=0.037	and	0.0976.	
	
The	result	for	the	three	different	forming	fabrics	shows	that	there	is	a	significant	
change	between	them.	Sample	Q	lies	outside	the	interval	of	the	other	error	bars.	
The	 standard	deviation	 for	 the	 different	 sample	 series	was	 being	 calculated	 to	
X=0.73,	Z=0.074	and	Q=0.195.	
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Graph	9,	shows	the	pressure	versus	time	in	the	vacuum	tank	during	the	test.	
	
The	graph	illustrates	the	pressure	in	the	vacuum	tank	when	the	dewatering	trial	
is	 performed.	 The	 pressure	 goes	 up	 from	 approximately	 -41	 to	 -39.4	 after	 3	
seconds	when	the	tank	is	being	filled	with	vacuum.	The	vacuum	has	an	impact	on	
the	dewatering	of	the	paper	sheet.	It	absorbs	the	water	from	the	paper	sheet.	The	
pressure	determines	the	efficiency	of	the	dewatering.		
	

Foulard	trial	
	
The	results	from	the	foulard	trial	are	shown	below	in	four	different	graphs.	The	
first	graph	illustrates	the	water	uptake	in	percentage	after	the	paper	and	forming	
fabric	being	soaked	wet.	The	weight	for	the	paper	and	the	forming	fabric	can	be	
found	in	appendix	1.	
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Graph	10	shows	the	water	uptake	in	percentage	for	the	laminates	soaked	wet.	Orange	line	is	
laminate	Q,	lilac	line	is	laminate	Z	and	blue	line	is	laminate	X.			
	
Sample	Q	(orange	line)	shows	that	this	laminate	has	the	lowest	water	uptake	in	
percentage	with	an	average	water	uptake	at	43.8	%.	The	lilac	line	illustrates	the	
water	 uptake	 for	 sample	 Z,	 and	 this	 sample	 has	 an	 average	 water	 uptake	 at	
51.9%.	The	blue	 line	 shows	 the	water	uptake	 for	 sample	X,	which	has	 a	water	
uptake	at	53.7%.	The	disadvantage	for	sample	Q	can	be	that	the	fabric	will	give	
the	water	left	from	the	dewatering	back	to	the	paper	sheet.	While	the	sample	X	
and	Z	will	keep	that	water.	
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Graph	11	shows	the	water	uptake	in	percentage	for	the	laminate	after	being	in	the	foulard	with	a	
pressure	of	2	bars.	Orange	line	is	laminate	Q,	lilac	line	is	laminate	Z	and	blue	line	is	laminate	X.			
	
Every	 forming	 fabric	 together	with	 the	paper	sheet	on	top	was	put	soaked	wet	
into	 the	 foulards	 and	 the	measured	again	on	a	 scale.	This	was	 to	observe	how	
much	water	 left	 there	was	 in	 the	 laminates.	After	being	exposed	 to	 the	 foulard	
sample	Q	(orange	 line)	shows	the	 lowest	water	 left	 in	 the	 laminate	(graph	11).	
The	average	value	for	this	laminate	is	30.7%.	The	equilibrium	is	reached	in	trial	
4.	 The	 blue	 line,	 sample	 X	 shows	 the	 highest	 amount	 of	 water	 left	 in	 the	
laminates	and	is	46.6%.	The	equilibrium	is	reached	between	trials	2-3.	The	lilac	
line,	 sample	 Z	 shows	 average	 water	 left	 at	 42.8%.	 The	 equilibrium	 was	 most	
likely	 reached	 between	 trials	 2-3.	 The	 test	 shows	 the	 same	 result	 as	 graph	 10	
that	sample	X	and	Z	could	have	a	better	chance	to	keep	the	water	 left	 from	the	
dewatering.	Sample	Q	would	most	likely	de	a	disadvantage	due	to	that	it	will	give	
higher	rewetting.		
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Graph	12,	the	graph	shows	the	water	uptake	in	percentage	for	only	the	forming	fabric	after	being	
in	foulard	with	pressure	of	2	bars.	Orange	line	is	forming	fabric	Q,	lilac	line	is	forming	fabric	Z	
and	blue	line	is	forming	fabric	X.			
	
The	fabric	and	the	paper	sheet	were	after	being	weighed	together	separated	and	
weighed	separate.	The	reason	for	this	was	to	observe	where	the	water	left	was	
dominate.		Graph	12	shows	the	water	in	the	fabrics	in	percentage	where	forming	
fabrics	X	(blue	line)	has	the	highest	amount	of	water	left.	The	average	value	for	
this	 forming	 fabric	 is	 42.2%.	 The	 lowest	 water	 left	 is	 for	 forming	 fabrics	 Q	
(orange	line),	which	has	an	average	value	of	21%.	Sample	Z	(lilac	 line)	have	an	
average	value	of	water	left	at	37.9%.	The	same	pattern	as	graph	10	and	11	can	be	
observed	in	this	graph	that	sample	Q	most	likely	would	have	a	higher	ability	to	
give	rewetting.	This	is	due	to	that	the	water	left	from	the	process	has	difficulties	
to	be	kept	in	the	fabric.		
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Graph	13,	the	graph	shows	the	water	uptake	in	percentage	for	the	paper	alone	after	being	
exposed	to	the	foulard	with	pressure	of	2	bar	and	released	from	the	forming	fabric.	Orange	line	is	
laminate	Q,	lilac	line	is	forming	fabric	Z	and	blue	line	is	forming	fabric	X.			
	
Graph	13	shows	that	the	paper	that	was	on	top	of	wire	Q	has	the	highest	amount	
of	water	left	compared	to	the	other	two	paper	sheets.	The	average	value	for	the	
paper	sheet	that	was	on	top	of	forming	fabric	Q	has	an	average	value	of	63.3%.	
The	paper	sheet	that	was	on	top	of	sample	X	(blue	line)	had	an	average	value	of	
58.7%.	The	paper	sheet	on	top	of	sample	Z	(lilac	line)	showed	an	average	value	
of	59.1	%.		
	
An	Anova	test	was	performed	on	the	four	different	test	series.	To	finish	the	test	a	
Minitab	 program	 was	 used.	 The	 confidence	 intervals	 are	 made	 with	 the	
confidence	grade	of	95%	for	each	trial.		

	
Graph	14	shows	an	individual	value	plot	for	the	laminates	soaked	wet.		
	
Graph	14	shows	that	there	 is	a	significant	difference	between	the	groups	when	
the	laminates	are	measured	soaked	wet.	Laminate	Q	lies	outside	the	interval	of	
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the	other	 laminates	 (X	 and	Z).	 This	means	 that	 the	 forming	 fabrics	differ	 from	
each	 other.	 Fabric	 X	 and	 Z	 are	 similar	 and	 comparable.	 One	 thing	 can	 be	 that	
sample	Q	have	higher	pore	sizes	which	gives	a	high	dewatering	but	as	this	test	
shows	a	lower	ability	to	keep	water	inside	the	fabric.	
	
	

	
Graph	15,	shows	and	individual	value	plot	for	the	laminate	after	foulard.	
	
Graph	15	shows	that	 there	 is	significant	difference	between	the	groups.	This	 is	
when	comparing	each	 trial	with	 laminate.	Either	of	 them	 lies	 in	 the	 interval	of	
each	other	but	trial	Z	and	X	lies	close	to	each	other.	
	

	
Graph	16,	shows	an	individual	value	plot	for	the	wire	after	being	exposed	to	the	foulard.	
	
Graph	16	shows	that	there	is	a	significant	difference	between	the	groups	where	
either	of	them	lies	in	the	same	interval,	also	here	trial	Z	and	X	lies	closer	to	each	
other.	The	diagram	above	shows	the	wire	after	being	exposed	to	the	foulard.			
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Graph	17,	shows	an	individual	value	plot	for	the	paper	after	being	exposed	to	the	foulard.		
	
Graph	17	shows	 that	 there	 is	no	significant	difference	between	 the	groups	and	
that	 they	 are	 comparable	with	 each	 other.	 The	 diagram	 above	 shows	 that	 the	
papers	(after	being	exposed	to	the	foulard)	are	in	the	same	interval	of	each	other.		
	
The	Anova	analysis	showed	that	when	the	papers	and	wires	were	soaked	sample	
Z	and	X	lied	in	the	same	interval.	While	sample	Q	lied	outside	the	interval	from	
them.	When	observing	 the	wire	 and	 the	paper	after	 the	 foulard	either	of	 them	
lies	in	the	same	interval	of	each	other.	Sample	Z	and	X	lied	close	to	each	other.		
	
Observing	only	 the	wire	 after	 the	 foulard	one	 can	 se	 that	 there	 is	 a	 significant	
difference	between	all	of	 the	samples	but	Z	and	X	 lies	close	to	each	other.	Only	
the	 papers	 after	 the	 foulard	 from	 the	 different	 wires	 show	 no	 significant	
difference.	The	paper	sheets	are	comparable.		
	

Discussion	
	
When	comparing	the	three	different	structures	and	their	lowest	pore	size	values,	
from	 the	 graphs	 under	 results	 (microtomography)	 one	 can	 observe	 that	 the	
highest	value	 is	 for	sample	Q	that	has	95	µm.	Sample	X	has	a	value	of	about	44	
µm	while	 sample	Z	has	 a	 value	of	42	µm.	 The	hypothesis	 is	 that	 the	pore	 sizes	
should	affect	the	ability	for	the	forming	fabrics	to	retain	or	maintain	water.	The	
capillarity	 forces	will	most	 likely	behave	different	with	varying	pore	 sizes.	The	
test	 with	 the	 foulard	 showed	 that	 the	wire	with	 the	 largest	 pore	 sizes	 gave	 a	
paper	with	 the	highest	water	content.	Wire	with	smaller	pore	sizes	gave	 lower	
water	 content	 left	 in	 the	 paper	 sheets	 after	 being	 exposed	 to	 pressure	 in	 the	
foulard.	This	was	expected	due	to	that	both	wire	Z	and	X	have	the	highest	open	
area.		 	
	
The	open	area	 indicates	how	easy	 the	water	will	 be	drained	 through	 the	wire.	
The	 three	 different	 forming	 fabrics	 minimum	 values	 (open	 area)	 are;	 Z=31%,	
sample	X=32%	and	sample	Q=30%.	This	can	could	give	an	 indication	on	which	
fabric	that	would	have	highest	dryness	content	after	the	dewatering	test.	By	only	
looking	at	the	numbers	the	water	should	most	likely	be	drained	more	easily	for	
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sample	X.	The	dewatering	tests	showed	that	the	highest	dryness	content	was	for	
wire	Q.	This	does	not	follow	the	numbers	from	the	open	area	graphs.	But	it	is	not	
fair	 to	 only	 observe	 the	 numbers;	 also	 the	 structure	 should	 be	 taken	 in	 to	
consideration.	 The	 structure	 for	 sample	 Q	 is	 a	 single	 layer,	 which	 makes	 the	
water	 drain	 right	 through.	 Sample	 X	 and	 Z,	 are	 double	 layer	 and	 this	 gives	 an	
angular	path.		
	
The	first	wicking	test	aimed	to	see	how	much	water	the	samples	could	take	up	in	
a	 specific	 time.	When	 the	 test	was	made	 in	 this	 study	 no	 significant	 uptake	 of	
water	 could	be	detected.	 It	 appeared	 that	 sample	Z	 took	up	a	 small	 amount	of	
water	most	likely	due	to	the	fine	structure.	Wicking	test	1	did	not	give	expected	
results,	so	a	second	wicking	test	was	conducted.	This	test	showed	that	samples	
with	smaller	pores	had	a	higher	water	uptake	than	the	samples	with	the	higher	
pore	size.	The	 test	had	an	expected	outcome	with	one	exception	 that	 sample	Z	
lies	between	0.4	–	0.8	 cm	and	sample	X	 lies	between	0.5-0.9	 cm.	Sample	Z	has	
smaller	pores	and	should	then	have	had	a	higher	value	than	sample	X,	which	has	
slightly	 higher	 pore	 sizes.	 The	 test	 with	 the	 foulard	 when	 the	 samples	 were	
measured	soaked	did	also	show	a	higher	water	uptake	for	the	laminate	with	the	
lower	pore	sizes.	But	here	it	is	both	the	forming	fabric	and	the	paper	measured	
together	 so	 it	may	not	be	 completely	 fair	 to	 compare	 the	 foulard	 test	with	 the	
wicking	test.		
	 	
The	results	from	the	vacuum	dewatering	test	are	not	statistical	significant.	This	
should	be	taken	in	consideration	when	observing	the	results.	The	solid	content	
showed	 that	 it	 was	 one	 result	 that	 differs	 from	 the	 other	 two.	 The	 result	 for	
sample	 Q	 had	 the	 highest	 sheet	 solid	 content	 after	 the	 vacuum	 dewatering	
device.	The	 average	 result	 for	 sheet	 solid	 content	was	27.51%	 for	paper	made	
with	 sample	 Q.	 The	 lowest	 sheet	 solid	 content	was	 for	 fabric	 X,	which	 had	 an	
average	value	of	26.25%.	Sample	Z	had	an	average	value	of	26.53%	in	sheet	solid	
content	of	the	paper	made.	This	result	is	in	the	middle	of	the	two	other	forming	
fabrics.	 The	 vacuum	 level	 was	 equal	 for	 each	 trial	 and	 the	 level	 of	 vacuum	
increased	after	3	seconds.	Varying	the	vacuum	level	could	have	an	impact	of	the	
dryness	content.		
	
The	results	from	graph	10	showing	the	laminate	soaked	illustrate	that	Q	has	the	
lowest	water	uptake,	average	43.8%.	The	reason	 for	 the	 lower	water	uptake	 is	
most	 likely	 due	 to	 that	 this	 forming	 fabric	 having	 larger	 pore	 sizes.	 The	
difference	 between	 laminates	 Z	 and	 X	 is	 not	 that	 high,	 laminate	 X	 has	 slightly	
higher	water	uptake	at	53.7	%	than	laminate	Z	that	has	51.9	%	water	uptake.	The	
reason	for	sample	X	and	Z	having	higher	water	uptake	could	be	due	their	similar	
pore	 sizes.	 Wicking	 tests	 did	 also	 show	 that	 smaller	 pores	 gave	 higher	 water	
uptake.	Sample	Q	with	the	highest	pore	sizes	had	a	score	of	0.3-0.4	cm	in	water	
uptake.	Sample	Z	had	a	score	of	0.4-0.8	cm	and	sample	X	had	a	score	of	0.5-0.9	
cm.		
	
Graph	11	shows	 the	same	pattern	 for	 the	samples,	 this	 time	 the	 laminate	after	
being	exposed	 to	 the	 foulard.	Sample	Q	has	 the	 lowest	water	 left	30.7	%	while	
sample	 X	 have	 the	 highest	 amount	 of	 water	 left	 46.6%	 and	 Z	 has	 42.8%.	 The	
water	for	sample	Q	has	easier	decreasing	in	water.	The	equilibrium	was	reached	
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earlier	for	sample	X	and	Z.	For	sample	Q	equilibrium	was	reached	at	test	4,	this	
was	difficult	 to	capture	 that	 the	others.	The	reason	 for	 that	was	 that	 the	water	
fell	of	easier.		
	
Graph	 12	 illustrates	 only	 the	 forming	 fabrics	 after	 the	 foulard.	 This	 shows	 the	
same	pattern	as	former	graphs	10	and	11,	where	the	orange	line	(fabric	Q)	has	
the	lowest	water	left	at	21%.	This	indicates	once	again	that	the	larger	pore	sizes	
give	 away	water	more	 easily.	 Even	 if	 this	 fabric	Q	 (orange	 line)	 had	 the	 lower	
water	 uptake	 also	 soaked	 (graph	 10-orange	 line).	 One	 could	 see	 here	 that	 the	
difference	was	not	 that	high	as	 it	was	after	 the	wires	had	been	exposed	 to	 the	
foulard.		
	
The	last	graph	13	shows	difference	from	the	first	graphs	where	one	can	see	that	
the	paper	that	lay	on	top	of	wire	Q	(pore	size	95-400	μm)	had	the	highest	water	
uptake.	This	result	strongly	 indicates	that	wire	Q	has	the	highest	ability	to	give	
away	its	water.	The	water	content	left	in	the	paper	sheet	from	sample	X	was	58.7%	
and	59.1%	for	sample.	This	follows	the	pattern	from	above	that	forming	fabric	X	
and	Z	should	have	a	lower	ability	to	give	away	water.	This	trial	was	supposed	to	
show	which	fabric	had	the	highest	ability	to	give	rewetting,	but	it	is	important	to	
say	 that	 the	water	was	not	drained	with	vacuum	as	 in	 the	paper	machine.	The	
water	left	the	laminates	by	pressure	from	rollers	and	this	can	make	a	difference	
compared	to	if	the	vacuum	pressure	should	have	drained	them.		
	
The	results	from	the	Anova	tests	made	in	Minitab	shows	that	the	data	from	three	
of	 the	 four-foulard	 trials	 have	 significant	 difference.	 This	 is	 for	 the	 laminates	
soaked	wet,	laminates	after	foulard	and	the	wire	only.	The	results	show	that	the	
interval	from	sample	Q	often	lies	far	from	the	other	two	samples.	This	should	be	
taken	 in	 to	 consideration	 but	 it	 is	 also	 known	 that	 this	 sample	 has	 a	 different	
appearance	from	the	other	two	wires	with	a	pore	size	of	95-400	μm.	The	other	
two	are	closer	in	pore	sizes	42-219	μm	for	sample	Z	and	44-234	μm	for	sample	X.	
The	structure	is	also	different,	wire	Q	is	one	layer	structure	while	the	other	two	
samples	are	a	double	 layer	 structures.	The	Anova	 test	 shows	 that	 there	are	no	
significant	differences	between	the	groups	of	the	paper	sheets	that	can	be	seen	in	
graph	17.	This	 is	most	 likely	due	 to	 the	 same	grammage	and	construction	was	
used	as	paper	sheets	in	all	trials.	

Conclusions	
	

- The	 results	 from	 the	 foulard	 test	 shows	 that	 the	 laminate	with	 highest	
pore	 size	 gave	 away	 most	 water	 after	 the	 foulard	 to	 the	 paper.	 The	
procedure	was	the	same	for	every	test	and	the	paper	sheet	had	the	same	
construction	in	every	test.	These	results	indicate	that	the	pore	sizes	affect	
the	ability	to	give	rewetting.	This	could	be	an	indication	that	larger	pore	
sizes	give	higher	rewetting.	
	

- By	only	taking	the	structure	in	consideration	the	paper	sheet	on	top	of	the	
1/1-shed	(laminate	Q)	had	the	highest	dryness	content	after	 the	suction	
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box	trial.	The	reason	for	this	higher	dryness	content	can	be	that	it	is	1/1-
shed	which	gives	a	straight	path	for	the	water.		

	
- The	 wicking	 tested	 when	 the	 samples	 were	 held	 in	 the	 air	 for	 some	

minutes	 showed	 that	 the	 samples	 with	 the	 smallest	 pore	 volumes	 had	
higher	water	uptake.	Sample	Q	with	the	largest	pore	volume	showed	the	
smallest	 water	 uptake.	 This	 test	 was	 made	 only	 based	 on	 visual	
judgments,	which	could	have	influenced	the	result.		

Future	research	
	
It	would	have	been	interesting	to	make	trials,	which	are	focusing	on	wires	with	
larger	 pore	 structures.	 To	 observe	 if	 there	 is	 a	 critical	 size	 that	 could	 give	
rewetting.	
	
	One	 parameter	 to	 investigate	would	 be	 the	material,	 how	 does	 varying	 of	 the	
materials	 affect	 a	 possible	 rewetting.	 Can	 other	 materials	 than	 polyamide	 or	
polyester	be	used	to	prevent	rewetting?		
	
Another	 parameter	 that	 would	 be	 interesting	 to	 observe	 would	 have	 been	 to	
varying	 the	pulp	 together	with	 variation	of	 pore	 structure.	 This	would	 give	 an	
indication	 if	 there	 is	 some	 paper	 pulp	 that	 is	 better	 used	 together	 with	 a	
structure	or	if	it	is	equal	no	matter	which	paper	pulp	that	is	being	used.	
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Appendix	1,		
	
	
Foulard	trials		
	
Sample	Q	
Trial	
(Sample	
Q)	

Laminate	
and	
paper	
(soaked)	
[g]	
	

Water	
[g]	

Laminate	
and	
paper	
(after	
foulard)	
[g]	
	

Water	
[g]	
	

Laminate	
(after	
foulard)	
[g]	
	

Water	
[g]	
	

Paper	
(after	
foulard)	
[g]	
	

Water	
[g]	
	

1	 16.61	 0.33	 15.08	 0.03	 	 	 	 	
2	 19.23	 0.35	 15.22	 0.09	 	 	 	 	
3	 19.17	 0.31	 15.34	 0.06	 	 	 	 	
4	 20.22	 0.29	 15.73	 0.09	 	 	 	 	
5	 20.47	 0.24	 15.67	 0.06	 	 	 	 	
6	 18.51	 0.24	 15.74	 0.05	 11.85	 0.17	 3.64	 0.07	
7	 19.99	 0.28	 15.98	 0.06	 11.88	 0.02	 3.87	 0.03	
8	 20.05	 0.14	 16.03	 0.05	 11.98	 0.14	 3.89	 0.04	
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Sample	Z	
Trial	
(Sample	
Z)		

Laminate	
and	
paper	
(soaked)	
[g]	
	

Water	
[g]	

Laminate	
and	
paper	
(after	
foulard)	
[g]	
	

Water	
[g]	
	

Laminate	
(after	
foulard)	
[g]	
	

Water	
[g]	
	

Paper	
(after	
foulard)	
[g]	
	

Water	
[g]	
	

1	 16.24	 0.29	 13.69	 0.05	 	 	 	 	
2	 16.91	 0.5	 14.28	 0.04	 	 	 	 	
3	 17.03	 0.29	 14.31	 0.06	 	 	 	 	
4	 17.29	 0.13	 14.48	 0.05	 	 	 	 	
5	 16.74	 0.21	 14.40	 0.05	 11.00	 0.10	 3.27	 0.17	
6	 17.36	 0.27	 14.44	 0.07	 10.96	 0.17	 3.31	 0.07	
7	 17.68	 0.37	 14.56	 0.08	 10.95	 0.18	 3.40	 0.04	
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Sample	X	
Trial	
(Sample	
X)	

Laminate	
and	
paper	
(soaked)	
[g]	
	

Water	
[g]	
	

Laminate	
and	
paper	
(after	
foulard)	
[g]	
	

Water	
[g]	
	

Laminate	
(after	
foulard)	
[g]	
	

Water	
[g]	
	

Paper	
(after	
foulard)	
[g]	
	

Water	
[g]	
	

1	 16.35	 0.30	 14.14	 0.08	 	 	 	 	
2	 16.52	 0.46	 14.35	 0.11	 	 	 	 	
3	 16.91	 0.49	 14.32	 0.10	 	 	 	 	
4	 15.41	 0.20	 14.44	 0.08	 	 	 	 	
5	 16.99	 0.30	 14.40	 0.08	 10.94	 0.16	 3.19	 0	
6	 17.24	 0.49	 14.47	 0.07	 10.78	 0.21	 3.35	 0.06	
7	 16.85	 0.41	 14.61	 0.04	 11.06	 0.18	 3.26	 0	
	


