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ABSTRACT

This thesis investigated theoretically the characteristics of flexible thin film in web
handling process that consists of the two parts there are the web transporting over
the roller and the support concaved bearing and the winding process. For moving
web pass a grooved roller and a grooved concave bearing, the characteristics such as
friction coefficient can be obtained by using theory of air elastrohydrodynamic
lubrication (Air-EHL). For winding process, the characteristics of flexible thin film both
during winding and after winding can be explained by internal stresses and friction
force inside wound roll. The in-roll stresses and friction force can be obtained by
using the modified Hakiel model with air-entrainment layers for during winding web.
Moreover, the viscoelastic model is used to predict the in-roll stresses and friction
force in-roll after winding and the optimization method is used to obtain the suitable
winding tension in order to prevent the wrinkle and slippage phenomena into wound
roll both just after winding and after winding. The numerical results show that the
rolter with semi-elliptical grooved can prevent the slippage of moving web and the
support concaved bearing can reduce the friction on a web. Moreover, the optimized

winding tension can prevent the slippage and wrinkle phenomena in winding process.
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t, AIVIUIUBILEURAN (m)

T,  uwsiuiuidiingdfiinseseu (\/m)

Tr u.iaﬁauduﬂéuﬁwmﬁ'w*nquvﬁum Euler’s belt theory (N/m)
Tz u.‘sqﬁauduﬁénﬁmaaanmquﬂﬁﬂm Euler’s belt theory (N/m)
u anusvelemasEInfuHuNauLasifmUsas (m/s)

u svosnsrinveswiuiaunaldmiuAy

U,  Aamududuidy (m/s)

U, m‘mﬁ’mmqnnﬁ"a (m/s)

u me%ql.a"a'vizu'i'lqm*um%’waausiuﬂéuuasm”nm%‘aqnn?;q (U=(U,, + UY2)
g erwdlilidvewsiuiidy T =(nU, / EqR')

w  nmwEsuulasguieeusiuiidu (Web defection) (m)

w,  erwdivaseniaiilvasiuaniduzwsu (m/s)

w o amswdsusagusivesusufisulsig

X Duunuitdmusiiamnanumsiedsuiiveusiufidy

xn  dumismatiesdsulvveuise

Xour  SUMUINEBNYRiBUlvYOULYR

X Huwnudltwusdiensaunisiadeuiveausiuidul3hn

z Duunuiidmusiimsnurunisvsausuiby

z Huunuiiwueiirmisaanunissausuduuuulsag

6 quﬁnﬁaswiwuﬁuﬁénuasqnnga (rad) (Wrap angle)

7 adudaszwihawiuitduussgnnadling

6 previssgudmdsumany

n Wuarumilavatainie (Pa.s)

H Suszaviusadoaniuea

N Fulssaviusadoaniuada

tp  Auussdvdusaduaiianislon

o sl (rad/s)

o PusaEam (rad/s)

') v al ' f o v 2.
ANMULAUATULUIS AL TR WA LRAUNIIL (N/m)

O-r

Y v 1 ¢ alw 2
6,  ATMIALATILWILAUIBUNTBIEURAUTIL (/M)

» ' ¢ ' « 2
o,  AnuAululuuny x YausuRANVIeR M NETEIELTGAL (N/m”)

X1



W,z

E1a

) ) « - ) ' ¢ 2.
AULAUTLLULLNY Z TaILHURAUVT oA IUAMNNN I TBILHUNAY (N/m)

Y a a ' ¢ - o ' « 2
anuAuluLwILn z IngRveuduidumsanuanunivoawiuRay (N/m’)

v v 1 o » ) 1 « w 2.
ATTMAUANANYTBUAALVAWR NN T URNLUS Alvesududautu (N/m)

I % 1 - > v ] EY) 2
ATRILAUANARYBILHUR IV INN ST TUATILUILEUSA UYL URANT IUIN/M)
ATLATERYBALURAS UL ATiva LU AN
ATMIATIATBIN LRSI IUMLLILEUTaUN YR UR Y
dms1duresthess (Poison ratio) AMuAIUEIvDILEUTEAY
dmirdruvesthees (Poisson’s ratio) AMuATIINTNYBIULEHUNAY
Bnsrdlurelved (Poisson’s ratio) Vo IUsEABY
snyraduvesilives (Poisson’s ratio) vesukuRaNVUgNNGS (Guided roller)
fnsd AR E BTN IALHUNANTTIIU (Taper ratio)

J g AJ - 1
Yudmguainganiinsagey (rad)
ATTHMU LU UTBIDINA

A ) J s ..l ar 4 o o o
quwwuﬁﬁunszmnuqnnaqnﬂwuwmaw'maswnaanmumc-m

the molecular mean free path WU 0.064 £m 7 25 °C uaz 1.0 atm

' o P YR
ﬁ1ﬂ‘]’luuﬁ'ﬂmﬂwai}uﬂﬂﬂ

ANIAINITAUR (Relaxation time) (7, =7,/ E;)

X1V



o
unm 1

UNUI

nspvaunTsEER Tagiduusuiduuietaty  wiuliduvesiagwesawes (Polymer
fitm) wsuiduildluigaduaseniing (Solar cel) uwiuRduldlugunsaididalnsdin (Electronic
film) w38 wiunszay (Paper sheet) udu ludiuniwesmsndasuiuiiasdoddiniosing
Useneumesnnugnnas (Roller) wanediitefieslidawsiuiidy  Taeviindasdnssandnidugn
Bundn “Web handling mechanic” - dwiuunilazsuszneulumas. arudwouesineing

- e J 1 a - - L] ' - ] &
eI Ingussasduesineinug way wuzituneaegluineling

o 3
1.1 anudAgyvesInginug
r - ° o P d v a < ' 4 o o
diaisniintednda “Web” Tasvialuagiindaiieanuduaeiln senslifnunaiasinangn
) - = - r:z d - o 3
3uni1 Web handling luiveniimusiniulilagnllummamuneiiierivdumeiiin wiiimm
VJ L 1 ¥ o o 1 » ” . A a ] [J !
Duldleminidelutiwsnlanmuefdn "Web” Suliiosnainluniguiunsninusuiaumeg
- 1) kg -~ q‘j 1) L} J m 1 o : o .‘ a
ANATIN AU wiuauszedaunlauiudwaugnndsluimannitianlesiudu
' v e o Qg ve i % a4 a P o
wisteadeiulovesuanu JaldATin Web handling umunszuaunssdausuiay dwiv
T - O a [ = ' 4
wwunmadedefiuandiiiufiunsunisuanusiuiidugnuanteglugun 1.1 aInguusuiiduey
- \ d & ¥ e o 1 . - & & a
gnindeudla | (Casting) MiyauAUVEI INULHURGUREgnIRuA LT WTITUluTirM AN
4 d ' . L . . & < -
\ndeuTvBsUNAU(Stretching. machine  direction)  aantuusiuiiduigniunmuaussly
Hirmamuaunivausuilan  (Stretching transverse  direction)  wazgmvinanssiauiiu
. o ' « v oo & ' & v ) '
(Winding)  ausutduasgniuiuitiiansasiuduve wshidimaedudewiuiudegnideni
gnnauiuusuas (Wound roll)
Stretching Stretching

Casting Winding
\ (machine direction) (transverse direction)

A

JUT 1.1 wsiunwnszuaumsHARLEURGY (Web handling)




Tuguil 12 uasdliidufanszvounssdauiuiiduimdunssay  uasguil 1.3 uam
fedumndawiuiduunwedweilswadmivviensaduaeaming  (Solar cell) uay
dmiuguil 1.6 uassietresiEdmIUTUMsUBIENIelind (Printed electronic
film) 93Ul 1.2 uaz 13 wdulinssvumssEnusiuiiduasdeuiiotaiiendmie
winlusuaunswasludursuniliuneulaiarunwdasiasiundemudomet
aensudstgpmaninginunnisiiuiesondlvfowiviidiunaisnmsduloa  (Slippage)
uasuHuURNSIARTEBEY (Wrinkle) Violuvmsiusiuiaundeuiiiugnnasuaslurusiwiuiidugn

fhuiulutuneugeving

(n) nsEUIUNMSHARNSEATYE (¥) NMsTunsEAY

A -
E‘U'\ﬂ 1.2 NFAIMNTTUNTTHARNTEA Y

undetn FenlfiRnisidamaluladndsenuacetiing (STL,
#my http//www.solartec.or.th/newsview.php?id=176

- - ' ¢ - o 1w ¢ - ¢
JUN 1.3 nandnusiufainu Ethylene Vinyl Acetate (EVA) dwivvieviivaduaeiing



U7l 1.4 MetukuiidudmivBiannseilind

dmiuluineniinusilseshasiuduiiiunsddnwasluwiuidy PET (Polyethylene
Terephthalate film) waz wiuWay PP (Polypropylene film) dwiiulugaamnssuusiuiian PET
videWiFenda PET film annsodwunesniduasingumdngfe

1) wiuTdusdauns (Thin film)  Sseumuivesiidatiosnds 50 lilaswas 1#du
dulsznevtasnsranvesuTsyfasiefity setussaniud ¥ muavuider vesdwiuussy
hesuimjy vie mdnven vieelddmiy auuiuamslnih wriusesaied uiunesddnig
nuiidern viesuamatuuukugainvievasusz i iy TnoAndudadiu 75% ves
guasdsa PET alantud 2009 2.4 Fwusu[1]

2) wiuduriiaovn  (Thick film) #eflmnmumnnandr 50 lilesaws Wil
dauusznaulumsuanunsleansiwaa 38 LCD 99 Smart phone uaztnsiasaaliusu Al
dndu 25 % vesgUasdse PET silantull 2009 [1]

'luﬂ'ismun1'sna“nusiuﬁéuu5mﬁufl'mwﬁwmqaﬁh ﬁ'auam'lugdﬁ 1.5 lasmsudn
wiuRdueziud PTA uaz MEG Sadududsznevlunsndadianarainudaniudianaadn
szgmitlugruunssdawiuiiduniuwsiuiiduuduszgnindeuviendevegiidoureud
ardndelugionidugramnssuviaduussudely



Adefiiiu
QCﬂﬂ’Mﬂ‘i”z‘v bt}

Il csossonmbmmme sme o oesed

Source Gompany reports

sUit 1.5 Teyar (Value chain) navuaumssanwazasiuLsufdy PET

4500 -
4000 1
3500 +
3000 W
2500
2000
1500
1000 4

500 4

2004 2005 2006 2007 2008 2009  2010F 2011F  2012F 2013F 2014F

W Packaging W Other Industrial W Elecincai Bimaging W Magnetic Tape

Source Company reports

Ul 1.6 quaddsusuAY PET Yawliaune wazaiianud (1x1,000 S1ud)



dmiunsipvlnvasgramnssuuduiidy  PET  dwsuineniiwusiildenierumaiaih
mallensiRstunsamilusaavdanindlulssmalng [1 9nnisieseintsamunyd
nmadulavesgamnssuwiuiidlundy PET film Swmdimsveiesdedwdaiiles Taefitlede
udnFuRemsiulalugsioussyius gramnssu uasgunsalindedldlnih duguil 1.6 uandi
whudemrmdaanisluduilay PET finsugnadathedaiilanads (CAGR) Tar 9 % Tasldsuuse
mpunnsasuuameueluladimsudsiuie  ussadasiannsas  uaznsedesily
wanaRnFaifumusnd safimaiutuvesssenslan AuamEInauduegiinty wasns
iiulnvassgldsevihvesssnnsdniiiasaniulinmiensuiuiidy PET iRendnussaiust
80 LCO/LED 98 Smart phone uasusilyaiieadaetiu nandatudaiunarummindselu
sUszmAldimsliensifiassrdasiuifunsivlaiigiuresaudenisiagsmon
wiulidy Magwithaulsdeuuliimsdulalugamunssuwan Sidnlvsiinnisiu (Printed
electronics) 284 IDTechEx [2] ¥imnsdnudulaain 1.92 auduseaaisand Tl 2009 Wu
57.16 dususeaatiawiglul 2019 fednuwiulauwandidalnsiinnsiuiuanceglugy 1.4
wnnhtuiniasomeuesssmandlasieey (3 nmduladmon Optical film  dmsu
Display 3zifuwiliasgeduiis 800 Auduneaaiansy Tuguil 1.7 uandbidiufouunTiue
FaemsiiuTueInd 2005 fe 2012 mawdesnsinsinsdiiiuedreidouasiiuua i
AFAINTREIANT RIS

Bn. US$
350" o A e a7 i

300 }
| Semiconductors

250 + .

s . Flat Panel
200 (‘/ / Sapieys
150 1 ' . * s 0' -

; - . ganic

i / A Elochonics,
100 ‘; - ¢ . ) Vi

1 -

50 . &

©OE-A2008 .- " 2

1985 1990 1995 2000 20056 2010 2015 2020
Sources. DisplaySearch, SEMI, SIA von Custer,
VLS! SEMICON Europa, NanoMarkets, IDTechEx
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= L3 ¥ ¥ d J - -

PNMTIATIEIYaIUVANT A INesvaluayunsidulalusuiee  weluladlu

- 1 L3 a 4 L | a al 1 Y ar ﬂ. -
aszvuMRaaiuiauu I luissdsdldiuntaiumediuty aanduy ulssansnm
Tunmswdn anmadomeainmsnan Wusu dwduanudomelusswinmsudawiuiiduuisie

1 a o . ] a ' . 4 a
wiuiauaiamsaulea (Slippage) waswiuWdufinsestu (Wrinkle) Weluvasiusiudy

d  ad & P v o o v
wwasumkugnnawuarlusasuiuaugniuaulutuneugavine lugun 1.8 wandbiiuds

] 3 P L - o L - - - ] -
wiuidy PET fgnihuivlutuseugainaianmudemeaiiinmnmaiasestuuaznisiinns

J a 5 a 1 v ¥ L] A ¥ Vs
aulnasiniutgmsinantwiudnunezseslaiunsudle

(n) MstinsesguuuwuNay

a a '
(1) nsiianTsauloaveauduidy

4 - ' 4 !
JUT 1.8 Usingmsainisiinsestuuazmsauloaveusiuildy



awv d.
1.2 e ETIN
L4 oo a1 o [ - o -ﬂ - 1 L3 .
dmiurniddsminanieaiunisinimelunsndauwiuiay (Web handling
. o N ) | o a2 f o w P o
machine) annsaiszuvsssnduasngulngnanAsnguiAny il iR Gundoun
& - T | H - '3 ) o
uugnnas wasdnnguvilsnulutuneufiuiuiaugninuiu
L - el ‘4 1 J J 1 3 J - J
dwiurmiddefdnuaniifnesaswiuiauiudugnnanwedusudd Tul 1959
Gutterman [4] uas Tl 1962 Catlow wazAmiz [5] lavihnsdnwemAuandialuusuiau
o ' ¢ 8 o Y oo W vy « dv o e
wisnuiuidugniuiulaglivguinefuiivsenssuenuasauyliuduiduiuAuil
[ 3/ ‘v 5 al & -l’ " - .‘S . ¥ o
aﬂmu::nawqnnmuuuan'umstﬂummﬁmnu vasnmiulul 1966 Preiffer [6] lavinisnaass
ol o 1 v & 3 1 & o -
WeniuauantRvewruiiduiiuiudutuqranimeassmudl - Adweedalufiemiemauw
rilvesgnnanessondufiawiuitdusziingAnsauduabidadu - (Non-linear) 3 niuludl
» o [ - Y ' .
1980 Yogoda [7] Iaulufeafumsaiduguresumignnasiathuusiuiidu Tl 1987 Hakiel [8)
v o - 4 ) » W o - £ ™
Todaualuneanirdamaniiduaunshidadueyiuiduivass  uazliaseienuAuees
] o ) % ) alves T
weiuidueashuiulneiBiaey (Numerical) flutiigtuduiiiinlule Hakiel’s model
waniulul 1995 Good wazeauz (9] lAvimsuiuuse Hakiel’s model Imanisisnzi
) ar - 1 g L)
SvBwaraansunsniateseIMARusTLiuRAEuAY dasnlul 1997 Qualls uas Good [10]
a W el 1d Y v ' 1Y )
Teseiiieiuraresguuglinasuudasiuanuidusesiuidy - wdomivlul - 2003
ANMALTBELRGMIFTUSERaTesTUIN I Tas IMAsErIeTuTa LU AL Lat B vEva
ad -l v L) o L4 E-d
vasgamgiinaeulagminaua Tul 2006 Lin waz Wickert [11] duansdiiiuiantsduguves
1 Pl v ' ) « - o a - I
wiuRdusam e uaadbiiuuiuidudsgiilasnussdigaivly. danlul 2008
. ) TR ol oaw (T ol
Tanimoto [12] wazems rinausn1std Nip-roll Milwluseniuannsonazsusletgmans
a o 1 ' P [ o 4 v o
unsndrvessmennsuusuNduAanGgels waslull 2009 Hashimoto [13] Thinwaue
1 o o -t o o ) od o Y v a ' -
BasmAmMmnzaimgevewswvasihuusuiaRenssteriubiliiisnsduuasaisbu
+ 4 ‘J 9 o
loavesusiufdusazivinniia
w P P a ' . PR | oy - a
dwmivinddeihumnemginTaaiusiuiidururiindaundugnniannsony
g - . v o ° & v
ayUlanadauudsil Tull 1999 Hashimoto {14] lavimsAnnamaruwuwesiuaimeasswing
- ' oo o a4 ° «
anndaswiuRdiiidusdeuilasinuanaunts  1ssludn  (Reyrolds)  uaswasnns
Iy Y v ) o ] v a
Awavmdaatiigninndeuiubieanssussnafmumneefiduenia  uazldihng
J J < o 1 £ J
veasuRefisiudunaresnmsUssinumaumniideinimnlueg  awinAumuees
3 t 'y ] ¢ oo w o -l o L] g - P
fawamaszwingnnaswasuiuidauiidusdouinduavaiusiuiduiansduloavay

J 4 L 4 Ly - . J L4 - A [ 1] s .v
wasun Anudadiuneriidevarsunmunyaduiauineiudneusguinvesdiavesgnnd



Lﬁaﬁwtﬁuu‘mﬁﬂﬂmu‘[naﬁﬂﬁﬂuﬁwaaqnngcﬂa"numzl.ﬂus'aa Taslud 2000 KS Ducctey
uay JK Good [15] Wimsufuussiinvesgnndslasnmindudasdiiidnsasdugudmtom
usewasresgnnas dmulud 2001 Hashimoto uavasiz [16] TWauungnnddiaumsvin
Husesguirinuuuadusevimesgnniwazlafnyiieafuianvegnndidnsundumgui
Wommzqeld isssinfiduainissswiusiuiiduuasgnnasiirummnitissnna el
arumnegluszaulilasiivees Fafulud) 2002 sihan [17] WAnwusadsamulasfianumun
Aauemefmnanaumasiluasiuiulplasaulsnsuloavestulaailuanaesia

qnnﬁva (Boundary slip, first order slip flow) au"n'tiﬁmuﬁ,mﬁ’nvmzmamamwﬁunnoi'nr'fu
veusuRdTinanomumrRduenmednvuswimhaulvRewsiuiiduflenn@udls dwmiu
wum'lmﬁmﬁ'uu;iuﬁéuﬁa1mﬂ§mi'm'lﬁa1u1iﬂﬁﬂquu$1ﬂaztﬁaﬂ1ﬁ'lULana'ﬁa"'mﬁa [18-21]
fagratu Wl 2006 Hashimoto [21] wazamzlivinisAIuIaMaENARBIAUMUIRALDINA
vpusiuTduAiianwasn s Tuduvedduemawand9fy 3 Ussiw sanuneanuiing1aan
Frmuandliiiuimaiuspuiavesgnndasnaiuiuiessansoiuyssavsnmly

mMesdawiuRG@aNnTundnRarIsnTE s lunsein  Aewiuiduaiouisae
Audaiigedulneusrnmsiuloa  eidlsinudusdldlivnnza  Wufusuiiduse
uniiguAuluissdmaliusiuitduAnsenduiiaty dmduamideiliuvnanituldhingse
wenenWssinnefimainsesduuuusiuidn wu Wl 2010 Hikita wax Hashimoto [22] &
Tausuvaisfunsiimentaiensauloasarmainsessuiusiuiidusudinim

L] L] o =t - .v o] o o a o [ ’ g
E‘U'i'N‘UGQ‘iEQEUWQ'JUUN')Qﬂﬂﬁ\WIWI!J']SH!Jl.‘"a'ﬂi]\lﬂ'uﬂWiau‘lﬂﬁuﬁﬂﬂWilﬂﬂii}UUuUUMUﬁﬁN

1.3 yAUTTENAYEUTRY

TurideilldimsfawBidseendu 3 dnlwgq namAsluduiiuhidundou
Hugnnas luduiwiuiidugniufu uasndsmniuiduuasgnidullulngs

1) dwivluduiuiuduadouiiingnnds  Twmadeilldihmsuiuugituies
gnnadaglignnasiidesiifiuguadne (Semi-elliptical groove) nudusauIwaIgNnANAE
WRudnenmnseaRusiudueTinhgdaetwiuiducbiiansiuloauugands sk
lLiinTesguuusiuidy

2) Tuvausfusiuiiduedouiiiuuugnnds undmesmswAneziignnaBnuilet

J J [] 1] 4‘ J ] - 1 ar s - A J- ]
Wenastssanausiuidy Tudntivsiiusaduamunnisvinuwsiuiannn awiuluauidausei



1 ‘ ] iy A ar J -" L J
msanA1  SulszAvtusadsamuuuusuiaulronbeuiussrasiiiugnndaniuiuszred
fianwauziiuguih (Concaved support)

o 1 J 1 o« » I3 q‘; o Jdu Ay d'
3) dwiuludniuiisugnihuivhuunsugevineniidneasdugnniai
v & ' « o o ' ¢ 1 v o w
Usznaumstuvewiuiduvataqtu (Wound roll) WORNSsuvaLiulanty ANUALNRANATY
o - o ' ) i ' P ' « ' &
melu  Fuernmiaiunsndegsenintuuiuian  uay  wsaduanuveusiuauuAaztuszgn
° - ' -t ' ‘¢ v od o d ev ¢ ov o |-
Anonv  sfnrsmeusaiuidusasiunansamgaeiukuRaumuAubihe
J - [) (]
mrauloanaviinsesguuunsiuiay
[ ) " » [) » o d
4) wRwnukuRduThwAveAwEuidy  (Wound rol) %zgmﬁu'hmnm \Waawn
1 a0 :l o w c‘: ] -t )
uﬂuﬁémﬂmaqnﬁ‘mnwmamaf (Polymer film) mu‘uuﬂuﬁéumﬁamanumsmqmamwLflu
- - a . ' - 1 's -l -t v o
JaladanaRin (Viscoelastic) ndnRangAnIsuausiuiauilantansasuwlamsiiat Ay

v oa I [} & s ° | - a

arwiAuinnA  waswsadeavusswituwiuiduesgnannamilagldlueaiiivialadan
- P dogw 1 1d a ' | ' ¢
adin Tadanswnsedsiivuzaniiviniiuduiduliduloa  uwasifesesduludieiAuuividulu

Tnea

1.4 YaULYAYRIIUTIY
L) = J 1 & + ol al o o o
dwivineniimudiiestsenevluaae 7 wn laudund 1 Avusideduinaluladnig
- ] o ' « a4t d 1 o 3 o= u
rAnusuiaNu1 AdAgaLiuaNUR MUdTBRHMAN waringUszaArew Il
-l - - < ol a 1 J
unil 2 azUsznaumenTIAnE B mgETemgAnTITaIRANa MATUNINAI9E TEU I
& 1 s de o A A & _af o o oado W a4 W
gnaduazwiufiguuimdaadauimsrudBaiutedomiidiadnenmesaaiadnslu
- o 1 < a - 1 - o a
msudadominwiviiduasiamiduloadedionrummedidueinimn  TaaingRnssies
- [J b, wal a L4
HduenmezgnAnaInaunsiludaasddia (Reynolds-20) meldieulviduanmzasih
L) = ¥ 9 ar A‘ < ny
(Steady state) wazhifmmanszvuamngmumadl Tmu'luuv:mmwﬁn’ﬁuwﬂ'{qwumnmqnnaﬂﬂu
° ' E) . Y P d o a | 1 a
m‘smti‘luiaqgﬁnsm‘% (Sami-elliptical groove) (fieTazmiuaMimasiuilngliiiants
P
duloa
ol v -~ [y |
wi 3 sUssnaulusmensfinsilmguijvemginssuvasiauenialusasn
' ¢ o & A & ' & v wlat o o Y #lllo
wiuRsuunhdusdauegsswingnniaesdilasiidndmialuivizees  Tngluuniléivh
mivFulssgandiitiuiseresuugnniaiiviassresiifidneaziiuguii (Concaved) Toe
o - « 1y ¢
ngAnsauvasiiauamAtasusudeanusrgnAwinnauntiadluda (Reynolds) lagaunts

v e [ - o «l
woluaaldvinsuiulsimilagAnmansenuainarsdulaavaseinanvey  (Sip flow) uaz
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a a o ot VoW ol o v <l w
dvswaventsifuvammriuinsrreiidnwandugngn  meldleulviiduannza
(Steady state) uazlifinsanszvuaingavgi
o a - & v v & »
it 4 WunsiineidmguivemginTsivaziurswsiufdeunlutunsugaineves
a v t « Y ' 1 < Ahj
mandn Amrumeluwiuidungnitukesusadoamuszuitwsiufsunlivanzaniuanveg
o ) - ' 4 1 o o v w 5 ] o v
#d Agreanaiiasestunaznisduloavesusiuitduiin - dniuntsdnenisiinaianduuas
y J o b4 ] ¥ . & J o LJ
wsndsauith@mdniu dwivmsdnnuwamduluwhiduiignihuszfmunannaunis
] L4 . ol e A' - a & o o ] ]
hidadures  Hakiel  MUFuuplwileoiinsviwavestuvedidueinmanuninfegsewin
) [} Jll o ° ] L - » ¥ ) ¥
wiuidum  dwdumsdnnuesegmeldaigummuidunumiuninueiukuiidniey
- - v - Y - ' <
wndiawieuwisuduinw e inlivasgumniiveshiimaasuwlas
al - < 1 « [ ° 2 o k73
unil 5 WumsAnniBmguijvemginssrvesuiuiidundsainminisinuaiouduas
a4 wy o ' ¢ - v & v ' « v
gnld dissnuduitduumeidums (Polymer film) dnluauAusewiviiduingniiuezil
P o L4 ) (3 ° 4 ala, o )
AIwdeuwdasmunam dwiummsurewsiuiaussgndnnalaelinguiiandaiadio
(Viscoelastic martial) dwmiuniseninnazadnialfauyfguainuAuniuauninvewruidy
w o ™ o a v =l o v 1. e
ussnndiawisuisuiuimmamuuuirluazgavgiivecbifinsddguudag

-l § =8 e ' -t = - I I3 » < o v ¢ -t
unil 6 pamiadinsmAuTRvIsauTigauas AL uRdugniuRe MUK uRLTIgn

0
Inlifeisstusarlifiansiuloasemiturewusduidulasluuilsstiiausanns
Jaquszasd (Objective equation) @un1stdy (Constrain equations) Tasflutuuntsm
AussRvNEaaslIs SQP (the successive quadratic programming method) Hafif I
IhrgnusuioulunsilBugililsliiBnndfmnzauige

- '
unil 7 namihajunansnwlaznI UL
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unit 2
=, =l [ 1 (g [] [ 3
qunﬁummq'ugﬂaumn'mizm*maquuuﬁauuwu.a::

anNNAY
U

a ' - - - w ] 1 -
uni 2 namtaimsAneiBmgeivemginssuradidueinmanunsndlegsznitgnnd
' ¢ oo w o o o o é w o de w d
wazwiuduunidsedeuimesnuhdadutiiionininiadnenwraunisadnslunis
a ' - o 1 - PP ol
wda nam Aemainmsduloatewuwsuiiduuugnnfssfinldedlanumintedfdueinmnn
[ % -‘5 ° o L3 - (3 ol - 4’ -‘ = L3
paulunzdemsunginssureiiduemanisty  TnefingAnssuvsaiduenmsgn
LJd [ L 1.3 ¥ o ar J - ‘.‘
Aenaunsisdluanandia (Reynolds-2D) Iﬂﬂ'luumflnmn'ﬁu'suﬂquuuwaqgnﬂaﬂﬂﬂ
° ' r) . ] o o - ¥ -
nmavindusasgueias? (Sami-elliptical groove) efiziuaI BT mawwiuRaulrgliinny
o ° - ' =t & daa « o ad & doe v o gv
dulea wansAnaEnisuisusswinnsdlanndsniindeuiunsdignndsmitnisuiuialv

o & v a
u59\‘131‘ﬁiﬂ?ﬂim']uuu’]lﬂuiﬂu’]i'ﬂﬂﬂ@ﬂﬂ't"N

2.1 Ussinmyaanisvaaiy
dmiunisunsnivesiuidueinmassusiuRduKasgniAssafiey s
uavesurelrevguiinisvasauisenia uiivsuiuadhusadoanuazanrassiodiniswaedy
Flaunilugunsaiiresinsfaansiiazanusadosmuitefiunisussudandauuasiduns
thysinvadesinsusdmiuwhifuuniiidusdauiiuuignndusadsmmusswn
uuiuﬁéuu.asqnn'gqﬂquﬁ'lﬁ’rguaztﬂuﬂﬂﬁ'aﬁazﬁ?u'lu'lﬁ'tﬁﬂmiﬁuhaﬂmuu'uﬁéu Tnevialy
msuaeAuansoftasuitaaniiu 4 Ussavemisunmyas Stribeck curve uandlugud 2.1
13ur Avaeduuuuns (Boundary lubrication) nswdefuuuusay (Mixed Lubrication)
mavdsAuuuudanalaslelasiauniin (Elastrohydrodynamic Lubrication) uasnswaeauwuy
1alaslaundin (Hydrodynamic lubrication)
dmiumansaduuilelnsloufinfntusiommmunvasadvaviafiwgnradatuag
sswhauinaesitufinfididuedoudl TnenisindeufivesintanasyibiAanisnsyeioveuseiy
syiwivedfan  Tasuseduiiesaunsofssusniuimiaedilifanisdudaty  dadu
noAnssumsvaedudinagneniilelaslauniin sglsfmudnsvdedusananlésy
visnarasmsidoguresiagghenwasduivergnidenidmaleslalasiouniin dwiunavde

-4 o) Jl‘ 4 ‘, -~ L :
unduradlvaurannqlussduitssnimauvsnadsvesiuil Tudnwastivndiuvenu
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“" J -~ - o ar ] 4 ] -l .‘J’ 1 J.’
weuTe@amuRnAan1sduRatulasunaulidudadinnnituvedivadaiuduniunise
. | .‘5 1 J o ar A‘ - c.: 1 J l‘; 1 A “ 4’
Fuivdundunsdudatureuimisassuasduniduturasuadiva nsvaeduludnwastl

- ] 1 A a 1 J a“ ‘Jv a -1 4
gniloiwdumavaeiuwuunan  dwiumavasiuludnuasidiesiunissge (Load) wieh

° o et & ' i = w o [l P
muduinuunaduvyliituresvedvangnfeveslvaliiaunsanssiumssla  dwun
LY A = a o J - :5 J [ 3 :ﬂ 1 1
Sumseiilanwizdiunfanisdudaiurednuiiviaes  nrswdeauludnwasiitewinluniswde

d N
auuvuuIng (Boundary)

&
€ i Mixed
5 s Elastrohydrodynamic/
& N~ Zone
§ Hydrodynamic
g Boundary Zone
g Zone
w !
Viscosity x ;peed
gﬂﬁ 2.1 UsUNINYBY Stribeck curve Load

v

22 ﬂ'l7'3tﬂi’lﬁﬁn']i“ﬂfﬂﬁaﬂa’ia']ﬂ'\ﬂ’zm1‘“"“ﬂa‘uuazﬁﬂnﬂﬂ
of d d 1 s ¢ a o . ad e
EII'VI 2.2 l.lﬂﬁquﬂun'lﬂﬂ'ﬁlﬂaﬂuvmaiU.NUWaIJU'NW'IUQﬂﬂaQ .[Uﬁmzvlmuqqaulﬂaaun

' a& w o o W ' 1 a ' | o v

Nqu@jﬂﬂﬁﬂiﬁﬁ R 'l']'lﬂ']ﬂTEJU’la'llniﬂ'ﬂﬂﬂLWﬁﬂﬂ']lﬂl'ﬂd'\aq73“71QN'J'UENL{NUﬁaNﬂlﬂaau‘ﬂﬂ']ﬂ
o v P a A e d dw o o o ¢
AT U, .ﬂ'\ﬂlﬂlﬁ\’ﬁﬂ Tw uagﬂ'nla\'lgﬂﬂaﬂ"lkﬁaauylﬂ')ﬂﬁ']'luﬁ’l U, ﬁ']"iU“f]ﬂﬂiilﬂlfNﬂau

& o 1 L 4 ﬂy A - -l ar 1 :
’e)”lﬂ"IH‘V%I.W\SﬂWﬁS“']’NLLNUﬁﬂUU'NI.Lﬁﬁqﬂﬂﬂ\‘la’lﬂ'ﬁﬂﬂ‘o]&’i]ﬁﬂ'!ﬂiﬂﬂﬂ!]ﬁ{]ﬂﬁﬂ'tﬂ‘UU

Air entrainment

4 ar ; ) ] a“ ﬂy
JUN. 2.2 wiunmmswvIndaresenmesewIRwiuicuueiugnnd
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2.2.1 v
d o w a - - J J [ [ d d' J:
Wamneneiunsndaiinsivaly - 2 fisveAemunisiafeunve s uiaudaluil
° v v 1 £ o o w v & )
Avuaidusnu x wasmusrnineawiuiddrimeiiduuny 2 dnfumusueinig
P o o o w v d .
wazATvuYetiaue NAnszedegluinaifismaldudvdaedu  (Contact  region)
.J [J P brd b rd -J LY
aunsanszAannauilasldaunisisdludaaadid (Reynolds-2D) msldnsdiveslwaauisade

g L d . - |4 oo P
#lé (compressible fluid) dwiuaumsisdludnaasiifuansagluaunism 2.1

a( 380\, 0f ,30p d(ph)
O o P\ 2 o 2| 22y 222
ax(” ax) az(p P ) <1200 22 -

o v @ o ' ' ' « a
ﬂ'\"‘uﬂ‘hﬂ P lﬂuaqquﬂuaﬁm']ﬂﬂﬂisﬂqﬂa§!53“7q\1uuuwaﬂuﬁzﬁﬂﬂa\}
(3 J 1 1 1 Qv
h Lﬁua']qu“u11]a~1ﬁauﬂ'lﬂ1ﬁ“n'iz"TIUa%sz“’rﬂu”uaa‘“uﬁgaﬂﬂaﬂ
P ' | a
U Lﬂum'ml.%’lLaaﬂisw’.l'lx'lﬂ')’lm%‘wi)duuuﬁéuu.aﬂm’lm%')@ﬂﬂad (U=(Uw+ U,-)/Z)
7 {uAuviinvaten i (Air viscosity)
J [J -~ J J t (3
X l{luuﬂUﬂﬂ'l“uﬂ“ﬂﬂ'“ﬂ'luﬂ']'ﬂﬂaaumﬂa‘luNUWﬂu
4 (] - b 4 ) s
Z lﬂuuﬂunﬂ"!W?IWHVI'NW'\uﬂ')WUﬂ']'N?lﬂQuNUﬁau
o - o o 2 ¥ e w 1 & a
ﬁ'\MiUﬂ’nuﬂumﬁN'ﬂ'm’lﬂ n AziAanuudalanussnualunu EJU'N‘linmuﬁ’J’IuWUﬂ'UEN
“ o - o 5 o) ] o,
E]']ﬂ']ﬁﬂgﬁﬂ'ﬁLﬂaﬂuuﬂaiﬂuqm“{]u muuﬂ‘)’IIJE'fuwuéis'lﬁTlﬂﬂ’l’mwﬁﬂ‘!lma’\ﬂ'lﬂl.l.asqmﬁ{]u
al a ] - [ o
ﬂ’m'ﬁmnf\lzaﬁU’ltlIﬁElﬂi'MVIuﬁﬁ\ﬂugﬂ‘n 23 q’]nﬁal&ﬁ’ﬂqnﬂiqﬂﬂqﬁlnwﬂﬂﬂaﬂaqﬂqH“ﬂ

a v = [ o o v o
gauvgives T=25 C annsonssAmnamialrgaunsvssanumduandduzun 2.3

3'0 A L L LR S L L i L L S e
2.3
2.6
24 7 (T)=0.0045 ( T)+1.7178
22
20
18 |
1.6 (37]
14
12
1.0

Curve fitting

# [Pa.sx10"]

arunilaraseini

0 20 40 60 80 100 120
gamgiidawanden, T [°C]
- @ ' - -
U7 2.3 nsmimuduiusseninmumiinvetemisuaz gl
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o ' « - ' v N o - ' . v o - ¢
issnnusuiduuniinugawivieilnubanguiin (Flexble) Aniumsias Iz
e a » o o = (] t » .
voswduanmdrluiisrdesauladvinaveinisudsuwlasguinusiusuiisuseg - (Deflection
of web) fuiuannis 2.2 wamsmmmnfidueniAilsznaueivdnavesntidsunlas

FUTNvBILHUTEY

h=w+d (2.2)

el w unswAsuwlasguitvueawiuidiluunu x (Defection of web) Wwazdnwauzmi
Li'tnncﬁwumnﬁﬁuﬁaiwiwuduﬁéuuazz;nnﬁuq (Contact-geometry) gnfitnummedmuls d

drizee x efluszuesvioyududa @ dviluanslugy 2.2 nanifo -RE2 < x < R /2 f1 d=0 uh
& x sgusnsvepvieyuduiasnunsarulFasgnnaseiinederumiiduenia nanied

() : ] ) 4 [
X < -R8/2 uay x > RE/2a1un15iA1uiua d mm'inwawﬂ'aw.lmwf[ﬁaaumiﬁ 2.3[21)

R6 R@
I
1( Ra)z [ RH)
S == x> —
(2R 2 2

) o ' v ¢ ! Y) )
dwdunsidguudaiguinuewiuiay (Deflection of web) gnunumedydnual w uay

o ° » - o v a V]
annsenasAwnamlaeldaumsassasuandluannisy 2.4 aaldauyfge 3 Usznisleun
a o e 1 ) (3 7 J ) o . oo -t
dvBnaves web stiffness somadaguvasiuiidutsenndlaiieuiudvinavaussdavu

' « B o I ¢ o d o a %)
wHuRdy (Web tension) e inusiuiiduiinuunundeiisuduauniiuasA g0
1 - ol < ' ' ] - -
uiuidu aunAguiiassAonisiAsunasguisesiuidufimailufimmeuunuresgnnia
was BviswavesmnuAuRiaTInMsdudanuyaswnumeuia (Contact pressure) anunsafiag

al : 4 1 -J 3 J - - -~
aanaiinsnnaulsluiidunisvasduwuudanalaslalaslauniinvialalasiauniin

T, o? ;L2
*(1—R6x—‘:)=f [(e- Pz (2.9)

R
-L)2

° L4 4 1 . -v ] P ol
fmuald @ Jwpiwiudduiugnndlusausitndouiisu (Wrap angle)
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L Jusrrmnevawnuiian (Web width)

T uusaRIUUWHLRAY (Web tension)

P, \Jummduusssnme (Ambient pressure) adiAvinfu 1 bar

R \fusmiivasganda (Radial of roller)
Reulvseuealuntsufaunnssludauardeulvrausndwivaunisausagnuandduaunts 2.5

uwaz 2.6 AuaAY

Pxin»2)= P P¥ou»2)= Py
(2.5)
p(x,—L/2)= Pas p(x,L/2)= Pa
W(xin ): 0; W(xout ): 0
(2.6)
62w 62w
2 D A X
3 X=Xipn o X=X oy

d L2 1] o ) d
Inefdganual x;, Uay X, Avuad it ILazenntaIlaulureulya

2.2.2 NP aATIEIBRIaY
Wssnaumsissluadinarnudisiuivennmseywussusuasmliiudady
(Non-linear second order partial differential equation) Feuntsufaunsmmsnszaneau
AuBINA p uar AsnsEasATumuwaWate A h laoldnssuitiBeiiat (Numerical
method) Judufieauasiinnuasain dmiumsieseideatluineinusiaunsi 2.1
f 26 duluilesfanilfeglugivesiauusliia  (Dimensionless) dwiunguiiuysling

w &
ansondeuldmuaunisn 2.7

h p w x z
H-R 2/3'P=pa’W=R£2/3’X‘R£1/3’Z"
(2.7
2 d L 6nU T,
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o ] o v o vaot vo o
AU 2.7 aunan 2.1 8 2.6 aunsanesdsubnilisgluguuvududsliinleeed

ANEAY
PH
i(H3Pa—P) + —lii(fﬂpz} =K, o(pH) (28)
ax ax ) 41’ oz oz ax

2 a5
1—%=L [ (P-1)az (2.9)

ax® K, 45
H=W~+d (2.10)

3=<0 (—E-SXS—Q] (2.11)
2 2
8 Pa
1(X+£) (X>£]
2 2 2
P(Xin,2)=0, P(Xoy,2)=0
(2.12)
P(X,-0.5)=0, P(X,0.5)=0
W(Xin)=0 . W(Xou)=0
(2.13)

]
(=)

(azw] o [a2w]
2 3 2

=l - Y [ 3 a . .
auntTn (2.8) Gt (2.10) gnuidgvimemsussanmmiyiBradnduies (Finite difference
J 4 @ oo ‘. W o fe W ‘J -y ]
method)  WialssunauAeywuidudunilwazayiussudivasduaunisi  (2.8) lawituasn

a4 v - o
Auiissdniuannisisdluananniafazdeutwegluaumsn (2.14)



dritamemyanats nszoerndiaianiziy

Ax?
ff,j ={Qi+%'j(Pi+l,j_Pi,j)—Q'__ziJ (Pu‘,j'E-L;’)}+(WJ{QU+%(E.]H‘Pi,j)"Q, ) 1(3,1‘3,1—1)}

-KAX(B H, ~P_ H,_,)

NaE N [ Wil o W
(2.14)

3 3 3 3
4 0 _ (R"HJHM, i rH ij ) 0 _ (R'JH.'J _E-l.jHi-lJ).
Togf ny 2 ey 2 ’

3 3 3 3
(P;JHHI'JH _Pf,ijJ)_ (Pi.ij}j _Pi-J-lHi,j—l)

Q_ = ’Q. =
hity 2 if=5 2

o 1o Y oo O o o W . .
dleswnaunsit (2.14) Wuaunisbiudusiuisvesdindurmadu (Newton-raphson iterative
° | 1Y ' v e o o o
scheme) gminnliauitgmmalitudadu duauns 2.19) 7, dannmeyiufifiey
o W [} 1 o
numuﬂai’ﬂummm (Unknown, P, ) lagh i=2,3-N-1 wag j=23--M-1 uasssuu

o N W 4
aumsannsaviesdoulugireanmIngfwandluan1sn (2.15)

Fa Oha  a O A5, (= faa

0B, of, OPy_12 OP3 OPy_1 011 AP, =f32

Pz Fa : ;

aPz,z op, N-1,M-1 APN—I,Z T “fN—l,z (2.15)
: ARy =23

Fv-1m H -t m1 ] ?
ZER ZEP) J _AP N-1,M-1 | _—fN—l,M-i_

J o
;) ansamsAwanldlay

sdeuitnismdnuuuind (Gaussian elimination) wazawsulifialuseudnalmivansdu

faiuainssuvauns (2.15) fudshinsiudt  (Unknown, P,

o af 1 1 3 ° - W . -y '
aunsn (2.16) laef Re WusmsroudsuanlunmsAuatamiay (Under relaxation) ufay

ST 0 - 1.0

+ReAP, (2.16)

newi,j — *oldij

123090
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- ' v Wraa W < ' < : 1 Vin e <

dlenswaanusuliliiudaeinaunisi (2.9) Anrswdsuwasguiiewsiuiaul Sidannson
° - - 1 o v W

srAnamiagliiinadwduidlier 9naunn (2.9) unuamalszuiufeyuddusuaataslu

aunsetldaunisi (2.17)

Z\M
”’i—l_zm+”/i+l=AX2_(AI‘{X JZ(PI'J_I)AZ (217)

a Jj=1

< = < - ¢
PINAUNA (2.17) Uy i =2,3---N =1 aumsi (2.17) ssaglugresssuvaumsiidu weing

v & e .y wod =
Aadunueyavivany (Tridiagonal matrix) Aaniuamsluaunisi (2.18)

w, |={: (2.18)

) -0 | SN
0 gl LoNgny [ AX_(K)Z(PN-LI_I)AZ

a J=1

L -

Fathanssuvaunsit (2.18) &1 w, luseulmiansoflszimnamiléles sudouitnisida
wuuimduasaumniduernmdliin B, luseunsAnnalmiftansofiszAnnaldlasly
aunsi (2.10) mnn’mﬁ”m’:mﬁndnmuﬁ’:ﬁ"m’x’umiﬁ'wmmaz’:uf'la]uﬂizﬁ’eﬁmaug:vﬁw
namAeAAIEaRaRiia N IAnueilnileglutiseuiuldmiuAa i

< o b -l
waanueuiuld & , gouandiuauniin 2.19

M N N /
& :ZZ|PW,J'J_Pald,i,j|/sz',-J <1x10
i=1

j=1 =

(2.19)

n n
—y
&= |y, —Hyy |1 Y H,,, <1x10
=1 i=1
£
2.3 myimmnidfidsinsusudoaniy
o v o - - o o [ ]
nnideR 22 efuewgAnsTumamvguimumiivesidueinAnuwnniiey s
. 2 va vy < - L
wiuRRunuazgnnds dwiuluhteidnssavousadeanuszuitwshiidiuuargnnaas

. . v o . i £
gnAavlasnsuszinualaglindnnisues Gaussian distributions Faduszandusadon
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Yor & o - H s < -:‘ 4-’0 od a
nulasudnenaninmnameuiaveukuiduuasauveuinvesannds  luiildulsiiedune
- ' ¢ - - ol el .
ATIvETURTBIwURAwazgnnAseglugivesmmvenuade  Aleuldfe R, (Composite

- 4 L] 4 L] a
root mean square roughness) FaaNsoRILAIUMIAINANMSA (2.20-2.21) mud vy

R, =R +R (2.20)

J = J 1]
Ine# R, afuistiamuveIURABLUY RMS (the root mean square roughness ) 294uiUAEN
& o & of - ° a
wasgnnAsmsdwiultansafiesAnaumilalagaunisy 2.21

1 1/2 L 112
&=(—Zz§,,- (x)) ;R =(—Zz;’,,- (x)) (2.21)
= M i=1
Taeiduds z, Wusugeaswanriamey (Asperity highyanuwiidusnads (reference line)
dmfuuundusdiuazd z, uansegluzuil 2.4 FwamanndsluntsmAmumeuiadsuy
RMS

e

TN N

Y GIYDILONR
-~
=
N
i
5
Sa
(]
3

v
x

£, ] o ' ¢
ViAamunsiadauivouruiay
- - + - -
U 2.4 unAamimiAianetviivesianmdsuuy RMS

[ - o [y £ = ] ] ] 4

dwfununmiuAmnefuduuseavisusudesmuannsofiasutwendy 3 du namfedle
¢ o w ' ] ' « - leo o v

AUBIRALEINAAWINABL ST I NWLRGILazgnnAw RlsAwILmInite 2.2
» 1 = A 1 ] v “w “
ek fIAWNANT 3Ry, windeamuluannvaviiranawniinlnasud (u~0) ludnly
- v v ol v v - 4 -
wihdAanumuralauemaliaiMissunfetssnin R,  AUMEUENNBUNIMUSIAANIS

v v o G - el 4 P &£
auﬂ’dﬂuﬁ»mu‘luﬁﬂ'l‘)zuﬂ'lu'ﬁﬂ'l’lf\wf\l’ll.l.unLﬂun'l'maaauuuuI.U']ﬂ'ﬁuasﬁuﬂizaﬂﬁuﬂtaﬂﬂw"tu

aansofiesyssnaiAudisrvisusaduaniuain (Static friction coefficient) (u = H)
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- A J L3 ) ]
dwiunsdinaruminrasiaue AR INNTT Ry WAUBENTY 3Rms (R < h X3 Ry
£ A o ' £ . . .
dunsvavbusadeanluannviigniisinludussantusadeanunay  (mixed  friction)

. £ o o
mMIUTsnuAduUsEavsusudoenuannionssussunallalavauntn (2.22) [21)

H, h<R_,
y7, h
=42 3-—0 <h< 222
7 2(3 R,,.,J R, <h<3R__ (2.22)
0 h>3R_

do 4 £ -
Treiniuds ¢ Aedindss@vdusudoanuaad Was 4 . Aeduuss@vdusudommualin

2.4 mafnnsiuloauazmsiiniontu
2.4.1 avsauloa
dmdunsisnsulaatvessiufiduuugnniannsaiesisnnalasnsliguivesess
w03 (Euler’s belt theory) Tasfimudimudsewitsusfwwasiufiduiivsesn T, (V/m) waz
usawwesuRdmath T, (Wm) é’uﬂszaw'ﬁ'usatammuuazquﬁuﬁ’aﬁmwa’uﬁ’uému
AN (2.23)
T, =T, "9 (2.23)

Web direction Yy ,
\< Twt wHuAAY Twz
- e

Twz y=h FA h

y=0 X .
gnnaa

P o - a ) - ° ' <
(n) Aiamansiadeufivesgnniuasuiuiiay (1) ussinssvivuusuiduTyn 98

af ' - 4 4 - o & ' 14
JUN 2.5 WHUMALARINAN1INTISIABDUNKASLTINNTSYIAULHUAG

- - d o o o w1 a a
U 2.5 uansildiiamumiaeiisuiivazusimeousniinssyiiuukufiduuargnnds dwmsugy
v a a & - v Y ~ v U P <
25 (n) dMesanTiyu d8  Fidlvuimdnuindniu cosld® = 1.0 Anuusunmauanusedl
o w 1 L3 : -J b v ol L 4 ]
nszyifuusuRaLLazgnnds (FBD) annsafiazeduiesmiogun 2.5 (¥) 93U 2.5 (1) fusuias
- J o W J d e I‘; L3 d 1 [ ot 4
giinTsaansmdsiavautoa AmulrandnnisaunavewsuiuRduuTds 7, awnsed
° ¥ -
axAnalalaeldaunsi (2.24)
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Twe = Tar + F/L (2.29)

] 2 d -t ' - &
Teft o, (rad/ss, rad/s) Tugui 2.5 (n) minefwrmuidamuasanundapesgnnds
o & A -J ={ An‘ » o »
gy laentsuvuaunisi (2.24) adluauniin (2.23) FudssavbusudoanmuiSuauvinlv

WantsauloavesuisuannaiissUssnalagl¥aunsi (2.25)
F
/‘sh;p = "ln(l + —) (225)

J «r L. 3 J o 4 £ 1
Trendauus £ (Nm) wmnetausadsaviusazannsonssauuvilnoliniaudsy (Shear
4 - : 4- 1 [ 73 J A [J L4 :4
stress) MiATuARIYBUEUREN y=h Asuandugy 2.5 (1) uazaunsansvAnnalaeldanisn
(2.26) B (2.27) muamu

_ZM Fout au
F~z;[ L,. qglﬁodxdz (2.26)

@l {L)@_(___M-%) 2.27)
., \27)ox A

2.4.2 nafiaseutu

dwmFunstfiamsguuuwiuiidy (Web wrinkle) Turusitusiufduedouiiangnndsi
wilslusndaviemelduseiavioniuidu (tress, o, ) Tuunu x Tuduiuauvalidnauduse
(Compr- ession stress, o, ) luwuanu z denusussnarufauinifuluuriuidussiianiside

JUvdaiinsessunuunu z Muaaslusy 2.6

- A - l l
WAN NN IRGDUN

g,

=T, /1,

ILARAN

bbb

J v ]
JUT 2.6 ArnAuvuwHuREN
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dmivaunsusiruuiuidudmiusenuuvbiliiinsestuuuuiuiiulagminavsley

Hashimoto [22] fawansluaunsi 2.28

212 ’ E.E
T, 2T, =—% | —X% (2.28)
wrinkle cr ﬂL 3(]—VXVZ)

[} o ' [ L3 1 - a o - " 3 ' ] (4
stiulsfimusastuvuustividnliisninananvgveusitanguiuluvintu sesguuuuduiicy
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Shfiawmmnannstafivesgnnidnssduanduzun 2.7

< d «
_¥ $=uviinsnug

4 ¥ - a“ :
E'UVI 2.7 TBLUUINANITUARITDIGNNE

dwivingd (Critical angle, ¢,,) ﬁﬁ'\'lﬁuoiu'\"léuL'%:uLﬁﬁiaﬂduuamaq'luaumiﬁ 2.29 [22]

61; t, | E.E T,
Burinke 2 b =——5\[02, =00, 5 0=k ,3—(:'77 ) o= (2.29)
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MNUPINAUNTTN (2.28) wazaunisn (2.29) an1izlumsviieiuesanseadnsludiaussdanyiln
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iRsasguuuuwuiduaNsoNastsEnAila
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2.5 ATUTulTINuRIgnnARgTaIgURTINNT
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Wananiuusudoamuszninuduiiduwazgnnaunabiliidanisauloadalunuives
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- v a v i o
UM 2.8 mauTuuiegnniemisiesgupingg

dwiumsUssnadimasuiduema A awseissUranalaglindnnsiaieuvesda
nmslwa  (Equivalent” flow rate) - dwivaumsensnslvaneanunivweswsiuiauniols
auyRgrudviswanisivauuyianed (Viscous flow) Wasnslvaidessnmuiu  (Pressure
gradient) tissannaniuaansoissdsuaunsuanarudniuslasuanduaunsi 2.30

_puf, 'ma) pU
(N (h+LJ_ > g (2.30)

= = oo ' a <
VNAuNA_230 AmmuiaueIMAUNINMeg ssinkeiduargnnaludiesaunsan
o
sxUsranumldsuaniluaumsi 2.31

heh, =22 (231)

Taoil he, Wumumuiidienmesssuuailou (Equivalent air film thickness) vanunsodt
UszanmuAwiiueamiaueniAnnanae (Central air fitm) hy (x=0, 2=0) Feruaumlag
Tdevduandiviie 22 dwivdgodneal noduduidetugnnds war A
Huimhanvesiesguriaddiiuanilagliaunisi (2.32)
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d e ' F . L9
9IMATIFUIIY x=0 uaz z=0 (Central air film thickness, ho) gniUSsuiviguiulunaas Prof.
Hasihmoto [21]

[] a -..‘ L 1 -t =l =i o e = J
TudunavesmsuiulssgnnasmeiasjuainsiasgnulsuiisuiunsdiaGsuiouan
v &t o d o & = o ° a ' I3 I oa
Tivtufwsedndamiiuusaudmaieanzmainnuraimseanusuiaunanfe s
1 e ql‘ 4 a - J ) o 1 '
yurnussuavt g lavasgnnamivasndesnnisiianisaulaatesuduiiduuasniinsassu

1 a sy L) o J
vuushiidy dmiuauamniRvewsiuidmldlumsnnagnuandumsii 2.1

:J L [ 3
A9 2.1 ﬁmauunmqmumwﬁmuuuﬂau

daegdaluvienie MD, Ex, GPa 4.37
gendaluvinvw CD, Ez, GPa .29
ans1duthvesluiiAvina MD, v, 0.3
dnsidntheeslufirma CD, v, 0.3
dudsrdvsusadeanuatn 4, 0:3
ATV Rms YasuiuRan R, um 0.09
AIMIMUITBIUNUNAY £, pm 25

(MD: Machine direction, CD; Cross Machine direction)
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0.15

0.05

-1.56

X 1.562
31]171‘ 2.9 (n) mns¥areAuuling



25

= o
JUM 2.9 (¥) n1anssaeanumniauein Al e

o a o vaa ] ' « & a
E‘J“ 29 HQﬂﬂi‘iuﬂ'J’mﬂ‘uaﬂﬂ’W'luﬁgﬂ’}'luﬂu']ﬂéu't)’ln'lﬁl‘mﬂi:a'w]'nuuﬂauuasgnﬂ‘ﬁiN'JL.i‘E.lU

2.5

20

1.5

1.0

0.5
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- - o ] 2 a ° o
JUM 2.10 nisnszatepumuIaueImAfisumi z=0 meldanswdsuulasiuiunia Nz

J 1 al o - e - . -
UM 2.9 uamguineamusueinaluzuiulslsiia (Dimensionless air pressure) uav
[] ar oo - . . . - ot [
JUswmuvvetiauenAluguduslsiid (Dimensionless air film thickness) unsnéiag

sewinauwsufdnuasgnndsiisunaldrudmeusiuitdy U, = 50 m/s Aunieres
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uriudy £=0.035 m $milvasgnnaa R=0.055 m waz useRvwBesLTdN Tw = 300 N/m nams
Anauaatiiiuimuduenavinamseniinuismairauduussenmeadionnan
wiitdinsudsuwaiguin (Web defection) duanslugy 2.9 (n) dwiumsnszaeaiy
vuweddue MALARBgluzUR 2.9 (¥)

dwiuguil 2.10 uamenisnsyetAUUTENaINTATIA Ui =0 awldnas
wWasuwlassmunia Nz iWefissmdnnunissmuauniisvessiuiidy Wy 2) fvnsailu
nFanTInmMIAamuidieswunisuny z Wutuduemafidunaldlidanauasua
nsrwadlauudsuulatissamulifanisdeuudasil Nz=60

dwiulumaihinneruumefidusiniaiiumia x=0 waz z=0 Idgnideutiulae
Prof. Hashimoto [27] fauaasluaunisit 2.27 duiteilidssnuideielunisfuan s

J o ] » »
uTaHANSINATIAILINE x=0 Way z=0 Fegnitieutiisuiubunaves Prof. Hashimoto

2
120U )3 1.614 1.764
3 0.589 - —+—— 2.27
hol{Tw]( /1+,12) (2.27
16
= 14 '/ Y .
e Hashimoto’s model
9 12
E B  Numerical solution
= 10
-
g 8
T 6 »
«
g 4
[=1
] 2T .
0

10 15 20 25 30 35 40 45 50
Web velocity, Uw (mv's)

<l P a Y Y
UM 2.11 amsifBsuiisuransiunaudeiaeiulueayes Prof. Hashimoto [21]

mﬂg'dfn' 2.11 aAnuvuivasiduainiaiifumye x=0 uaz z=0A1uIuNBLANTS
wisuuasmidwewiuiian Jriuasgnnds R=0.055 m ATwNTveLHURNEY £=0.035 m
UATLIIAITEWHUNAN Tw =80 N/m  leasfiduiluuassnisAuimenluiaaes Prof.
Hashimoto  uaziduiiugsdvdsududedsnmsdnnadsdasnielfnsdsuuas
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$1uaun3n (Number of grid) 32win 20 - 60 TufiAmeunu z 9nguiie LT UEURAY 1.0-5.0
/s AneAsvesmumRdNinnawiiwmIneideiialndidssiulinaves
Prof Hashimoto
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wivdgu R ud s liemauwmsniaianegssituwsiuitduuuazgnnasntulduay
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Contact width, x (mm)

SUi 2.12 MmanTEReaTaRRduE AT z=0 MmelAmswReuuasmuniveusiufidy
(Tw=80 N/m, L=0.035 m, R=0.055 m)

J - 1 J - Ll J
U 213 uaamginssuvewsiufidumelinsasuulaussfeniuiiday  Araaniives
wiultdy Uw =50 m/s munineeawiuiidy £=0.035 m uaziAiivesgnniy R=0.055 m

o w e v d o ' « o -1 d o
AMWAWU INNTATLIAULAA IAALAINIINTEINAUVUTBIWHURALT 2=0 fiAanadlowiu
ussdvawsHuauRantlugy 213 (n) dmiunInIzanAnuAueINATERINWHURGIUN

-v J < a J

LaZgNNEN MUTIAI Tw=100 N/m 200 N/m uaz 300 N/m mua1iu uandlugy 2.13 (1) Ausai

& o 8w o & o - ac o o < v W
qwuaauam'lummaummﬂqwu awumimuuﬂﬁﬁatﬁmﬁwumasaaa'lmrmumnmw'm'l
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U
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Contact width, x (mm)
(n) MINTTNBAMUNLIYBIRELDINAT 2=0

0.25

0.20
&-0.15
Q (.10
%
2 0.05
m . .
a 0.0 | — Tw= 100 N/m

“Tw= 300 N/m
-0.10
-1.0 -0.5 0.0 0.5 1.0

Contact width, x (mm)
(4) nMsnsEEALTURINAT 2=0
Ul 2.13 ndnssuveawsiudumeldnmsUAsuuausifveusuidy
(Uw=5.0 m/s, L=0.035 m, R=0.055 m)
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— R=0.045m
— R=0.055m
R=0.065 m
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O
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]
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_E |
E 2 |
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Contact width , x , (mm)
(n) msmzmammwwmﬁénmmﬁﬁ z=0
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s
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o 0.08
J
2
v
&J l
5003 —R=0.045 m\ \ . |
> ——R=0.055 m
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Y27 e —— NN -
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Contact width, x , (mm)

(1) MInsERBAILALBINIAT 2=0
U 2.14 wgAnTnmewwsiuAuMelFn s ABuLaM RS ATiasgnnas
(Uw=5.0 m/s, L=0.035 m, T,,=100 N/m)

Uit 2.14 uanmgAnswewsiuidumelinABuL AR Filasgnnds R=0.045
m 0.055m uaz 0.065 m MiMNT VBTN Uw =5.0 m/s ArmniNveukuTdy £=0.035
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J -' l; o : o L d :
m UAZUSIA Tw=100 N/m maummm@nnae'l'wtuwm'lﬁmﬁumsﬁuﬂﬁmwuu (Contact

o I’: ﬂ o > : L] ° L 3 : -~
area) Ylvun umﬁ'um'izm'muaauam'lummwwaﬁaua1mﬂq~:'uuua=m1uaummﬁ

anaadnipeiauansluzuil 2.14 (n) uax 2.14 (v) audy

Air film thickness, A, (micron)
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Air pressure, p, (Bar)
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Fa o
(n) MINTEWANUNUNTEINAND INIAN Z=0

o\
Yy

G

= L=4.234 mm

-10 -05 0.0 0.5 1.0 15
Contact width, x , (mm)

") -
(%) NINTTIBAUAUDINIAN 2=0

(Uw=10.0 m/s, R=0.055 m, T,,=500 N/m)
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dmiumginssuvessiuisumelinsasuulasmuierunileewsuNaIU L=1.411 mm
2.117 mm uaz 4.234 mm ARG usEURdE Uw=10.0 m/s afivasgnnis R=0.055 m uas
UIAIYDIHUTEIUN T,=500 N/muansagluguil 2.15 ausiuiduiimmuniiuiuiues
Wentuiluinsumssiinntudsavilifduenmemniusasaususimaanasiauandlugui
2.15 () uay 2.15 (v) AmdAy

0 ———y

R |
g 0.8 0.589 ® Numerical solutions ;

ST . —— Fitting curve ,LMS-Method|
é‘.‘ ~
= 0.6 o — DO H AL AT B —

\.T/
X3
[

m@

74 {-0.09424‘"3}

H, =0.589—0.4327 xe
0.2

0.0

10 AN\ ¢ N1 40
1_( LY 6nu
METY

4 L o
7U# 2.16 WisaUsznmsmmmmuNaLa mATIgARInaT x=0, z=0

w - a - -

dmivmsdnsmsiamsbuloauasnisiinseutuierudzmalazaniailuns
° o o ° a - -
fmnaaslumiivilmihaushinamendamaniiielSlumsUssutadaumnitdue e
o 1] J - ol o :
Fuvmianananluuiududa (Contact area) x=0, z=0 dwiullinannadamanignaiiu
ool LMS (The least mean “square method) UszumuIINHaNMIAIMTWIAY

i ~ [ A J J ar oo
(Numerical solutions) suassluguil 2.16 lasvinslusuwusuuaninguiuusling 2

v v ' . o - - & o ' - ' P
Usznaumemuninvedwiuiiay L Jalignndy R Anuniuedszwingnnauaswiuiay U

ussuHuaN T, uavmmmilavesnnd 7 Fnguiudsiinariuiidvinaseaumuiian
- 4 - J - :’J ) L J I’qu
IMARIBBU BN LUFUN 2.12-2.15 dwiunsluuuduansiaumitauainial e
= o o v e a « e '
mnannsdula (x=0, z=0) AvluaumsdmivinnemaiaaueINANdm x=0, 2=0

- v -
am'ﬁﬂlﬁﬂu.lﬂﬂ'mﬁuﬂ'lw (2.33)
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L Y et/
A {*"M(EIT] }
hy=R - | |0589- 0.4327xe (2.33)
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. e 20.3

p= 1.0 e 1~ X/
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(A) AT MLaRIRILTIRALDINA

£
(2} nsuanrsduUsEansusudoaviu

J - J 1 3 J Jv 1 - : - - - »
E‘UVI 217 wqﬂniiuaulnawuﬁauﬂmzmaauwmuﬂ'numu‘um‘uaqqnﬂmmlﬁuuuazu'nflmaa
(Tw=500 N/m, L=0.1 m, R=0.01 m, 6=90° Groove: N=10 wax b/2=2.5 mm)
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- 1 o o ] [ ' ° ]
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winAmwanYesTes d,=01 gm 1.0 gm uay 2.0 gm e laegy 2.17 () wam
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AT ABaNT8IgNNAGNYINAN1IEENRY t=0 sec WAz =0 rad/s Suianmnzdhgmunt
Beuugean @=251.2 radfs #t=20 sec Fammhendutignnadicruiadon 612,56
rad/sec’ fauanarmduiussswineiiidapermmiuiadiu U = Ro aruiiives
ueiufdalutng t=0-20 sec anmsaiazAwINlFUIUR 2.17 (1) 9nAEIlugu 2.17 (1)
ATUMUIRANEINA By 7l x=0, 2=0 nicﬁﬁvﬁuuuazns:ﬁﬁﬁ’:qnn?lvuﬂuima'lu"ﬁnﬁwmsmm
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V-shape : Semi-elliptical shape

. |
T 03 ‘/ Operating condition
&
§ 0.2 Rectangle shape
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Web velocity , Uw (m/s)

3U 2.18 maUSsuiieudnuarvestesguiyd judmiss uasjurtndififawEn d, =20 gm
(Tw=500 N/m, L=0.1 m, R=0.01 m, 6=90" Groove: n=10 uag b/2=2.5 mm)
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Loyt i - -4 a - v - o w -
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Anveses d, =20 m WAYAIMUNINYBTAY b/2=2.5 mm wifdu dwivaniizniavinu
AvualiwiuRduadeuiifsaudageaei Uw =10 m/s driuanafuduussTugui 2.18 9
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(L=0.1 m, R=0.01m,Uw=10 mVs, 8=90" Groove: n=10 b/2=2.5 mm uaz d, =2.0 ym)



35

dmiuguil 219 wanstrewsRTRARNAulnaveswsiudugnnATues
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2 ' a4 . W ow & 0
rad/sec’ AT vOHUAANGER Uw=10 m/s yuiiusiufduiuiugnnies #=90° Auonnes
NNAY Ly =0.25 m §147uT04 n=10 AIWAINYBITEY b=2.5 mm uavAIuEnTesies d, =2.0
o o v ' o o v ' ] a o
pmMNENY PINNsAIInLanTliIuILsiaioonds 459 N/m  wiuTiduAsnisiulng
4 1 l;’ - A ] M o 1]
Tusnueinsadanni 500 N/m uazgnndsdiyudn ¢ > 0.113 rad snluanismiliiAnsesdy
' ¢ w o d d o a a < - toet a o«
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2.7 ayu
| ) - - A o ) 1 1 »
TuunillgvinsAnwmganssunsiiafdueinaiunsndagsswinuiuidulayls
asAnsndmguilreiadduattuntsuiigmannisisluas 2 i (Reynolds-2Dimension
. r ] Y o ada o . .
equation) FaflaultiidulndudiaiBirduswdu (Newton-raphson  iterative  scheme)
4 do o ¢ o ' a a
swinasuaunisiefiswiusiaueinmavsumia x=0, z=0 uarmIMINGANTIUAIIAA
o a ) ' ] v 4
nnsauloauasmainTesguLuusuRdy MnmsAnyansafivsaglael
o ' 1 ¢ a & - " ' P &
1) ennAszunsndieg seninusiuiduuazgnndunniudllsanui1ve sk uidugeliu
29 201 . 0 o s
TuRYBnnaYvgitu wasukuaudinluniunniy
" ' ' ' o a4 o - -
2) xmAssunIndvagssinuiuiiduwazgnnisisrandiafinusdinazmatiud i
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gnnadlasmavinduiosguaians
o ° - ad e - 1 a a - v
3) insviuiaigareaiasdnslunsrinusduiduusniaiuiavesgnnaediae
' ) - - o d W 4
joegUasiasiuUszavnmiluntivinugeaaiesdnslagusmanmsauloa
q‘ = ‘J ay, - -y s : d o4 = Q >
4) MmividwssnaInaiulikaznsiiantsiafavesgnadduiiaindeuduiinarily
ey - | o U oa P v a o o
wividuinsesdusaiuiwemmanrivunzanithiliiiaansinisdulaaas

msinaseegulunisunu



37

unil 3
o r- | 4 ] [} d d ¥
qunssummqugﬂaua'lmﬁﬂcu:uuuﬂauumnaaumaq

TEWINGNNAUATAUTEADY

' a o v w - ) ¢ " a “ 1 a
Tsausagiiistesiunsedauiuiduun Bitweslunisudeuduwatain nszary
- ] I's ey (L -] - 'y o . o~ [ [) v
wIawiuRaumsRundidnnsetinduazeeumnea (Optical) Suawisautinszuiunsneegle
- - o ¢ Y ¢ [ - «

Ju msiefau Aste nsuw waznisiiuiay Wusu Iealunssuiuniavatukuiauuiae
a w o P o - o ' X oa w o ' H
wndpudn1elALsIAs ngdnTsunsiadsuiiveuduRduuuiuR Sagiiiaudangugeiy
° - ) 3 1 \ v o o [ ) P v
Indunevastsaawuulniinsdwsiuiduual urasiRgiusadoavruiitintussdasiiouive ln

- I . « ") ) A 3 X a o '
annsaiiuegnislinutasiuitduun dwiunmidnudaveawiuiduunsuuiuiandavguas
[V e o ) d W o aw o < s R
anaald Waillnsuiudgimavasiumesima dmiuvamidenrednsiieaiunisasdulu
WHURSUUNAINET feeny oty lainmaves Y.B. Chang U 1996 [23] lauszanummduday
amAssvinannasaasgnaaa lulas. 2003 H. Lei uaspmz [11] lAlduuulpavas YB.
2 L3 :I k) 1 ] ] L «f
Chang ¥nmsiATIsiUSu e N AL A Tse I duwiuRaN U rastiulaefiusanaiuen
o v o -, « | » ' - - o o al
QUGS waglgvimaiaTsimAauAuTsLiuiau R ulasR SIS viSwaTase 1N ANUNIA
frsswinwiuiian dwnsdnymmgeivewsideamussvinausuianuniugnnadinisy
S. Muffu uasawe (18] ladnyililutam. 2004 wazlule.A. 2006 M. Sasaki uazeoue [21] 18
ﬁnmumﬂan-muﬁunszmumieiqdwuusiu'?lénﬁi’qnnﬁenﬂﬁu dw3u B. S. Rice wazAuy [20]
v o A L - 1 1] -“
TadnausnimaasiuazasAnsmmguiiiienisimuinisfsuduiduundugnnas
vnsmisuan'iunin“iﬁlﬂﬁﬁéumn'mizw.i’qunaqﬁuuduﬂéu
d W g a - 5 1 '3 Y ey
warlumsfinwiieiruruiresgnnaslunsruiunisdwinuduitdulaslildgnndang
WU K. S. Ducotey uavany [24] waz B. S. Rice fiuanz [25] la@nwnginssunisAwsiuiiay
- - i ) ¥ )
unuugnndwuunildes Aeanlula.a. 2009 D. Y. Byun wasaas [26] Idinausnisfinwives
- ¥ i q 1 £ s 8 ) - b 1 v
anndswvuseanien Salvanduussavtvaasadeanulasademnitgnnfsuuuiiisesnuduy
JOUNVBPNAN
. ¥ a9 -, £ J o - 1) []
H.Hashimoto wavaue [27] Iiauelimanisrdindansitovirunsnisiintuseuciuiidy
a - oy Y - ' s
nszwdmSugnnAduUTTdeImduTeUasgnnde dareun S, Hikita uazemy [22] 18
L) aal ? A v as 1 -" d [7] - 1 )
dnaisnismsmmnzaunliiunimaniaresissuugnadanetesiunsiinsestuuu

' « - ' Ps -
unuﬂauuazn1iau1naﬂaauuuﬁauuu§nnaa



38

[ ] J ql Jd 5 .
dUNTINARAUDINIAYDUUIWNINTUNY S. Muffu uazany [18). wax H.Hashimoto
L) J ar ¥
wazame [1allsunauelilao? S. Muffu lauFuaumsveasdluasinsnisivanzavesonidly
[ + - w ] . [} < w - P
wuunsdsihuwiuiduuubildgnndnaiy @ H.Hashimoto lavaasufsrfunsiatioun
vausuRauuuugnnasegiiilsuwesduuuiizngu dean JK Knudsen wazams [19] 1aAnw
] X o w , Y d
AMANTENUYBIATIUNFULUNURIYDS AR (Porous material) funtsideulnavesvau (Boundary
slip) $EiEBsaiay HHashimoto uavewz (21] Ihauslmadiuntsnsaeudienans
" 3 1 o ) | - -
vrasuduininntdussnuamumesiuiiduenANey sEuINUHURTIUNAUgNNAS
¢ q va ' s v a0 v & od °
galaRarsawimsivanzaveseinia sgdlsidfitnidesuauisainiuiiasinisivanzaues
n' J . - - ) 3
pmAluwsiwazmadeulaaveaveu (Boundary slip) uRsaunTzUIURAAWEURAUUN
: - - € - 1 & - - a -
Tuunil ezthausnisirssingAnTsuvausadsaviurasuiduuninisudilayil
~ J 1
frussRptHUAALNIUI 1T (Concave)
v o v - « a ) o 4 <
dmiugun 3.1 uarsusuawraasuiduiiaa v t, uaziidduenda £, indoun
- o~ & . ot o v ) - o
Anluiugnnds (Guided roller) MiisAs r, Melaruuia U, Insifidausvasstislunisindoun
* A A » -f ! o - -l ) J L] -
lnowiuRdusirdsunmelausm 7, Svinaivwnia g, wasadmalausing N Ainseviniu
- . o - 3 . ' P o
annaa (Guided roller) Tmelugui 3.1(n) Wulaalunuidoneunihddeueufiduuaadeud
- a - 2 Y - o . Y] ]
finlufiugnnds (Guided roller) wasiidauszassniluannasindl r, uaziiAdwanda £, Yaslu
< ol W v d ol
m3UszRAas (Supported roller) dauguit 3.1(v) Wulumaiuiuupslmilaowhmauuiasdeun
- o - “ [ ad U Vel o v v " W
Anludugnnas (Guided roller)  waziiduszasanUivUssWidanwas idiSadl r, uasiiAnda
uegda £, unuduszasauuugnndsdaelunisuseass (Supported concaved) TnantsAtuan
o “ & L J
wUfuuTauNITve Reynolds Imefuisawavasiunisivanzavesa nialuianiugwiu
. J . a L]
(Porous  material) waznsideuloavesvey (Boundary slip)  dmiunisiunmasauyly

] [J d o] [ a d L] L) o T el
wHuAau LﬂaBUVIFIﬂIIJﬂU?“iﬂﬂaGLWBaﬂﬁ'nl.IQQU'm‘lUn’liﬁ’l'll'lmllaﬂﬂ'lﬂizﬂﬂﬂﬂgﬂ‘l]'ﬂ

_~Flexible film. T v N .
Guided B2
roller

Supported

concaved r2=rothe Ky
() fszABIkUUaNNGS (23] (v) flszApaLuUL

o ' - L) -
FUN3.1 wiunmrpasiuRduii iU szAaLuugnnduazwuu
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o
3.1 saumsmmqui
: - ‘ a 1 d o a dw = < ]
Tumneil MmsirssingAnssumvasauwuudanalalalaslaundinnTaniinudavgu
1 ) 4 4 * ! & ke
A(Soft EHL) szwinusuiauuiaiisuikuidszaes ssussgnaltauniveussiugalums
Rsunilvanzaveiomavesanhiignjunasmadeulaavesveumeliauyfgiugumaii
o - 0
paNfigaumniives 25 C
3.1.1 dnvurguinveseivuifiilizaes
J - ‘ -~ J- 4 L ﬁl’ - - L) » )
danivnsuuianiisesvuduseass luunildvinisdnwdnwaziosasuuy laud
' o ' o ) o o X o
iaauuuamauummg wag T89uUUATINT Awaadlugy 3.2(n) uax (1) MudAU JUTRALUERE
o [ P o ' ] -
fidnwudeiasiifamenndu (L) Inebiusauuudivdsumemansouiguireluniing
ad ww ' JI].I w4 ' ¢ o - <=l
AtemAduldduatvnsaliwawuuriTuiiliasn  Judisuluauniindeaania
sbuwdnsuznienmyTadlafwandtu aums (3.1) uaz (3.2) muddu dauaunis (3.3) Wy

-t -I’ - =
aunsdmsunuEaGeY

0.25L.,
: oA L, i
| b 27 Y/ AN W R D
0.5Ly; £ 0.5L,, #
l >
X l—’ Xi
(n) 3933UAtIMY (1) 7993UATNNT

J 1 ) -l L
7Un 3.2 jUsnssavumlizasaguin

B 5 x,<(n=075)L,

S;={|%~(x,+025L,)|tan6, -D ; (n-0.75)L, <x,s(n-0.5)L, (31

0 ; (n-0.5)L, <x; <nl,
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[ 512
Apli-BEexl U <m0,
(L,/4) ’
i (32)
i 0 i(n-0.5)L, <x,<nL,
5,=0 (3.3)

1 J -
Tow 5, \Wugusvesiui
D Wuaudnuaddas

d 43
L, {Wunusmnauresivuis
[ | i e a & 4 ) "
X sveywRInTa 1 fuszarlaquuies n luvdnaiunduda (Contact region)

n Wuduiuies
o s < < [ - S |
dwmiu arwdiniusues 4. Awandlugy 3.2 (n) waz x, Faluszeznisainiow 1 fedesd n-1

> oar ‘,
uanalanail
D
f=tan™ | ——— 1 x,=(n-1 3.4
(0.25L,,] % ==L, 4

] d L a * d -
3.1.2 amvasaumeatmlufaniignuiunisideulaavasyou (Boundary slip)

Moving direction
urface Uw _i

Flexible web s

support

QFFO OO0
Porous concave O O O O O O O
O00QOoOOOo

Flow direction into concave surface, w), -
- %) L d v oo v da
(M) N1INTEIWAINULS? () Wunviuaa Ap AUVINTBNIAAVUIWIU

o ] ' - ) v o
JUT 3.3 nanssneanuiinmasErninusiuiidutasinvesiussasa iindugngu

sod v 4 ¢ a a 4
lunisudedunigainia WalauainiAusasuingdvinavesnisideuloavesveu
& o 4 v o - v v e ) ] o 1 4
(Boundary slip) ¥uunazdeninnfinrsandis uazdmiuTaniitigngu sty Tandaveund
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AU wiewadwiesiiimniiipiesgaslidvinanisusnaifiduuseinaeuanes
dwaviWivesTanilemadiazingnimuelinanaeinmitlianafiegmeldussiuilloniad
wlwaneariudanmpuld dnfudionimansenuresnisivansgueeinimnisrsarsday
Wufu JUR 33 (0) uamansnssmievaseanuienAsswinaiatasusiufiduunedaid
iwdauidaaiunds Un uasuiadalszrsnnitlifinisiedoudinaléavinavesnsdeulaa
w8y {Boundary  slip) wifttrewsiuduuasittesinszresieasavloa (Slip
velocity) u, uazmel#dvinavesmslvansquesemmilssnniussredlidnvasBunuuas
fimmmun ¢, Tnsaundlinisivaveavasaniaufinfayssresiuiinsivaemzlusuun z
winfuuaziiaruudilunnlvansquuuaitauawiniy w, (Uniform flow) ﬁ'wmﬂ'lﬁ#uﬁ'm;uagj
sz z = 0 uaswiuNduunegisedy 2 = h dmiunislmansasugnuiilumadeity
auyaldnqulutaniidnwuniuuvimsinszueniiidurdugudnas o, daiuandluguit 3.3(0)
ilennansyaisresrnudireseniasswiniwiidniirdeuiiuasiofszaeat
meldrmmuiidgianaiuangdiunsnssisesruivaeinimau z @

J LY - - d
fusauAlvsnusiiududulasmmnzanuddoaitndinnnquaeduaunsi (3.5)

ou
e, 3.5
u, =4, ELW (3.5)

- " W al ¢
Wia A, (the molecular mean free path) i(ninu 0.064 4m v 25 C uag 1.0 atm

R | v o ol o »
dmivTanifigwsunrudiveseinailvansg TasAdiaaumun ¢, aunsofinednnalagling

Y =l
v93 Darcy sauandludunisn (3.6)
W o=——— 0<z<-t, (3.6)
o : g J o o o :
Ay dasimsluavesUiuiaeinia (Volume flow rate) Tuuidnuan A, wandlddail

o= PP,
n{ 4

(3.7)
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} 4 ¥ ol 1 J’ 4 » b wr ] 3 &

dlitlanil m gngurenuTsnYIN A, uarlidnsunduuviansenszuendanm 3.2 (v) Tagldng
. . | ol W v H '

v84 Hagen-Poiseuille  maléidaulyradivandadalildvasinislvawvvainavedugy

L4 1 « w al [
vanszuendurnguina d, fnm 3.2(1) szamniadeuaunisdasnmsivatesinueine

Q _ mrtd;A pP—D, (3 8)
1287 1, ’

Wounurrannsi (3.7) winfuaunsii (3.8) sElarin1simavzagngu k (m”) (Permeability of

Iawawandluaunsil (3.8)

v
porous) AU

m:rd‘fJ
=== (3.9}
128
eulvveuwavaswnmuiiavese mAuansluaunsy (3.10) was (3.11) uazaun1s Navier-
Strokesuansluannsf (3.12)
w(t)=U, - Ay 2% (3.10)
oz|,_
Ju
ul0) = (3.11)
(0)= 4 —
du_1op (3.12)
& nox ’

a o . Y o v v
Iﬂﬂﬂ’]iﬂ‘unlﬂi(ﬂ’duﬂ‘]‘mﬂﬂ Navier-Strokes u.azll‘tiﬁilﬂ’liN‘r)ul'tl'tli]ULﬂﬂ'U'NFIu‘-Jz‘lﬂaﬂ‘i‘m’ﬁ

J 3 & o & o :
LUaUUﬂ']'UBJﬂ'ﬂNL%‘]W]NLLﬂH Z bav amﬁamnmﬂu AU

2
12K A,

%=l§£z— nox 2 1n (3.13)

n ox (24 +h)
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19ph |px2 npox  * r}&xZ 7
u(z)=—=—- z—4,
nox 2 (24 +h) (24 +h)

(3.19)

- ' .
diaunuAtrnuinislvareseinmanisunu x wazuny z luaunsngwnsia (Conservation
- ar d L 4 L4 1 L3
of mass equation) Auamilu aun1sft (3.15) aslaaunisnuiuuselmives Reynolds aeld
o o a = o
SvBnaveanisidaurasveu (boundary  slip) uazmilvansauaseinia auunu z Awuandly

aun15il (3.16)
h 0
0 0 kop
— oudsz  hutf® = SR L =0 .15
I{Gx }+_,I &(p{ ﬂaz}] B
P

d; o(ph
%[{h3+6ﬂohz}p@]—12§'( i 4 ]p(p -p,)=6nU, (61;) (3.16)

ox 128#¢

P ' 1Y)
el A Wumavnesssiuiduenedwanumnvafidueiniseeiauduiusiudneny
sUTNveINsduda (x//2R) mndeguuesian (6) uazdnsmsAIMmEURIVSeTBIVURITEN

Fssaed (S) aaimuduwudaluaunis(z.17)
x2
h(X):hO +'5'E+5(X)+S(X) (3.17)

o o a X o ) & X w ) 1 wa Y]
dmiumadejuvasianuslauiunduda 5(x) duariunuusauena ( p ) ApmeuiAvesdan
5 - o el A; 1 =1 [l a0 B
veaanduiaiiluniszuumesaiaiouresdiagda (Equivalent Young’s modulus, E)

" L J -
aduiusRnaamuseRvzetulesInauntg (3.18)

5(x)=-—r- j p(x)In(x—x) (3.8)
q

d = 1 ] A :'I o0t ]
aunsaunavaILsAslouTRuduRaYINm y, muikanddugy 3.1 saviusanedy N uansey
Tuaunis (3.19)



xm
F, = L(N—{T;, cosy + T, cosy }) =L j (p—pa)dx (3.19)

xt‘n

AruduiusszwindrduegdaveaiuRiduuntuusedausiuiiduannsofesussnusle
TadlivdnnaldennmrosstesPfeifferls)fuandiiufinuamifvasuduiidutuszwdou
wawwrrudiluaseniuiuitd@saiunnnmaseurdwesdaveushiisumeus
na F, Fmanfusuidgnuuiimings A, AudmussewinAdwendawiuiiay £, fu
AuAuessiufidiluevdaantuushuidy (a,=F,/4,) uandluauns (3.20) Taedl G,

G, uaz G, Wummailnldanniveass
E,=C,+C o, (3.20)

¥ J X & " : o
AILUAINGUN 3.1 AanAuReIaInfusiuidy o, ansonssUsEIuAIMIBENNIT (3.21)

£

3.1.3 A5 IARTIEMENUSEANEULS WA savuUURURAURE
a J“ - w“  ar -‘ a
AMuduNuFTRINITNTEITTaLRI@ samuRNL AU AR UNSWRsULU AR LT IanL
I - a 4~ o J - - » o
unu z vuuiafUssraa nuaslaluaums (3.22) uddleduiinsmarlausadeaniusiues

auns (3.23)

]d’A (3.22)
z=0

Xout 2
Frotal =— : ———”L 'l‘“gg‘l"—i*&?gh—[]w
(229 +h)|néx 2 n ox

n

(3.23)

° v v a [ £
TotusadeanrmAilémsiousshusuane (Normat force, £, ) axlémdulszaviusadosmiu

Mauns (3.24)

e

total (3. 2 4)

e
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3.2 MTRTERBRNaY

d‘m%’um'suﬁaumitﬁaﬁww\minsxmuuﬂﬁ'fummﬁ(p) A Waue A (h) Sudu
fsFesirguuuuainiiliegluguiuuslsid - Fafuansslusdiufusdaluguuuuanms
153iR (Dimensionless form) wamsluaums (3.25) MsAmnudiiarszAinnumelinuants
vnqmamwuaq*‘:’aqﬁ'wsznmﬁﬁgw:u wazusiufdy PP (Polypropylene) wu1 20 Lim Awuam

Tu mseit 31

a( aP\ . o ~~
O {02\ = k2 (pr)+§(pP =P .
aX(QaX) o P+ (p2-) 8.25)

0.5

2 V J] r2 . 3
PR || ' W ad ,Q=PH3(1+—6’1R),K= YIE= Y, S=(M],ua=
& YES b*H

4
k, = mnd
1281,

o wa o
A1 3.1 AN URVININIEATNY B3R

Parameter PP-20.0n
Flexibie film thickness 1, .t 20
Flexible film width L m 0.3
Static friction coefficient between webs g, 0.3
Radial Young’s modulus of flexible film, C, =106.46,C, =1.0193x10°
E,=C,+C 0,7, Pa C,=1.0
Poisson’s ratio of concave surface v 0.5
Poisson’s ratio of flexible film v, 0.3
Young’s modulus of concave surface  E,,GPa 0.027
Radial of upper roller r,(m) 0.0445
Tension angles of inlet position v/, degree 60
Tension angles of inlet position y, degree 60
Molecular mean free path of air at room
temperature and atmospheric pressure A, wm 0.064
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Wuitifuhaumsiussgndnnaunstes Reynolds liifuaunadadu dufudwiy
HgyilesliiBsassduiles (Finite difference method) uasmaiinvesiinfy sy (Newton
Raphson) fuifaiinim (Multi-erid method) Tun1sudtgminiusussduainie Arrmnmuives
uehftduermaazminszeetensadoamuuiidudassansofalfuasivseans
avmanivadiaduitlildldtadnie (23]

nnaumsit (3.25)  dlsusnnuemayiusuduniiuaseyRussuduaeaeiBuasig

.. . v o o <t 1w P
Auiileq (Finite difference) Mduannisi (3.25) annsadoulwiswandluaunisi (3.26)

£=0 1 (Pu=P)=Q 1 (R~P.)-AXK(RH,- P H.)-ACS(R?-R)  (3.26)
2 2

Iﬂﬂﬁ Qi+l =(_QJ1]§LQ.L) uay Q l =(Q,‘ +2Qi—l)
2

dloinaun1sit (3.26) WuaunsliBadudaiuitvesdidusmdu (Newton-raphson iterative
scheme) gminrlfiiaudtlgmeamilidudadu dafuaunts (326) 7 dameyiudifiey
fuguusitlinsud (Unknown, B, ) oot 1=2,3.-- N -1 fefuszuvaumsannsoiieadeou
Tuguraswminddeuansluaunmsi (3.27)

% H b b A [F2]
or, of ORge  0Rp Py, AP _A
3 3,2

oP, oP, OPo, OP 8P, _ > '
) 2 3 100 101 N-1 AROO =| —fio (327)
: AP _
T /. /1 | e
abh, 0P g0 aPy_, ’ )

| APy, | _—f N1 |

g 4 n -l - o W [ 4
PNTBUVANNT  (3.27) Mwds AP anunsonszsmiuvialaesesdauisnsidasuuuinid
. Y. . o 4 v s ' e o [y o
(Gaussian  elimination) uwavAwAUlTiAlusaUAWIalwiawsoRssAldINauntsi
A J 1 5 O & 1 1 1
(3.28) laew Re WuAnseaulsusrlunisAmunudsnee (Under relaxation) ﬁmaqszm'n 0
-1.0
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Prpw; = Poq; +ReAP, (3.28)

< I v v v 9 kS ¥ o ]
NNITAIUANAILEIEIUAISANIMNAzIuIRuns TR meugInd 1A eA AN
- A - o .l; 1 J 1 d -t » o ] = A o
Aanataiiinannisdnaaisiniidegluriisenivld dwiuamuiianainiveniy
4 J 4 - 4 L] t 3 by
10 &, gruandluaunisi (3.29) Tasit & luAarufianaiafidiuaineinAiniusulilauay

& Wummmianaeildann s funI NN TaIRaTEILS

N
Z]'R _Piol s F Xou( )dX 5
{ = ————<1x107 36, = . P-1 <1x10™ (3.29)
! N . n’r‘bpa X£

2R
i=1
] [ Yo a ; i) (3 ] 1) L Yoad
o P uussiueimaliiailddnnnisaaluseui dau P iuussduonmAliiiai

wAnsinmsawntusaulvl

3.3 wanmsAuIn

lumeilweduisradniludswiamuasifonnuiilslunssundsdwiarreaise
5mfmuuwmm'uﬁéummﬂﬁqmﬁanmq he (x=0) melFnsdsuntasm S veusuidy
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o
umn 4

WEANTTU VLI IUVBIUHURANUNY

ndldnananluruunmskanusiufidy (Web handling processes) Tagaldluasnir
dwiugunsalitu 98 LCD (liquid crystal display monitors) Insdiwvidladie (mobile phones)
£ J - o + = L
Teariitad (Solar cellshvadidands (fuel cells)  dwiuluuwilldAnemginssunsiuiu
1oy y » - y 1ol Y - ' 14
vouwiusuunludaaisveamndn - Jywdnlvgiinuinaziunisauloavesuiuiidy
. 1 I . P v
(Slippage phenomena) kazn1sMITaBEULUWHLTAL (Wrinkle phenomena) #alunisiiuiiu
g 1 o w o 4 < a o yvd v 1 ¢ ay
Adudgaiulgmiiinanannsonsintuldiisvardnudiuiavegluansiliovensay
o a 4 1o [ » ' ¢« v o
Tasvaluniaiinnisulaa was sesduiierdasiuarnduluutuRduiiauau (Intemal
v & s o v v a PV Y awv o v e
stresses of wound roll} ﬂquumLflumznml.'u'l'lwqmn'i'mmna'n dwivenAdeiruanlavia
a 3 1 v & - &l ' c a a
MTIATIEINAIAULAUIINTIAAD AN IVGE] [2-8] agudiussiaudufdugaunsivinngs
LS [ ¢ al a [} - < t 4 = o LS Voo J
fhuuiufiduiilenansviinsesgulasinniveuruiAgs s Iviimsshudwaliusiuida
- P ' - -l v v ' ) 1 o v
Wanisauloalddedasanerniatunsndad luagse wiretureawsuida dmiuluunils
nrsAnsBangeflunisAiunnisnizaeanuiuluwniad (Radial stress distribution)
| v q eawv v v .
vosuduiduigninuAuilidnvasdunsinszuenuazanuduluuunduseuns (Tangential
. - . 5 1 1 I.; 1 £ L 4 ar
stress distribution) TIuMINTIMIARIAFIAVIUTBTINTUTBIRiUAGY Tnsldaunisiiuiulse
] . da a a o o ) ) 3 ] LY
1mivas Hakiel model fiRudvawavestue N ANUNINAIagsYIRweLMAY dmividuens
J at J [ e - - i anl al
AunsndrannsenvsAnamlagliisigeiaiay (Numerical - method)  warigiladusndu
(Newton rapsion) ufaunisisluast (Reynolds equation) dwiuuwiildhinausisnisaniidu
[ 1oa a o a Y . « o '
a1mavzuwiuiduleeTBn1sIRNgNnAINARU (Nip-roller) LkeInaInIABBNIINTUTENIN
' o o ads v - Y}
wiufidy  dwiuntenssnsarasiuluuuialiisualdluunilfgnuisuiisuiueans

& -
neRTINRIN IRasUNIaulaalayIonTEunsn (mpact test)

= y o
4.1. mshareannuidunisluvesuiuRdundrulunsenssuen

mulAaunAguauAumurun INTewkuiduiiAosn o, ® 0 AurIIAY

’ a‘ ks o o
meluvauiuiidungminuiiunsinszuen (Interal stresses) awnsefiazadunelasamuduly
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wuasril o, (Radial stress ) uasmrnAuluLuIEUIBUN 0; (Tangential stress) Fanantglugu
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i Radial stress O,

Tangential stress O;
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Adnsdluvesthives (Poison ratio) U, WietelunIsaRTUTEIBINATUNSAMAILWITENTN

1 « o V¥ 4 a o J L4 = -.; 1 1 a
wiuNduvazvihnmsihuidiaian fasiduunulunmshuduuiuitdinueuengawiiu s Ty

usiuduunaithufirndaegdaniuunuindl £, wazdnsrdautasiives (Poison  ratio) U,
dmiumsiieneianudunslunduiiduiigniauanaddeiduuliinausluinaves
Hakiel [8] Fwamnsoitazthunlilunsiiasisildusadlsinlunaves Hakiel ilévinis
AATIWHANSENUINATUNINAIYBI8INA (Air-entrainment) LazxanTEUYaINIHilosan
w3sIINgNNAINAY (Nip-load) Anifuaunisves Hakiel Fshianansoduldlalaonsdmivlu
el fowainimsuulpauntsres Hakiel (Modified Hakiel model) Tneifisivex

a o & w
VARMIUNINAIVBIDINTIAUGTUTAUDININGNNAINANU
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Nip roll e '==J">

Air entrain

Wound roll

-l v 1 « v - ar 3
Juvias n"ﬁmuuuuﬁaﬂﬁu'lﬁgnnmnﬁwu (Nip-roller)
d o » ' . & ' 4 P — 2 degww
TuyasMvimnsiinukuisuuIturesuHuidussiNuIude s quugnnasilyiu
ar 5 ) o i ] J s r » L 1 ¥ o -3
(Wound _ roll) fnvuukuiduudaytungniuagnaumiumslirmmauluwiniail (Radial
a & o & ' '3 1l A w v - w o &
stress) iutulnsInturssiuiRlminiuininn 18lALs A Tw wavusnaviu N faiuay

v o a 1 ¢ do o ° w v o o &
lﬁuluuu’lﬁHUﬂiJ\lwuﬂﬁuﬂﬁu.[ﬂ't Oy ﬂquqiﬂﬂﬁlﬁﬂquqmm‘[ﬂﬂn'ﬁiquﬂlﬂlﬁﬂﬂ'J"lul-ﬁU“l“uﬂu

i ) o Y -
50,; luusinzsevrasnsinuuiimaiuluseugaine n fauantluaumsi (4.1)

n
=Y éc,, @.1)

J=itl

o 1 A o & v D | ] 1 £ o o . [
lne?l oy WueAmnduiiudulusud i dewsiuitdilmiigniudnndudududl j dmiy
v o a & P ° % ad e 2 5
AIIAUILTUAseRssAulalagaun1Tves - Hakiel  AUTuUls  (Modified  Hakiel
o -
modeel) slananiluaunis (4.2)

E
zd&' +@B-v )r (l+vﬂ——E—ﬂ]50',=0 @.2)

reg

-J d o IJJ L - 0o
aumsil 42 awnsafezdnnunmelddeulvreusansusnuazmeludslaudving
al = al 4 o L2
INUTINANU (Nip-load) uazussdenuansluaunisi (4.3) muaisu
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o

']' = s dr

T,|_, +uN/L déo, | =[E
, dr b

o0, _
2 -1+v,,]ﬂ @3
E n

(4
2 o ] v . J

Tapldmnuduwudszninemnuiu (Stress) wasanuAIua (Strain) vasseuuiaiiounsay

ll; 1\ :’I 4 ot 3 € [

FUDBIHURSURALTULBIDNATIUNGNA (e + Pp) uasngﬂacuaaé (Boyle’s law) ausgaa

wadiovluuuaiedl £, (Equivalent radial Young’s modulus) uasfweadaaiiauluwuidu

#uia (Equivalent tangential Young’s modulus) Ereq MElAGVERaTEINIIWNINGAITEIRINEA

' ' ¢ o ] < ° =
sewinukudduALansluaunsi (4.2) uag (4.3) annsanasAunamialasaunisn (4.9)

SNCINZG [-5!2—) E, (4.9)

T TE +hy  E. " |t th

d o 4 5 \ . d .
lnen dwegdavestuildne1nad £, (Young’s modulus of the air layer) arsnfivsAmuIm
o
Tauaunash (4.5)

2
E = (|0',|+Pa) (4.5)

“ (T, +uN/L)Is+p,

] I’; » 1] 1] - 5 d ' )
lusznintussunsiuwiufduAImTBIHLRANLAY duY B IMANUMSNdI1eLaY
AMulamsTudRMILUAI MU B KUV £, WBE ATUMWITBIYUaINIA h neldniiuAuy

od o s o -
ARLannsanfulagaunsh 4.6 muday

Sa (Tw|,=s+llN L) s+ p,
.= 1=—L |¢ h= (4.6)
[ J“’ o+ 7, o

= al o o of ' '

el ho Uae t,o Mkamsluauntsm (4.4) uas (4.6) WurrmmumuRduenaiusnfogsewin
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. v - of a v 3 |
(Elastohydrodynamic) aeldauydgiufignadalirnuenundaiudeauiselénisdudaniy

» . o 1 o W ' . - <l
1 (Line contact) dwiungedmvasiuasnan (Air-EHL) awnsanssglusgazidealuunii

1.50 - - - e e
= Air pressure (Bar)

1.40
— Air film thickness

1.30 (micron)

1.20

1.10

1.00 |

0.90

40 2.0 0.0 2.0 4.0

Centact width (mm)
] o ' & dy W & w
EU'VI 4.4 n1iniza'mm'luﬁuu.a::n’nuwuﬂéua'm'lﬁssm'nqnnaawmuauqnnaqnnwu

o v 1
E'U'VI 4.4 JARINISATEIUANUAUDINIALASATINTEIIBATINVUIVEIRALDINATEWI N
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&

A adat o - 5 & ala - I A
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1 1 - a d L ) 1
ATzaTEATIIYeaus Inlia R sdwalviiaf A eI A eandana 1) atilsh
o s & =) v ° &
s mazmnlumIAutus AN s usuAGLdlsuunandy 1000 $u
at ° - v d e d, v &
Taudsnalumsdmnaanngejnisvaeauiuandluuni 3 dsuannisves Hamrock  uae
: ; o4 " v odd
Dowson’s formula #wszunmAnmuvutediduainiannnaansduda hy lunsdiagniy
. v e v o ' 1 a ] 3 ]
(Soft material) ignunaléinausemnadnnuvunysstus manunIndley ssuinausuwsy

v Y | ]
tusinaasiuannisn (4.7)

U 0.64 N -0.22
| 7
=732R| T» a,
ho (EqR'J [E‘IR'Z] ( 7)

o f Y
Taed U, Wumiudeaiuidunsiu

R Juiniialiou (Equivalent radial) R’ =(—r"f—] fauanalugui 4.3
r, +5
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N Duusinauaingnndanaiu (Nip-load)

£, urdwegdaailou (Equivalent Young’s modulus) E, = %(

1-v 1-v?
+
EH Er
7 Jumeuviinvetenia
] ‘ 1 ; o 4
sgnalsimuiesuuiugtunsAnuaumsves Hamrock waz Dowson fuamalu
] w o 1 o )
aunh (4.7) gnilsuiisuiunisAinnalagassanngeinisuasiuluuni 3 lutuannud

» - 8t é’ 2 - 1] 4
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Web velocity, Uw, (nv/s)

] P v o]
UM 4.5 MmanSeuiisuiiaueimanianansnisduda b, meldnsiuaouwlarnuds

mn;ﬂﬁ' 4.5 'lud'mﬁ"ﬁ'nuﬁa'lﬁqm'm 0.25-20 m/s P mMuTBsAEuBINIATifNAT
msduda b, wanaunis (4.7) uazainnisunalseim@ediaiisiilnaideaiy daniuly
ATsEnsUszasduematusniagsswiuduRduigninuilaSufuaansaites
Uszanaulagaunisved Hamrock and Dowson

\Wesrnurastureiuiiduegmelimmndulunninil :innimeases Peiffer [1]
wuiAdaeadaluiuniad £ vaquciuﬂa'uﬁ'ﬁduwﬁwqﬁnssmﬂuaun'ui‘lﬂl.%qta’l’ur‘fum'lmﬁ'u o
fufumuduiussznieiuegddlunninivesiuiiduuazamiduluwiinfiannsofiasn

" 4
Talrensveassazannsanesdsuiiuaunisduasnaunisn (4.8)

E, =C,+C|o,|" (4.8)
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el C,-C, Tuaunsil (4.8) uArmaitdsanunsoitesulaonivaans

melddaulvannzaunavesmuduluwiuitdiiiud aruduiusseninaamidy
Tuwundiudulia o; (Tangential stress) wavmuAuluuul3ell o; (Radial stress) Tuurazduves
usiuﬂéuﬁgnﬁwmmmﬁ'aza‘ﬁmaiﬂaaumiﬁ (4.9) uazaunsi (4.10) sdunnussdoaviiu F;
Aatuluurasturssduiduiithudtururudlucuaiad arunitveuduidy faivea
wiuRduiithy wastufudussaviusadoamuaa (Kinetic  friction  coefficient) dwiu
Fuuszdviswsadeanusaiiuamnsafssysuinusinenmiuravurediiduaininuasal
ATUMETUTBIUHU N e RsraEes, R, (Root mean square roughness) #uaasluaunIi
(4.11)

o —rda’ +0 (4.9)
\ drN XA '
F,=2xrpo,|L (4.10)

H, h<R.

Y7 h

=48 e <h<3 4.11
e

0 h>3R
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o d [ A L 3 £ - oy . -
2ONLUUANITNITVINUTBUATIINSIIIUWURAL  (Operating condition of winding
. - 1 ) ¢ ) o » ' ¢

machine) Tasusidinnisauloauassesduuunduiay dwsuanniivenistiuusiuiduees
- et 1 LY -:’0 o et - - ; d 17 -t L4
nmiedeumiilfvmddeluinedmstuvanieglugui 46 Wuusluguuansdemniaild
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< <t ' Iy -l
U 4.6 annsaizuiweeniduawdiufuansluaunts (4.12)

Un &

t, t.
<> — >l

Previous work

N

Present work

Time of a winding web, t; (s)

o d » 1 3 P
';G'w. 4.6 AUTINRIULHURGUARIRNIHER

Uy =(ULE) {for O<ti< t,);
Upi=Ue (for t,< tist,+t.); (4.12)
U =(Uo/taX t-8,1) (for ti>t,+to)

al 1 o J L' Jn Q .Y d
dwmuarusnvesuiuiiduigniuannsoniidnnlaensdudnsranuni 4.12)
o IIII ar 1 1 ar 5 [] L4l Jv A
AiuANUARMUSTENINATINETILELUREAN ansTuuasTatlvestunkuRduNIuan o

sdunelpoaunsi (4.13)

=T n

L,= [U,dr=Y2xr, (4.13)
=0 i=1

-l ' ¢ o v o o o ' o v
Tnah Lg; Ariemussusiuiasimhy & unamiliih r Snituvewsuiicuniiou way

. ] ' ¢ o e
i uanafietuusiuNArttiunAuN
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4.3 myiATeiidiaay

Tnel#38uasneduiios (Finite different method) Asuansluzui 4.7 Tnafigud 4.7(n)
wamusumwiuuiuRsuiioy defvsuuduitduiitulan fie i Tasnisnszaseyiussuiy
viluazeywussusuaasluaunisi (4.2) §263% FOM Aefluanduguil 4.7 (1) aums Hakiel 7

al ] 18 J
Yiuusslmianunsofissnsssuanieulmiswuanlugsuniim (4.14)

i+l

V—_“__

»
a

o a ! .
() Mm3nszgeyRusITULHLNSL i Taq

7UR. 4.7 33 FDM (Finite difference method)

(187 ~3r128r) Ag, (i=1)+(-22 1 8P +1= B B VAo, (1) +{7 1 82 +3r 1287) Ac, (i+1) =0 (4.19)
- ° o o |
auntsh (4.14) sinnumelateulvreulutarysuuandandluaunisi (4.15)

Ao, =~(T.|_, +#Nip/ L)1s ; (dAc, T dr) =((E}eq/Ec)—l+v)(Aa',|r=,b /ro) (4.15)

savundsuUamawrduluwnimdl Ao, (Incremental radial stress) awnsad

swAnnlAlansingussuuauntsdl (4.19) agluguuuuraawnin (tri-diagonal system) &4
wamaluannisit (4.16)

[4){ac,} =[B] (4.16)
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C, =0.65 C,=1.0
Poisson’s ratio of wound roll Ve 0.3 0.3
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asauloavasusiuiiay swufainisihdantaandsnudusninnBunuitinty dwiuusuiaun
o a ¥ o a \ & ¢ of ) v ' 3 P
Wunedweiiudimudavgugmuiwsiviauuniiifnumneeasiuficutes ) wiuRduuwiuil
arudululéfisziinginssuiuialadanadin dwiuiddeilafnwwislunmmguiuasiuns
4 - L 3
vnaasasanIzasuIwaduUs Il
Tul 2002 war 2004 K. Marynowski was T. Kapitaniak [28-29] lavinms@nwanu
- y - o ' . oo o 4 ol 1 ' & ' .
e samuazmsduasivioures Taguiuiidnunnmasadeuntiussningnnds lnsuduidaiutgn
fsandvialadanadin (Viscoelastic web) TagldvimsiSeuieunginssunanialadanadin
Tneldielumanas Kelvin-Voigt was Biirgers siaun Tl 2005 J.O. Lf [30] éiwaueaunau
d W - € % 1 ey € o s A .
nenfunmsiesisveusuuuesuianuidunssasiuviuiuilesltluna Convective hygro-

viscoelastic FavimsuitiywmpdiaaanilagiSinluddawud (FEM, Finite element method)
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1.l 2010 MR. Brake uaz JA Wickert [31] Wmsnwmsduasifiovvashfdnaiings
\ndouiivesunuwionin  (Magnetic tape) Tadldvinnisiiasziladlduszgndlimquiialrdanad
nTafuvguind A (Viscoelastic Euler-Bemoulli beam model) iNavinmislwsesins
Suaviounarlévhmmeasrinszesnsedn winiulul 2011 W. Wayne Chen uaveaiz [32]
ThiauemalieszinmginTaummquiresniadegiidessnnsnavesgrniuuiudoy
(Contact deforma- tion) lnefasfifinungnitasdlimgdnssudunuyialadaadin (Viscoelastic
material)

dmiunsfnyianiamginsauduialasaaRntusauauiBenionm (Physical
proper ties) tuilruddguiuethannsismeliusiiinssidutansnuaiEnamenmiy
avuwlsfuium Aofuunmuideilldumdpuaniininsnmeeusduiidudiinanieuin
a1ty wiuftdy GPU (Glassy Polyurethane Coating) vt 1-pum uuusuWay PET gninausiay
L. Cheng uazaairlud 1999 [33] aantiilul) 2004 Y.W. Zhang wasame [34] lvhn1sAnwiieaiy
Auautinnlaladanadnuauiufiduuy PMMA/AL  (Polymethyl-methacrylide on  an
aluminum) way GPU/PET Taevhmsfinenfisvasuariunduy dufle 0-2000 Juwt uaslévions
WisuifisunsrusalaeldluinaitdasmnAnnsumedmialedaradndiuou 3 luma

dmdumganssumsiuitdulreRnsamginssmismidaladateini Tud 1998 KJ.
Good [35] wazAmy lhthiausaumsdldiemeirudusndelushiduidn  edulsfam
SvibwavestusnmiiuaniaegsevitwiuiduishubildgnRansnn

Pinumerainaniduiiuna s wulesifnymginssueiuialadianafinua
wluiidunmdimnmeusutunsAnsdninavestusmasniudmivendideluunilt i

walurenginsaetuiuilduuivdnmuinlsslihusanedeeaniosursnginsu
v - - - oo & ' ' ' w ' - o
nandalrdanadnuasdndnavestiusimAsewinwsiuiay  dmiunaniaveasuduidy PP il
v o - v o= P - Py
ATV 20 pm gnltineuzAnewgAnTsumwindaladanain an1sfineluunilasuaninants
AnunsnssemAuanAlusiuisulufandalivasaudududa  sufusadeanuluus

avturowHuURAL

ol
5.2nnw4)
5.2.1 lusaialadanain
o o = vV o - L g - -
g 51 uasswuudrasweadamaniiilfaduemginssumsinidlaanainte

1 [3 ol - a1 v &
uiuiidn Taegudt 5.1 n uamsbuimaililusidenoumi [34] uazsuit 5.1 v wandlueorlély
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- el [y Y F A . .
ilsiddidnwusduiuduvaisBuredy (multiple elements) vaalaiaa Maxwell uaz Kelvin-
. w al [ X o w < . 3 ]
voigt suiulas?i n=1,2.... uamsswiududu dwivTanfuluveauda (Solid) Swau n Aasesiie

' : A A - - L ol - L 4 ] 1! l\l :
wnnda 2 duluiefisveduenginssialadaradnlausiudanndsiiu

T =7]]/E1

Jo=1/ 170
o -—J}—— o

Jl =1/E1

() Tuealurniseneumid [34]

r1=?]1/E1 = T?»/En
=1/E

[ 73 -X '] g
(v) Lumad v

J 8 - N - - 1) &
U7 5.1LneadmivedunengAnssumsialataainuesukiuiduun

o [ < i L4 » ‘J -‘ [ L
dwivwiuRdumegnelaniundy luealugul 5.1 a uas 1 awnsoesmA@MUSTII N

} n - d o &
AMLAY (Stress) wazauAIas (Strain) Aswamdluaunisn (5.1) was (5.2) amuaieu

s(t)=a(t)(ﬁ+';—0+hl—{1-exp(~t/(m /E,))}) (5.1)

e(t)= a(r)(é+ gEL,{I —exp(~t/(n; / E,))}} (5.2)

5.2.2 MFIATIENATIAUNNAT
w a 3 % I | [ o [ v al Y 'Y
wiwmnfludhuiidugniusnuduiandemeluisrauduluuuiriivazauduluwadu

o O o ¢ & ' T -
fudaduiamudimiusiuvumuguaunausawsuuwsivitdusuanduaunisi (5.3)
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*

oo « 1]
r 8rr +0,~-0,=0 (5.3)

4 o ) al » o 4
Mnaumsn  (5.3)  anuduwusserineanuadealuiuidaiivaslunudududaaiunsonuanslaly
o . -
aun1v (5.4) (Strain compatibility)

rf?f—'—+£ ~£,=0 (5.49)
or

lJ as 1 ar - . .
Tnenaun1sanuduiusssrinaunseawasn1sein  (Strain-displacement relations) uamslu

aunsi (5.5)

ANCX (5.5)

»
dmSuatuduiusserieaseavslunuTelivazlunuadududalumeauveaian Audantuuas

LAY (Viscoelastic constitutive equations) uﬂmaq"luaum‘sﬁ (5.6) uaw (5.7) ;mudau [35]
t
= I{J (t- t) Jo(t-0)2 } (5.6)
0

I{J (= t)ad‘ ¥ (t—r')%,’—}dz' (5.7)

0

P o [ ot * v o’ .
Pnaumn (5.6) uaz (5.7) sziidulsveruduluuuiiel o wazArwAuluwndudao,
v U o -l -t f I o
fatiuaumTn (5.6) wag (5.7) aunseviav@sulmilaenisunuaumn (5.3) aaanaluaunisn (5.8)
uay (5.9)

al: oo, .:l

r +0

ar r

J (- :) .;,,(:_f)T_ ar (5.8)

= -



r

i a[r ar +O-r:| a .
£ = J' J -ty —=+J, (t—t')% dt’ (5.9)
0

]

3 = ] v . | .
notuunuauntsi (5.8) uaz (5.9) aduaunsil (5.4) JuliaunseyWusdusiuass (Second
order partial differential equation) Tumearsaswrnuiruluuiall o) Sallusastureusuidy

Led i ’ J
fhu r eAuihndu was bat é@uﬁmag’luaumiw (5.10)

( 2= \ e\
Jr(t_t')%(rz aaroz-r)""[3‘]:('_")_‘111(l—l')+J,,(t—t')+raI’(atr t)j]—a?-'—(ra‘;rJ

Rranu-n a,@-r ' pt' =0
A !(ar ) r rrgr g o0’

| L (=) I (=)= d, (¢~ 1) = T, (¢ -1) Y

LN

[~]

(5.10)

dwfumduitaidu J{) luaunsi (5.10) luewideildsasdasifluealugui 5.1 9 dannsodt

asFeuaunsAuRetuldvuanduaunisi (5.11)
M
J=do+ 3 (1-67%) (5.11)
i=1

Toeit ¢+ Aevanimhoifiuiund , Aenafuf (Relaxation time) SellAnviniu dasdummmiln
wazmdwenda (z, =7, /E) J, duiAuiriduinaiiusudsiiuidudmniuredmeeda
(J,=1/E,) uaz n Husuautuday

naunsi (5.10) Wensenewmaududinsadluguurunsuinmesagluassguuuuduandly
aun13fl (5.12) uae (5.13)

' NG
I=\{J(t-1)=d
Oj ( t)at' t (5.12)



=20 g

(5.13)
T e ar
o, oo,
Taoitlumenvasitedidu 5 ununduiuus rzar—z’ r—= Uae o, muawiv dmiugiuuunisdu

< J ) aF A
Ainsalugduuy 7 annsefiesdszanaailaraunsi (5.14)

=0, -:,._,)(-a’%]. A+ It —-t,-_z)(m) Mo+ et I (e -:,[)(a’:_jf‘)J A

ot
X i +1
=J(t —t)N+H I (=0 ) A+ -+ T (0= 1) A (5.14)
i=1
=J(L—t)AG+ Y, T(=1, ),
n=k+1

9 h o o - G‘ ’ L 4
Twineudsriugiuuudufinangiuuuass I annsaviasdssnumlanuaniuaunisn (5.15)

as(t,—t,_ Loar(t —t,-
i, Er%gﬂi— *} r—-L-a-r—-—l-lAf;, (5.15)

n=k+1

' a - ) v W - ol '
PnjuuuumsUszanaumnsdufiinsamisassguuuuiieiy aunsit (5.10) awnsanesdeulalnl
o
Juannsi (5.16)

, AL _ ,
{G,(rz ‘3;—;"J+ Gz(r a’?;" ]+ G, Ao + 64} ~0 (5.16)

r
l=1’1

o i ded W ' AR ' v o - o o w

el G,G, uwar G, WurmiuivAmaasiRsssiuiduuniiuialadanainivandagiu

b o 4 o w o

(t=¢) meldamAgu J, =J, ﬂauﬂmagﬂuanmw (5.17) (5.18) wag (5.19) mweau. dwiu

1 dd o arsy = = a J v o ¥ L 3
G, JWumntuivguaniRvedialadaafinuavammmnduniaiieunt (r<g) Hwasmagly
o

aun1ivi (5.20)

Gl - Jl (t' _tf—l) (5.17)
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G, =3J,(f; - t,)+r—/————= (ér ii-1) (5.18)
G3=r%t;r_—tﬂ+-],(%“’i-l)_']r(ti_ti—l) (5.19)
62110' t
J‘ (ti_t —l) k( )
i a (t—t_ )} 0Aa, (1)
G, = IBEY; t—t . )+r 1\ n-1 r r.k\’n
4 ,,:Z]H[ { :(1 n 1) or or % (5.20)
aJ,(t,—1,. .
+{r—l(ar—l)+-],(ti_tn-l)_Jr(ti_tn~l)}Aar,k (tn)

= & - = v o w ' « 0} ' I
twaswnluuniiaulanginssumsfsuuiasmanAunanAnysusuidumd 1 nn1snULHLRAY
vaaisduwddnuwiuisuildegmeldnsussislunaihuineely  snveradnaaunts

o & =l w <l » <
Jeulvveuanisuen (Outer boundary condition) Mliatllegiu ansavunumeanmsi (5.21)

=0 (5.21)

F=rOut

ar d .ab -J | -f w
dwivaunrstioulvveulu (Inner boundary condition) annsedezifisulauuiugumuduius
v ol o & o v n ) ) 4
AuALLazmATEATignnAsilluunwin  (Core  material)  uasl¥aunismaiuduiudsening
1 J aF J o L.24
AuAITALasAIAUNTUluaLnsh (5.8) Manandluaunisn (5.22) uag (5.23) suasiu

(7).,

—_-_E_‘:_rL = (Er )t='i (5.22)

[

[ of o
J,,(t—t)a{r

o, 9%
r J+ th (t t ) at, , (5.23)
dt

(o, )t=‘j_1 +(Aa,),_,

E

c

-~
il
D Cpmmay ™
»

+J, (t— t')%o—-f-
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5.2.3 BvinanastuImAse T uLHUNALTS Y
iesnunuzithusiutd@uneiuomaanseitssunsndiunegsswinturesuiuiiay
viisiesuenudaluuniia Safundionmshueivduiuseemaiiuneniegsewinusiuiis
uiuinsmndiegmelusasiuammuiliinadenginssuveswhiifimdanmsiou - dwmi
aunauuudwiusnadeuAuileitu  (Equivalent creep function) faduvessesornia
sewhawiuRtduannsofiedouaglugauntsil (5.24 uas (5.25) dwiusaioufuieidilunn

YmiluazAnailouAurantulunuiduda

oLl =EL+2":J,, (1-e) (5.24)
req =1
_ 1 3 —t7;
qu—a-i'g.]ﬁ(l—e tr) (5.25)

J aF a - . . » L4 ko)
e Guegdaaiiouluwuniadl £., (Equivalent radial Young’s modulus) wazdiwegdaiaiieulu
wunduduia (Equivalent tangential Young’s modulus) F, nielddvenaveinisunindaves

‘ ‘ ol - e o
MATTWINUHURE kA luaunsn (5.24) uaw (5.25) annsanazmuINmisiaeaunTn (5.26)

wth g —( Lo )E, (5.26)

e TE vk Ey 1 +h

o e a 3 . - o
Toan Uquﬂqamawuﬂéummﬂ E., (Young’s modulus of the air layer) awisonazAuiulae
J
auniv (5.27)

i 3
E = (a’ +P“) (5.27)
m_(T |r=s+pN/L)/s+pa '

w

1 .‘; ] 1 s J “ ]
lusswindursumsihuwsuRdurumvuiressiuiduuartutaeIniAiunIndssey
v - v oo 1 « ] v v o
melantudadaduammuvawiufiduun ¢, way anuwuvatuena h meldaruiui

al oo -l o
Waguwlasamnsansuiailaeaunisn (5.28) anuaisu
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So (TwL:s“'l‘N L) s+ p,
t,=|1-—L |t h= (5.28)
( E ]"" CATY R

r
’

< ol ] o - o 1 '
1aedl hy Wae t,o Muandluaunish (5.26) uay (5.28) Lﬂummuuwuﬁéummﬁvn.wﬁnmagszmw

L ) « J Q. o L 1
wiuidukazA v ITaHLRALIna S uALTaIM S IuuH LGN

5.335n15189% 189 (Numerical method)
a4 LJ : 1 & i '3 a “: L3 Aonad o - -1
dwsunsauanluuni aunas (5.16) Wuaunsbidudusiuddisdshanlassadsu

[ - P v v O o o o
Touasnsduiiies (Finite difference method) Astiuannisi (5.16) luweneyiusidiass uazidy

wilannsofezidsuagluaunisi (5.26) uax (5.27)

2 - ‘. ot Y e § —
(a ,-if’] =[Aa,(,+1) 225:)+Aa,(1 1)] (5.26)
or i 2Ar

v Y ' af o ) P
feTeMindnaunin (5.16) sanniafissitisvaglugussuvaumituanduaunn (5.28)

Gr: Gy . 2r°G, N[ G, Gor 3 (5.28)
et | Ao, (i-1) 4] = +1-Gyr | Ag, (i)+| —+—=—] A +1)=-G,, -
(Arz 2Ar ) Ur( ) Ar2 2 ; r(r) Arz YAF ; o, (l ) 4,

nauns (5.28) nstlasuasaruduluwusiaiiuiasturswsiuitdushuannsaiiesfuaum
18Tne Gaussian elimination fuummuduandlusiufdushuasfuannsaivziuaming
msTAmsdsuwamnuduusastanadifuanusuinaiGeiu dmduinandusuniy
auduREiir Y AuAALTs LRGN aTR e uaiddldesunenudluunil 4 dnfuaunisi

° v o ) of
Annummrunduiinagaieuanduanisi (5.29)

&0, ()=, (1) + X AcT, (1) (5.29)
k=1
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5.4 aNTATUIAUUASHANITNAADY
dmunsaneluunilinsAnslmguineiiadadarainlasvinsFeudsuiy
1 4 1 [ o U L) ' [ 3 A -
nantAapdlnelwiuigy PP (Polypropylene fitm) émwmqmawmmmuﬂau PP viedunotu

I's o aw v Y R v o
sUvasdvitsifuilumAdetiflialdannismaasaves HHashimoto uavanz [36) Aefluandly

A1T7 5.1 uae 5.2

- ] o« a
M15N7 5.1 AAuisituluuuniad J,

Element Creep, J, ;(1/Pa) | Relaxation time, z,(s)
i=1 3814x10 2.396x10°
i=2 501010 7.588x10"
i=3 9.226x10™" 6.532x10"
i=a 1.753x10" 3.907x10°
i=5 3.098x10° 1.116x10°

A J [ at
A15190 5.2 Arduiidulusududa J,,

Element Creep, J,,(1/Pa) | Relaxation time, z,(s)
i=1 5.507x10" " 2.567x10°
i=2 6.315x10 " 3.533x10°
i=3 7.536x10" 3.478x10°
i=4 2929x10™ 3.363x10°
i=5 1.331x10” 6.111x10°

W kY] o _d . (L) [y o YY) o
dwivArAuihiduluuuiiriuasluwnduian i =0 Wudrdnnduresdwegdaduansluaunisi
(5.30) uaz (5.31) muddiu

—— (5.30)

1
Jog=—
TE, Cy +C, |o’,,|c2

oo =EL=4.296><10-'° (5.31)

t
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dwmiusuls G, C, uar C, [usmldnminaanilasmsnaviuusiuidy (Compression test)

gﬂ*?‘z 52 uamAntdsuwasrnudulunalifunamdminnsihuiidumds
=1.05 AlFnnmiveasdseiuiufidy PP gm'hums'lﬁusaﬁqmﬁmaaﬂmiﬁau Tw=100 N/m w38
@$-0 Uw=05 m/s uaz uiqnmﬁ’umnqnngmmﬁu Nip-load=0 nmamaaawuimela
gqaumgiiies (25 ae) ArmAuveLsiuduhu PP lundaiinamdinstiu (Time=0) il
Aszanal 0.35 MPa sAnudueanassuan Teaavzlutae 1 aluwsn vie vadud 0 i
60  uniwsmdssinmsthuanuduszanastegesands  wdsnmiuaraduluuuaiEilGuiing
Wilbuwasiiterasauiigniizasia (Steady state) fnaszinm 110 wi viadilndiam 2

S luwmdminnminu AAnuduasadvasUsEann 0.3 MPa

0.40
5 L * 1/r0=105
2 035 ¢
g
¢ b ]
. P ]

¥ B 030 IR bR

o

0.25

0 20 4 _ 60 80 100 120

Time, [min]

U 5.2 nodnssuruidumndnslusuriadiveswsiudidusiouil #/x, =1.05
(Tw=100 N/m, Uw=0.5 m/s, Nip-load=0)

U 53 uassiimswAsusvasmnnduluwuiaiitunamdsnmsiuitdumia o,
=12 Mdvmmmasssasiiuiuiidn PP gnihumeldusiinsiinaeanisiu Tw=100 N/m w3e
$=0 Uw=05 m/s Wiz umNAVUTINGANAINAWL Nip-load=0 IINMIMARaIMUINELR
gaumgiivied ( 25 8ar) mAuTBLRGY PP lunaliinamdimsiu (Time=0) 4
AT 0.325 MPa Aarduszanamuia Tsawilutae 1 dalueusn wie varfus 0

fla 60 UMLTAMMAIRINNISIIUAMLAYILaRARRENTINGT vawnTurnauluuusatisuiingg
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< a v v - . - & W va
wWasuwasiitesassuiingnrazasi (Steady state) Maanlszanm 110 wi wiawlnaiinan 2

FLRVEIINATINU AATUIANaRauvAaUsEuN 0.25 MPa

-Radial stress (MPa)

UM 5.3 wAnssuarAuanAluwwiiveusRdd £/ =1.2
(Tw=100 N/m, Uw=0.5 m/s, Nip-load=0)

-Radial stress (MPa)

U7 5.4 wodnssumnnduandalunuairfiveausiuiiduiudl »/r, =135
(Tw=100 N/m, Uw=0.5 m/s, Nip-load=0)

0.35

0.30

0.25

0.20

0.15

0.24

022 4

0.20

0.18 .

0.16
0.14
0.12
0.10

20 40 60 80 100

Time, [min]

® r/r0=1.35

A
$73 S A

20 40 60 80 100
Time, [min]
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ol ' o v v oav o v do '
EUW 5.4 u.ﬁﬁNﬂ’ln']'SL'UﬁtJuu.Uadﬁ'J'uJlﬁu‘luuuﬁiﬁﬁﬂuna‘mad’\ﬂﬂﬂ'ﬁu'm‘VlW“lu.wui f/ra

™ J ) » g b3 J bl
=135 Aldnnnmaaadasiuiufidu PP gnihumelfusidniinnaanisizu Tw=100 N/m w3a

$=0 Uw=05 m/s upy WNNAUTINGNNAINAVU  Nipload=0 wInnTvaRBawuTAeld
gamgiivies ( 25 8een) mmuAuvesUTd PP luwniaiiuamdiensiu (Time=0) &
ATUsEINe 0.22 MPa AR WuIsanawmuian Tnotawizlutae 1 $aluawsn wie wandaud 0 fa
60  unusaMdInmshuAuduzananesnTag  wimniuauduluwundeiiGuiing
Wasuuvasiiarassuiingnizawi (Steady state) Matszanm 110 wiit wiadlndfinm 2

FUamdINNITEaL AAUAuaRaAnaaYsEUIN 0.155 MPa

0.06

0.06 * (/10=155

&+
L w1

0.05 1
0.05

;
G R R LT A i

0.04

-Radial stress (MPa)

0.03

0 20 a0 60 80 . 100 120
Time, [min]

U1 5.5 wdnssuanuduandlununialveswividusium r/r, =1.55
{Tw=100 N/m, Uw=0.5 m/s, Nip-load=0)

=1.55 #ldnnnisveasdlaiuwiuiisy PP gnﬁdumﬂlﬁuﬂﬁamﬁmaaﬂmsﬁw Tw=100 N/m 39
$=0 Uw=05 m/s uar usinaiuINgANdINAML  Nipload=0 FInMsveaBswUINElH
gampiivies ( 25 aw) AruAumescifduhu PP Tuwnalifuamdsinsiu (Time=0) &
AsEnm 0.055 MPa ArrmuAuazanas e tneamzluti 1 $luusn wie wadaus 0

84 60 WILINVAIRINMSINIUATLIAUIaRaeENTIASY M ntuauuluwsaiiudngs
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P ol v " < [ val
whsuwasmissasutignmeawia (Steady state) Ailianuszana 110 U wiatlnannan 2
Hluwmdnniniu ArnuAuanauvasystunn 0.04 MPa

» v . L ) () d » 1 'S » -
FINRANIVAADITNAU ISV IITIRNa A AU BRIl PP (Hians

o ) - v [l o ) v Y] »
wWasuwasnmeldguugieseglutnnassnu. 2 Filiwsnudsinashudniuandeya
dananman AN TINTE A veuELRaY PP Jsdnnmeglutiiat 2 $lvdsinsi
wividy  dwiumsuBsuiisunamsdnnamngeiuasniimeassd mivnisnizaiedivanny

bd L 1 < W ] : ] L ~ L4 o W
twunnAIAsluLkuRaL u'mﬁummmswm'uwaqmuﬁaummaqmnmmw 2 'U'ﬂlN.ﬂ'lUlﬂ

ot J Ld - '] : - .
LIIMIAMARDANTINIU Tw=60 N/m w38 ¢=O Uw=0.25 m/s uaz usananuIngnnanany Nip-

load=50 N gﬂuamaq'luguﬁ 5.6 T4 5.8 AMUEAU

0.80
®  Experiment(Time=0)

= ” — Numerical solution (Time=0)
% - A Experiment (Time=2.0 hr)
ﬁ — Numerical solution (Time=2.0 hr)
£ 0.40
=
§s)
3]
ja
'+ 0.20

0.00

1.0 1.1 12 13 14 L5

‘Normalized radial position, (r/r0)

gﬂﬁ 5.6 NMINTTTWAMUAUANANIULWITAD (Tw=60 N/m, Uw=0.25 m/s, Nip-load=50 N)

dwivluguil 5.6 wansmansraeauduluuirdvewiuiidy PP fignihy Vaants
naapAzMIALIMBsRaviinaTiasandeafunafansnszaedvasrudulunuaiaiives
wividuiidaramdinmaiuiltduom 2 Sl dwarmlideaduluusduda
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g(x)<0 (i=1~2n+4) (6.7)

d s v . AJ ° & W
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Optimum Winding Tension and Nip-load into
Wound Webs for Protecting Wrinkles and

Slippage
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This paper describes the novel optimization method of wind-up tension o prevent
wound roll defects, mainty star defect {wrinkling) and telescoping (slippage), based
on the optimun design technique, Modified Hakicl model with air entrainment
effects is applied 1w analyze in=roll stress distributions in the radial and tangential

. direotions: In the present optimization method, the wind-up tension is gradually

changed in the radial dircetion 0 minmize the tangential stresses under the

—consirsint of nonnegative tangential stresses. Al the same time, we consider the
friction conditions to prevent the slippage between weblayers due to a decrease of
radial stresses. and {riction force. Successive quadratic programming. which is a
typical mathematical programming metbod is used:es the optimization technique.
The optimized wind-up tensions are obtained for various winding conditions. and -
we confintied theoretically and experimentally that the-in-roll siress distributions
are very much mvm&tmmbmﬁmhmgm sﬁppagemuhmmmly
by the optimization method being pmposed

_Key words: Web Hlndlmg, Wind-up 'I‘enslon_ Slippage, Wrinkling, Optimum
Demml,xpmnml Verification

L. lmmductmn ‘

The web handling processes have been widely used for a lot of products, such as liquid
crystal display monitors, mobile phones, solar and fuel cells, and other flexible thin
materials related in the pfi'nred electronics fields. Most of web handling industries are often
encountered. with the problems of wrinkling and slippage in the wound roll. Since the
winding process is a final stage of the production, these web defects had been a cause of
losing a lot of materials and being very high production costs, and wasting a lot of time to
restore the wound roll. The generation of wrinkling and slippage in the wound roll is
strongly related with the in-roll stress distributions in the wound roll; therefore, it is
necessary to understand well the background -about stress distributions inside the wound
roll. In the past, some researchers investigated theoretically or experimentally into the
in-roll stress distributions in the wound roll *.

From these previous studies, it follows that the higher winding tension, higher nip load
and higher winding speed become a cause of wrinkling and slippage. The higher winding
tension and nip load lead w the wrinkling in the wound roll because of generating the
higher radial stresses. On the other hand, the higher winding speed leads to the slippage
because of air entrainment between web layers. Since the wrinkling and slippage is trade-off’
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relation, it is desired to find out the optimum winding tension for protecting both wrinkling
and slippage simultaneously. However. as far as the authors know, there is no research work
to find out the optimum wind-up tension for preventing both wrinkling and slippage. So, it
is required to discover the novel optimization technique which is able to use for solving
such kinds of problems in the wound roll. Regarding to optimization technique, Hashimoto
et. al™ has been developing the geomeiry optimization method based on the successive
quadratic programming {SQP) for the optimum design of the groove geometry of the thrust
air bearing. Then, in this paper. this type of optimization technique will be extended to
determine the  wind-up. tension function_for preventing both wrinkling and slippage
effectively. The obtained results will be wmpand with the measured data to verify the
applicability of the present optimization method. -

2. Nomenclature

CCs / coeficients inEq. (5)
NE,. / Ywng s modulus of core {l’n]
Ly " Young's modulus of nip rol! [Pa] ;
E, < radial Young's moduliss of wound roll [Pa]
£ 7 : Noung's modufus ofairdaver [Pa]
. 8 eqmvﬂcmradleomgsmudnfmufwmmﬂﬂ’a]
= : tangential Young’s modulus of wound roll {Pa]
Bel . requivalent mngential Young's modulus of wound roll [Pa]
X 7 : objective function : d
e : ¢ eritical friction fotce to start slwge NI

fnmnnfomcbawemwch!a}dsmwmmml!m}

5 . averaged | vnlucsoﬂnehonﬁmcbﬁucen weblayers {N]
X =1-~ M} s constraint functions©
h : thickness of air laver under wudmg [m]
hy |+ thickness oi'aiﬂayer anhcomem radius [m)
N :nipfoad [N}~
b2 : atmospheric pressure [Pal
r +arbitrary radius of wound web layer [m]
e : : radius of winding core ]}
Fimax ¢+ maximum radius of wound rolt {m]
5 . ummosz radis of wound roll  [m]
by webﬂnsmssﬂuﬁ’kxymdrmofmundmu[uml
Sl wd)thmh:ssmﬂlemﬁmlmofwmtﬁlg[pm]
1.5 < wind-up tension function [Nlmj
Foekr)  : initial wind-up tension function INIm]
AL =V=n) : terision variation from initial tension at the ith node [N/m]
U=  swinding=up velocityof web [m/s]
W - web width [m]
X : design variable vector
Hegr : effective friction coefficient between web layers
H - static friction coefficient between web layers
¥ : Poisson’s ratio of wound roll
ag : composite surface roughness between web layers [um]
o, : radial stress in wound roll [Pa]
éa, : increment of radial stress [Pa)
a : tangential stress in wound roll [Pa)]
] : taper ratio of tapered wind-up tension
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3. Analytical Model of In-Roll Stresses in Wound Rell

The radial and tangential in-roll stresses o, and o; as shown in Fig.] are important
factors fo understand the physical silations inside the wound roll, because there is strong
relation between the web defects and the in-roll stress distributions. For example, when the
webiswomdurxicrhighwiﬂdin'glmsianorhighnip load, some wrinkles as shown in Fig.
2{a) (generally called star defect) will appear. On the other hand, when the web is wound
under the high winding speed or low winding tension. the slippage as shown in Fig. 2 (b)
(generally called telescoping) is easily generated near the outermost radius of wound roll.
Among these roll defects, the star defect is thought to be a buckling phenomenon that
ccurs dise 1o the fact that the tangenlial Stress &; becomes negative and a compressive force

*_cts along the tangential direction of wound web‘layers. Consequently. to prevent this kind

of phenomenon, it is required that the tangential stress does.not become negative. On the
olhcrhmd,whenﬂnmngﬂmmi;wﬁﬁyc,mislheri!!libi]iiyﬂmthcwebuﬂibe
stretched and genierated the creep phenomenon. Accordingly. 10 prevent both star defect and
mmuiﬁmﬂyltummmmwmwmgwmmmmﬁdmgm
thaldnmgmialstressn of the wound roll are nmmg;mvc uniform and approaching zero
n the radisl direction as much as possible.

Someeausesoftcluwphg. however, are a slippage that occurs between web layers

) bmmeexmm}ﬁmemmzmm;swmbkwbermmﬁw

Jlowering of the radialcompressive stress hetween web layers or due to-the entrainment of
rmrmucmmdmlLC’omuﬂ),mwmuﬂmng.uummwmupthe
winding-up eomﬁtmmnhtheﬁm forges and radial compressive siresses maintain a
mﬁﬁhﬂ&ﬂdﬂwmufha&hy«msmmumﬂc.

Figuire 3 shows ammqmml diagram of the most basic center drive winding with a nip
roll. It has been contirmed that the Hakiel made!™ is effective to analyze the in-roll stresses
hnﬂtnmdddneﬁmlmdukﬂm:f&c!sofmmmmﬂmpmmdm nolt be
applied directly' to. this kind of winding system. Therefore, in this research work, the
mﬁﬁdlﬂﬂm&lMﬁeMofﬁmw mplmdlsnsei'rhe
mmof@mﬁdwm;smmﬂyhlow

ﬂnmﬁﬂmsm,lﬂwﬂh&yﬁufamm;sfwndbu adding all radial stress
increments i each layafmmiheﬁf kyerw!nﬂwdhlxya(ﬁml Isyer of winding) as
follows;

.vq._’:.z;q’, : < : 4 N

Fig. 1 In-rol siresses o 5 (b) Stippege
- Fig. 2 Typical web defect in wound roll
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Fig.3 Center drive winding )i.'ﬁhi nip roil

where, do,, represents the radial stress increment in theﬂﬁhyeruhen the web is wound up
wdnfdllaya,amiﬂmqnmmﬂmmo!sdo,,(mﬂuﬂ:wbsmpmrmdj are
ommad)ngwenn follows.

K, &r’ +{3 X )ra———+{l+v —y—]&a 2

Mgmwmdmhmmmmuwﬁmmmd
innermaost radii of the Toll & are set, lwvwnvely, mfulhws

: I w,,NW dso] Y PiL
= —-1 2 7
éa), = 3 3 O e ?,., 25 ¥, (3)

<.

-8

Using the relationship between the' stress and ‘strain-of the equivalent layer of the
collective thickness(ty + f,) and BByh‘s faw, the cquivalent radial and tangential Young's
modufi Eqw&,wmmnqmwmmmmhﬂ)md(hmhﬁmdm
follows; { 3 )

1

b l' +bﬂ Nz
£ G E i =————F )
) %/E +in/E, B, +h
where YM'S modulus ofﬂt air layer £, can hegiven as folh‘u_m.-»
= Ry ‘ ‘0"}-!- Pa)‘ - (%)

o

(v W )isvp,

Moreover, in the process of winding. the web thickness ¢yand air film thickness 4 at
arbitrary radius can be given , respectively. as follows.

1 = l-—& e .(T"!f-*d +j.qu‘N W)"+pa )
E, : lo, +p,
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In the above Eqgs(4) and (6). kg and 1o mean the entrained air film thickness and web
thickness at the initial stage of winding.

When an air is entrained at the time of web winding, the pressure between the web
layers of wound roll lowers and a slippage occurs easily. Accordingly. for the purpose of
causing amount of entrained air to be decreased as much as possible and preventing
slippage. the center drive winding is often carried out using a nip roll shown in Fig. 3. The
initiai entrained air film thickness h; of this case can be evaluaied by he
elastohydrodynamic lubsication theory of the line contact between the wound roll and nip
roll. In this work, the formula established: by Hammck and Dowson'” is used 10 evaluate
the entrained air film thickness Aq. .

The relationship between the radial stress o; and Yourig’s modulus £, becomes nonlinear.
and it is represented by the following empirical equation:

E 2C#Clo> R auss N\ ™

provided  that the coeﬂicwnls C,—C m Eqm are’ constants that can be found
~experimentally. ./

] Bmdmﬁmequ;lrbﬁmmndxmncfﬂrmﬂmﬂtwmqmbc
- Wﬁmﬂwﬁﬂnw:ngmmgmbmdm[ﬂwqﬂnmbebmﬁndﬁomthe
ahovemmmodsqam{n Bl

dor,

i, = F

+0;. ¥ (8)

4. Optmiuﬁon Metlmd of \‘Rnd—l‘p ’lensmn

) MWMMBrvqmmpwmmmm:mahrymﬂmmux
mquﬂmmswsofmewmml.ﬂmhasthemnmofmﬁhfecb Accordingly, in
] ﬂuworku:chﬂtlmgemdimvﬁﬁmwopmhuhaeﬂmdofﬂu wind-up tension
‘mdnmhad;eumnngnﬁwﬁmmﬂmdo{mﬂmgbmhum(wmﬂu}md
telescoping (slippage) efiectively that have a comparatively high frequency of ogeurrence in
the weli handling industries. The md.{:odls described below. :

Foralarglime ﬂtmeﬂbdnfcminglhehp:md wind-up tension to decrease the
tmmnnnpmpmﬁmbthcﬂpuﬁonefm&dmﬂhﬂbemmeémmem:he
occurrence of a.star defect, However. this method was: established ‘depending on the
exmmlkmm&aufmamdmﬁmmmmmmﬂHn

* gives the optimal wind-up condition to prevent the star defect.

Accordingly, in this work, the tension function 7,(r) will be determined by applying the
peomeiry mmmmwhy Hadsmtoetal"’ on the condition that the
minimum value of the tangential stress. in the ‘wound roll o, becomes nonnégative and the
avuagodvdmo{'dmmxgmﬁa! stresses approaches (o zero level as much as possible.

In dealing with the expression of a com tension function T,(r), taking into
consideration the flexibility and ease of handling of a function, the following cubic spline
function is employed.

L)~ =) + (-1 {T_M’I

[m _M_Ir r

®
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‘Wind-up tension T,

(k)th step tension T,

v .
Radial coordinate

Fig- 4 Evolution ofwmd-w temmn anchropmummpmcess

in Eq. {9) the symbolér:sanuquall} diwded section of the radial coordinate 7, and M,
is the shape parameter determined. ﬂomtlzmnd'{lmmmmcﬁrstdmvmwofﬁq(‘))
becomcscowmmsatawhnoddpum
.~ ~~When the tension function 7,(7) is. cansed 10 evolve sequentiaily. ther coordinate of
mhmwpmﬂ“(r,nuﬁxedvﬁmmtosnmm function of the previous stage
(% step) in'the evolutive pwm{(&]) siepl, shown by the broken Tines in Fig. 4. and the

. coordinate of T, tswwmmlyﬁﬁmmepwﬁWWurmcmgm\c
direction and o obtain a new nodal paint P/ 'z, . 7]+ 8T;). The funefion form is updated
via Eq: {Q)usmgthcm:w mm|mvmmmumuinﬂus way and is caused
o sequentially cwhve tmtiﬂhe value or the Gb_qeuwc function L AX) mentioned later becomes
“optimum,

Buedmﬂnmwmim&dumvmaﬁummlswtasﬁﬂwa

.X=-fdﬂ'.d?},dﬂi~~-;ﬁ7:,.N)— ¥ o

where the feaihle mymcfﬂreopummtkm is dimled into » regions in the ~ direction

&nmﬂnowm&usofmuphmewnmzﬂmolwmmdml! and AT, means the

difference between the initial tension 7, and the partially evolved (k'siep) tension al an

mvnduﬂposmonrﬂmdﬂmﬂnmphdfcbcmmdﬁmﬂmmmlv
llwob_;mve Imﬁoﬁﬁ)ﬁ)n Mnodhy the foilowmgeqmuon:

f(x}=§{(§;4l]+£jﬁ;}z} : ‘7 7 an

where F, means the friction force between web layers, F,, means the critical friction foree to
start the slippage, which was determined experimentally as £, = 5 kN (equivalent to the
impact acceleration of 50g), and &, means the reference value of tangential stress
respectively. £, and o, s are determined, respectively, by Eq. (12).

E:Z;rquiaﬂ}ﬁ’ Gy = Toofteo (12)

On the other hand, the constraint conditions that can be imposed on the upper and lower
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limits of the design variables AT, nip Joad ¥, the minimum valoe of tangential stress Oy,
and the averaged value of friction forces between web lavers F, are represented by the
following inequality expressions.

g(X)<0 (i=1-2n+4) (13)
In Eq. (13). the constraint functions g4X) (i = | ~ 2n +4) are defined as follows.

8= Ao = AT, g, = AT, - A,

g, = A, "AT‘;‘g- = AT, = AT
' W : (14)

Bt =800 ‘47;-5:- i dr;'*ATm r

Bint= Ny N Brpz FNZN,

L2 3T O :

pu= f;, ~F{ for r=095r.)

Sunmanangﬁ'mt equnons. the opumzalmn pmb!em of mnd-up tension is expressed
as follows.

Find X 1o minimize. . /(X)
subjectio g (X)<0 (i=i-2n+4) e

Emnmcm

In this wmk,theexpmmcnsmnofmeawmgthﬂmﬂ radial stresmafwcum
rc!lmﬂﬂumpnxloadmmmmmshpmwﬁlmmmtnﬁwuﬂmg
Figure 5 shows the diagram of a winding machine. specially designed and manufactured for
the present work, which has:the control systent to control the wind-up tension covering the
,mmtqmvdan&owmmdmhmmplmdamweh winding velocity. The thin
plastic film (PET) is transferred ﬁmﬁmﬂoumll to the wound in roll through the
mnchwllerandnipmll and reeled ﬁmlly ‘Duting the operation of winding. five to seven
force-scusitive resistors 8§ Shown-in Fig6 are inserted between the wound web layers for

- measuring the radial siress distributions. When the extermal force is applied to the sensor,
mcmmmmﬂdhcchmpd.mdmbymmngmmmndmw
can be known with the calibration results of the relation between the pressure and resistance.
As can be scem in Fig. 6, the sensor is covered with film. In the previous experimental

Fig. 5 Experimental apparatos
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e RN

2

Stress concentration ‘No stress concentration

Cover film Force-sensitive resistor

Fig. 6 Force-sensitive resistor - ~

modificd with cover film (a) Without cover film  (b) With cover film
_ Fig. 7 Stress concentration at sensing part

research works by, several investigators, the force-sensitive resistor without cover film has
been used “directly for measuring the in-rofl radial siresses of wound roll. In this case,
however, the stress. concentration oceuts at the sensing part and it necessarily feads to higher
radial siress in the: sensing parf as shown in Fig. 7(a). To avoid this serious problem. we
‘propose [0 use the modified sensor with cover film as shown in Fig. 6. Using this type of
modified sensor; the stress concentration ean besavoided as shown in Fig. 7(b).

The impuet joad {esi procedure 1o confirni the accurrence of slippage in'the wound roll
is shown in Fig. 8. Figure 8 (a) shows the testing of slippage by falling the wound roll down
to the basc, in which the distance of falling was set at 10 cm (cquivalent to the impact of
S0g). After the wound roll was crashed against the base, the amount of slippage was
observed and measured by scanning the optical sensor along the radial direction as shown in
Fig 8(b). : -

6. Resulis and Discussions

Im this work, the PET film was used as'a test web. The physical properties of PET film,
core roll. and nip roll are listed in Tabie 1. The measured and predicted results concerning
with the in-roll stress distributions and the friction forces under the constant, tapered. and
eptimized wind-up tensions will be presented in the following. The expefimental results of
the tangential stresses and friction forees in the wound roll were obtained indirectly via Egs.
(8)and (12) by using the appropriate curve fitting of the experimental date on the radial
stress distributions, , .

Usually, in the web-handling indistries, the tapered tension has been widely used as
wind-up tension to prevent the gércration of wrinkling. Therefore, at first, we try to check

Falling
direction

(a) Falling test (b) Surface scanning test
Fig. 8 Impact load test for observing slippage
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Table 1 Physical properties of PET film, core roll and nip-roll

Composite roughness between web layers g pm 0.066
Web thickness iy, pm 50
Web width W.m 0.28
Tangential Young's modulus of wound roll £, Pa 4.8x 10’
E,=Cy+Clo [
Radial Young’s modulus of wound roll E.Pa | C, =0, € =409x10*
' — C,=065
Poisson’s ratio of wound roll e 0.03
Young's modulus of core BP0 1.3x10°
Winding core radius P e 0.05
Statie friction coefficient between wcbs P s 0.3
Young’s modulus of nip-roll 4 En Pa L 206x 10"

the effectiveness of tapered tension for preventing the wound roll defects. Figure 9 shows
-the in-roll stress and frivtion force distributions.in the wound roll under the conventional
tapered wind-up tensions with taper ratio of g =0, 0.4 and-(0.8 shown in Fig.9 (a). As can be
- seen in Figs. 9(b) and 9 (c), in‘the cases of taper ratio of ¢ =0.4 and 0.8, the radial siresses
_ become lower than the ease of constant winding tension with ¢ = 0 and then the tangential
stresses become positive that could prevent the wrinkling in the wound roll. However, the
- possibility of gencrating creep becomes higher as the {aper ratio increases because the
‘wound web will be strétched in the tangential direction due 1o the higher tangemtial stresses.
On the other hand; Fig. 9 (d) shows a decrease of the friction force between the web layers
when the taper atio is set at =04 and 0.8. Especially, in the case of the taper ratio of ¢
=0.8, the ﬁTdmiwwwl}nmmmmmﬁumrr.“l.ﬂwiﬁmmnu
ﬂmmeWhmﬂmmhmmnﬂ:slme is-easy to pocur.

Fmﬂnmvemﬂuobhimdﬁxhuthmofmmmmmm it
fmémhduwmmmimmdwofpmmmmmmgmm
disadvantage of occurrence nfcmq)md slippage. Therefore. the development of the
oplmnﬂmmﬂ’mdafwind-upmmimenﬂailhemmmm tapered tension is
strongly required mprevmthuﬂwmklmgw slippage effectively.

Figure 10 sham one of examples of the evolution process.of the wind-up tension from
the initial tapered tension with ¢ = 0.8 10 the optimized tension for the wmdmgspeedoflf
= 0.5nvs, lnﬂusmse’ the tip load was fixed al V=50N and the upper and Jower limits of
ﬁ?’wewsdﬁﬂ}_.?ﬁanddﬂm-fw The optimized wind-up tension as shown in Fig.
10(a) was successfilly btained for eight to ten repetitions of numerical calculation, and it
was confirmed that the quite same optimized ferision was obtained for various initial
wind-up tensions with different taper ratios. As can be seen in Figs.10 (b) and 10(c), the
radial stress under the optimized wind-up tension becomes lower and nearly constant for a
wide range in-the radial. direction’ with a suitable level, and then the tangential stress
becomes zero Tevel but not below zero. This type of tangential stress distribution has an
advantage to prevent both wrinkling and creep simultancousty in the wound roll. In addition.
Fig.10 {d) shows the possibility of preventing the slippage in the wound roll due to the
suitable level of friction force more than the critical slippage line.

Figure 11 shows the tangential stress and friction force distributions for optimizing
both wind-up tension and nip load simultaneously for relatively high winding velocity of
U, = 1.0m/s, in which the results for optimizing the wind-up tension with a fixed nip load
are also indicated. In this case, the upper and lower limits of a nip load were set at Ny, = 0
and N, = 100N, and the optimized nip load was determined as N,y = 81.4N. As can be




125

B
= g
o s 5
g -~ =
R . w4
5 ~_ +0r] &
(= ~ =
3 e R
z ¢=08"1 2
= L ot i st ks
T e
Nomnalized radial position rir; Nmmahmdrad posmw rir,

(8) Wind up tension (h) Radial stress

a 50 M T T T T

= Z wf ®é=0

§ BEE A $=04 . ‘

E 5 3k W =084

= £ L og=04
- 220, :

3 g :

g 5

& &=

= s o 120 [Aoanich @8 2

Nomalucdmdu] posmn rire ' Nemmalized radial position rir,
(¢) Tangential stress -~~~ . & . {(d) Friction force

Fig 9 fn-rofl stress and friction foree distributions under the conventional
tapered tension foree distribations (1, = 0.5mis, M= 50N)
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Fig. 10 In-roll stress and friction force distributions in the
(U =0.5m/s. N = 50N)

p of optimization

seen in Fig. 11 (a), the wind-up tension under the optimization of both wind-up tension and
nip load becomes lower than that under the optimization of wind-up tension only. Fig.11 (d)
shows the friction force distributions for both cases. The radial stress and friction force for
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Fig 12 Slippage observation afler impact load test (T, = 1.0m/s)

optimizing both wind-up tension and nip load (N, =81.4N) become larger than those for
optimizing the wind-up tension only with the fixed nip load of M= 50N, although the
optimized wind-up tension in the former case becomes smaller than that in the later case as
shown in Fig.11 (a). From this fact, it is considered that the effect of nip load on the friction
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force is little more sensitive as compared with the effect of wind-up tension.

Figure 12 shows the results of impact load test 1o observe the occurrence of slippage
after winding. In the case of the tapered tension with the fixed nip foad, @ =0.% and N=50N,
the slippage was observed clearly in the outer radius region of wound roll. However, in the
case of optimizing both wind-up tension and nip load simultancously, which is presented in
Fig.11(a), no slippage and wrinkling can be seen, and the effectiveness of optimization
method newly developed in this work was verified experimentally.

7. Conclusions
(1) The novel method of representing #n ‘arbipary. wind-up tension by a cubic spline
function coneerning with the radial coordinate and of evolving gradually the wind-up
tension_function based on-the optimization technique to realize the in-roll stress
distributions in which the wrinklitig, creep and slippage do not occur was developed.
(2) 1t was verified theorcticaily aid experimentally that the insroll stress and friction force
 distributions in the wound roll-are very much improved and itis possible to prevent the
wrinkling, creep and slippage cffectively based on the present optimization method.
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Abstract. In web wwding process. the effects of speed-up and spesd-dovwn on mtemal stresses of
wound roll have been imnvestigated. The air-entramment can be obtamned theoretically using the
modified nonlinear Hakiel model. In this research work. awr-sntramment model established by
Hamrock and Dowson was applied ro estimate the wutial air film lavers mto a wound roll in the
winding system with a mp-reller. Moreover. the characteristics of a wound roll were examuned under
varving tension and varying spesd conditions. The numerical results showed the radial stress.
rangential stress. and friction force distributions ar central mside a wound roll under the condinon for
a wouad roll without wrinkle and slippage phenomena

Intreduction

The web handling systems are the important part of than film production processes such as oprical
film, papersheet. prinred electronic film and o on which operatas under using continnally transported
by a roll-to-roll convevance systemy Each process in web handling can be mamly shown mn Fig. 1
which consists of cosring. strerching. and winding. The final process of web handlings are well known
and called the winding svstems. The winding processes have been used for storage thin film web as
multiple layérs which nonmally called a wound roll. According to the prediction of IDTechEx report
m 2009[1]. ihe market for potenmally printed electronics. mcluding organics. morganic and
composites. will go up from $1.92 billion in 2009 to $37.16 billion 1n 2019, Therefore. 1n order to
support the increasing of demand for the future. the web handmg technology should be improved as
soon as possible for saving energy. mcreasing the production efficiency. and so on. According to the
lustory research work in flexible web rechnology can be found in references [2-7]. However. the
previons works did not consider the effect of speed-up and speed-down in web handling process so
the aim of this paper is to mvestgare the effect of nme delay on a speed-up and a speed-down m
condition thar prevented a wound roll from wrinkle and shppags phenomena.

Stretchung e
P I 2I(g.f.,‘l
(transverse direction) ~ >e -
Casting Swetching - ¥ —~
\ "~ {machme direction) o £ ~ L
-
N Z Previous work
s Present work
g >
= Time of a winding web. I ()
Fig. 1 Schemanc of web handling process Fig. 2 Profile of winding velocity

Speed-up and speed-down delay in winding system

The speed of web through windmg both previous work and present work was shown in Fig.2. The
dash line 1s the speed of web thar used m previous works. and the solid lne 15 the speed of web
including the effect of a speed-up delay. T,,. and a speed-down delay. T that considered i this paper.
The speed-up delay occurs in web handling processes at the beginning of operation namely when
machine operates. the speed of web will increase from non-moving status to the controlled speed or

All rghts reserved No of contents of this be reprocuced of wansmitied in form or eans without the writlen perm. k
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constant speed starus. [, so this penod 1s called a speed-up delay. In the same way, the speed-down
delay occurs in web handling processes near the end of operation nameiy the speed of web will
decrease from constant speed ro non-moving condition o this period is called a speed-down delay.
The mathemancal model for winding speed of web through winding operanon as shown in Fig. 2 can
be divided to three regions and can be expressed as

Uas U/ T (for 0T T): U=l (for T TsTF 1) Ui (U T Ti-Ie- 1) (for I Tot 1) (1)

For the length of web that has been already reeled as a wound roll. we can evaluated by using
integer of Eq. 1 so the relationship between the length of web reeled, nme and the radius of a wound
roll during winding can expressed as:

Iag n
L= | U.aT =2 2y )
=0 b

Where Z; 15 the length of web reeled. T 16 time, 7 15 the radius of a wound roll. and the subscript of
i indicare the current of web laver.

Intermal stresses of a wound roll with air-entrainmeat

The charactenstics of wound rolls can be explamed with the internal stresses that consist of ar least
two directions as shown in Fig. 3. The radial stress 15 defined as & and the tangential stress is defined
as ;. By using non-linear Hakiel model including the effect of air-filn layers in-roll can be expressed
inEq. 3 [6]. the incremental radial stress in each layers during winding can be evaluated. According to
the effect of air-film layers in-roll can be explained by the equivalent Young s modulus in radial and
rangential direction (£ . £r) a5 shown in Eq. 4 respecrively.

Nip-roll  Air enmrainment oped

Fig. 3 Typical of nternal stresses Fig. 4 Diagram of the simplest winding with nip-roll
(8286, 1er |+ (3-0)r (00, 1 Er)+ (1 - Eg ! Ereg 135, = 0 &)
Eg =(ta {0+ M E, . Epg =t V{1, 7 E +DIE ). )]

Where Young's modulus of air layer inside a wound roll with mp-load can be given as follows.

Ey= ﬂarl'*‘ Py )2 ’[{ Th'L~ = Nip/ nr?:.' Touwr + Da } ()

The simple winding process with nip-roll is presented in Fig. 4. Where I'is the web width, r,, is the
web thickness, 7T, 1s a web tension, E, is the radial Young's modulus. E; is the tangential Young's
modulus. Uis a Poisson’s ratio of wound roll. /i s the air film layer that estimated by Hamirock et al.
[7] 1n case of the winding system with nip-roller. p, is the ambient pressure, Ry is the equivalent RMS
roughness of web. x4 is static friction coefficient and . is defined as a kinetic friction coefficient that
can be esumated by Hashimoto's formulauon below [8].

M=y for h< Ry wpmiu, ! 2;}(3—}1 i .Rq) Jor RySHS3R . =0 for h> 3R, (6)
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Therefore, radial stress at the jth layer of a wound roll can be evaluated by summing all mcrement
radial stresses in each layer from the j+1 laver up to the »th layer (final laver of winding) as follows

g, = i LY &)

Jm-1

By using the force equilibrium in polar coordmnate, the relatonship between radial stress and
tangential stress can be formulared as:

o, =r(éa, /&r)+ao, ()
For friction force inside a wound roll. F; can be wnitten as.
F = 27044 |o-,.',-|FF' 9

Wrinkle and slippage phenomena of wound rolls

Since unsuitable mremal stresses of wound rolls. the wrinkle and the slippage phenomena can
occur in wound rolls namely small radial stress or more air-éatrainment lead to low fricton force
in-roll and slippage phencntenon. and the neganve rangennal siress w-roll {compressive stress) lead
to the wrmkie phenomenon. In order ro prevent problems as already menntioned. rhe tangennal siress
and friction force in-roll should be expressed as

0,;>0 : F>F. for (1.0<rre<d ] (10)

Where F,is the crinical friction force that web lavers in roll performs as slipping each other.
According to this value for a PET wound roll. we refer o the empinical proposed by Hashimoro 8]
and it is 30 graviry force.

Numerical analysis

The goverming equanon in Eq. 3 1s discretized to N aumber of locations along the roll radii by using
the fiune different method. Once the denivanies are replaced with central difference approxunarons,
the goverming equation can be rewritten as

(r 78 =3 28r)AG, (1-11+ {27 1A 1= E L E g JAG, (1)+(r* /477 + 3/ 28r)Ag, (i+1) =0 (11)

Considering nip-induced tension. the boundary conditions ar ourenmost and mmermost of rhe roll
can be expressed as:
A, -—(T“LM + NPl )it ¢ {dAgG, ¢ dr_]lmh =({Ewg ! Ec}-1- lv‘)(AGrL_'h T (12)

~ The incremental radial stress can be solved by written these equations in mamix form yields a
tri-diagonal svstem as shown below.

[4]{ac,}=[0] (13)

The system of equanon can be solved efficiently by a Gaussian elunination rounine consisting of
(N-1) forward and (N-1) backward subsututions.

Numerical results and discussions

In dus section. the ninnerical results were obtained from the physical properties of materials as
shown m Table 1. The web is a PET film (Polyvethylene terephthalate), the core material 15 the wood.
and the nip-roll is rubber. The results such as radial stress. rangential stress, and friction force m-roll
were calculated nnder the beginning of winding tension 1s 130 Ném (7). the taper winding tension, the
nip-load of 50 N. and the winding velociry at control point 1s 0.5 m‘s. The formulation that explained
taper winding tension can be found in Eq. (14). Where ¢ is defined as taper ratio. For tlus paper.’
winding tensions through radial position of a wound roll in the reel process such as constant tension (¢
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=0). and taper winding tension (@ =0.4) are shown in Fig. 5, Figure 6 showed winding velocines
through operating of reel process that consists of a constant winding velocity, and a winding velocity
with a speed-up and a speed-down. Speed-up begin from »#7¢=1.0 to »/rc= 1.1 or accord with 130
second (1, =130 s) and speed-down begin from 14+¢=1.63 to r/¥c= 2.2 or accord with 1,328 second (T

=1.328s).

T=T.-¢(r-1.) )
Table 1. Material properties
Parameter Value
Equivalent RMS roughness. g, 0.066 (1)
Web thickness. n, 50 (L) =200 .
Web widih, ¥ 0.28 (1) z Consrant rensiong=0
Static fniction coefficienr, 4 0.3 =150
Tangential Young's modulus of 3 P
wound roll. E; 43203 (GPa) %100
Radial Young's medulus of wound | £, = "l"rr (Pa) ﬁ, ) ]
roll £, SHEANS 'é 50 Taper tension. ¢=0.4
Young's modulus of core . E, 1.3 (GPa) =
Winding core radius, », 0.05 (m) o Y \ P "\
- - " i .2 A . : Al 12
Young's modulus of nip-roll. £np 0.027 (GPa) ! {mmmph,:m (5}
Poisson’s rano of wound roll. & 0.3 Figure 5 Winding teusion
. 08 .10
g 0.7 Comsmar velpcisy £ " Constant velociry. ¢ =0
2 06 \ =0
03 206
5 04 ¥
% 03 £ 04
;’5’ 0.2 Speed-up aad : 2
g 0.1 Speed-down - Constant velccity”d =0.4
~ 0.0 0.0
1.0 1.2 14 16 1.8 20 22 12 14 16 18 20 112
Normalized radial positian (7.3-¢) Normalized radial poskion. (1:7¢)
Fig. 6 Winding velocity Fig. 7 Radial stress inside a wound roll
=35 _.30 -
§ 30 Constant velocity. ¢ =0 Z; 35 Constant velocity, & =0
=25 - :
£ 30 | Speedupand "0 $=0.4
2 s speed-down. g=0.:d g -
= 1A0 \ Constant velpeity, ¢=0.4 % 0
= =
b = -
;;,gg \ ] s Constant 1'elocin-m
R Ero g —— = [Fig. Stvmassmone, (0 Gl 7
1.0 1.2 14 16 18 20 22 1.0 12 14 16 18 20 22
Nommakzed radial posdion. (r/¢) Normalized radinl postrion. (i57°¢)

Fig. 8 Tangential stress mside a wound roll

Fig. 9 Friction force inside a wound roll

Figures 7 to 9 showed the characteristics of a wound roll such as radial stress, tangential stress. and
friction force in-roll under the winding conditions as meution above. The results showed thar under a
constant wimnding velociry, and a constant winding tension (¢ =0) the radial stress in-roll become the
highest value as shown in Fig. 7 and result in high fricrion force in-roll that become higher than the



132

1266 Management, Manufacturing and Materials Engineering

cntical fricnon through ri¢ =1.0 to e = 2.1, Thersfore, a wound roll becomes no-slippage
phenomenon as shown in Fig. 9. However, the tangential stress m-roll under this condition becomes
negarive value or compressive stress and wrinkle phenomenon occurs in a wound roll as shown in Fig.
s

For a wound roll under a constant winding velocity. and a taper winding tenston (@ =0.4). thus
condition can prevent the wrinkle phenomenon due to positive tangennal stress as shown m Fig. 8.
However. the radial stress in-roll beconies the lowest value and lead to low friction force that is lower
than that the criucal friction force from r4¢ =2.0 ro r/7¢c = 2.1 result m slippage phenomenon for
theses radial positions as shown in Fig. 8.

For a wound roll under a winding velocity with a speed-up and a speed-down. and a taper winding
tension (¢=0.4). a wound roll can be prevented from both of the wrinkle and the slippage phenomena
due to through radial positions the tangential stress withour negative value. and friction force w-roli
from r#¥¢ =1.0 to 1%¢ = 2.1 become higher chan that the cnitical friction force as shown in Figs. § and
9 respectively.

Conclusions

In this paper. the winding conditions such as a constant wimding velocity. a winding velocity with
the effect of a speed-up and a speed-down, a constant winding tension, and a taper winding rension
were theoretically investigated. The mam conclusions can be summarized as follow:

1) The radial stress m-roll become sigmficantly large in case of operating wader a constant winding

tension and can lead to wrinkle phenomenon.

2) The friction force m-roll become too small in the case of operating vader a taper winding

tension and lead to shippage phenomenon.

3) By usmg speed-down delav with taper winding tension, both wrinkle and slippage phenomena

can be prevented efficiently and energy can be saved.
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ABSTRACT
This paper presented about the optimization technique
{SQP) for wound roll in order to protect the probiem of
wrinkles and the shippage phenomena into wound roll
Regarding the optimum detign, the cbjective function
which includes tangential stresses and friction forces
would be presented in this paper. Tangential stresses and
radinl styesses could be predicted by Halkiels nonlinear
model . The friction coefficients could be calcutated
from air entrainment which wns approximated by
Hamrock and Dowsan model & as focusing on within
nip-load. The design variables in this paper were winding
teasions and were updated by the quadratic spline
interpolation method. The optimum winding tension and
aip-lcad condition from numerical results would be nsed
for expetimental The study shows the results of the
minimum air films between web layers, friction forces
and the in-roll sivess distributions in case of constent
winding tensicos.
1. INTRODUCTION

The optimum design mto wound roll has been a very
important design for the thin £im systems. The processes
of thin film which well knowa in other word that is the
web handling systems. They have been broadly used m
the thin fitm industrials Mest of thin film industrials
oftien concerned with the problem of wrinkles and the
slippages phenomena into wound roll Both of them have
been a cause of losing the materials in other word the cost
of products will be high, and they have been a cause of
the wasting a lot of time to restore the wound roll.

2. OPTIMUM DESIGN

Successive quadratic programming method (SQP) &
was applied for the solving of optimum problem. Figure 1
showed about a nonlinear winding tension for preventing
the wrinkle in wound roll and the method of updating the
design variable. The winding tension curve in fig.1 had
been cafculated by the quadratic spline interpolation
method and the updated winding tension was calculated
by equaticen (1).

T oS

LT

Winding tension, Tw
-

Radial pesition tn wound rell

Fig. 1 Noglinear winding tension mnd method for
updating winding tension

: Art -r
Tutr)= ol iy —r)’+6+‘:{-(r—q)’+[n —EI;LI-'"#A,—]

a2 Y re 1
+[TM‘M”;N I N"] M

The objective function was a1 presented in equation (2)
end the equation (3) showed the design variables.
Where, F; areﬂuﬁtcuonﬁormmwomdrou.F,vu
the friction reference which was 5x10° N, mnd O,y is
the tangentisl reference which could be found with the
refative of an tmitial winding tension and an tnitial web
thickness as shown in equation (4). The friction force
distribution in wound roll cculd be predicted by equation
(5). The constraint equaticns had been explained by
without the wrinkles and without the slippages
phenomensa into wound roil that angential stresses in-roll
were not less than zero and the fiiction forces inroll muost
be more than the reference friction force which as shown

in equation (6).

R A

@
X = (A%j,AD,AT;,....AT,) )]
Tore =T 0/t @

A =2znlo, 7 )
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g:,(xX)z0 (i=1~2n+2) 6

3. EXPERIMENTAL
Regarding a force-seasitive resistor with
film as shown in fig 2 was used for measuring the in-roll
stresses and the slippage phenomena can be proved by the
impact-load test method.

Film (FET)

Fig. 2 Force-sensitive resistor with fitm

4. RESULTS AND DISCUSSIONS
As for the experirmental and prediction results, thin film
{PET) had been used in order to study about the slippage,
wrinkle in wound roll, and the optimum design.
400

E 100 Nip-load=50 N, ese Optimom
z TVw=).f m/c
z 00
-z ~ ‘-
E 10: *i—..---—-—-------—-g---/'
1.0 12 14 Le 18 0
Normalized radial positden(rr0)
() Winding tension
o
10 1'_«-150 \:n- N=SON, o Opdmom
Twsl).5 1n's Constant

) Roulint stress (M Pa)
o
o

LD >

ST Bba L bE U PRy
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3 (b) Radial stress
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< 002 ]
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a
R Wbl LY L L LT CEEEPELEE . N
E 000
- 1.0 1.2 14 L6 1.8 pi]
Normalized radial positien (r/rl)
(d) Friction force

Fig. 3 The behavior of wound roll mder optimum
inding tensi

In case of optimnm winding-up tension in fig.3, the
radial stress distribution both experiment and prediction
resuliz were lower than the case of constant winding
tension because of the reducing tension as shown i
figure 3(a) to 3(b). Therefore, tangential stress
distributions were not become less than zero as shown in
fig.3(c) that this condition was able to prevent the wrinkle
t rolt. In addition, fig.3(d) showed about the preventing
slippage phenomena into wound roll due to the friction
force in case of optimnm design more than the reference
line. Finally, fig 4 was clearly shown the slip distant in
wound roll after testing impact load of optimum case and
taper ration of 0.3. The normalized radial positions were
about 1.8 to 2.0, the slip distant of taper tension became
more longer than the optimum tension which was still

¢

£
§ -1| To=1850 Nim,Cw=0£ mi,
5 o . === Optizmm
& g Fiplead=so —_— Taprﬂji

4 1

L¢ 1.2 14 1¢ 1s 20
Normatized radial pesitien (r/10)

Fig. 4 Slippage distance into wound roll after testing
impact load

5. CONCLUSIONS

As from investigation in this paper, there were three
things that had been summarized in this section. First, the
force sensitive resistance with film was able to be 2 well
used for measuring the radial stress distributions in roll
and impact load test was able to verify about different of
slippage in roll in case of optimum design 2nd without
optimum design. Second, the SQP method could be well
applied to obtain the excellent prediction results for the
winding system._ Finally, when the optimum results were
verified by the experimental, the results showed that by
optimum technique could spply in winding system and it
was a good technique to cbtzin the protection of wrinkle
and slippage phenomena into wound roll.
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1. lntroduction

In present, web handling systems have become (o the
hot issue because the demand of thm film such as optical
films have been increasing. Therefore, the technologies
of web handlings arc still needed to develop to high
efficiency such as protecting the slippage phenomena
into wound roll during 1o be high speed of web. Due w
slippage phenomena into wound roll 15 interesting and
being still the problem in the manufacturing processes,
this reaches would focus on the parameters which affect
with the slippuge into wound rell.

1. Theory and experimental
1.1 Theory of winding web

The mereasing of radial stresses n cach web layers
during winding weh have been able to predict by the
non-linear equation as shown in the Eq. | and written by

Hakicls [1].
-3 d:::’ {3—v)r d:’ *[I+r—%]o‘o' 20 (1)

Where @, £, .. vand r are in-roll stress, elastic
modulus.  Poisson™s ratie, - and  radial | position
respectively which the subseript 7 15 the radial dircction
and the subseript &1s the tangential direction. When the
web moving  was  wounded, there wall be an
air-entrainment into wound refl: therefore, the Eq. 2 and
3 have bheen vsed to approximate the minimum air film
between the web for the winding systems in the case of
without nip-roll and with nip-roll [2].

>

a1 -3-
S 215K %107 yf =i 2)
- : 'I rn-.l
5 D57 023
N
heg ~ TAIR,, }-”i}n—l I - ' 3)
L\ TeqTeq 7 \Equrq J

Where A, is the minimum air film, [, is the web
velocity, 7. is the winding tension, N is the nip-load,
and E, . R, arc cquivalent claslic modulus and
cquivalent radial respectively.

2.2 Experimental

Force sensitive resistance with film (PET) had been
used for measuring the radial stresses based on changing
resistance of sensor when force act on a sensor. In
addition, pressure indicating film which operates based
on color changing as the forces act on it was used to

represent the advantage of force sensitive resistance
with film because they obtain better results than only
force sensitive resistance. As for slip distance i roll,
they were verified by impact load test which wound roll
was lifled above base roll at J0 am and et it down 1o
crash against the hase roll.

3. Prediction and experiment results

The slippagc phenomena in wound roll depend on
web velocity: consequently, radial swess distributions
and slip distanee uader varying web velocities were
respectively presented in Fig. 1 and 2.
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Fig. | Radial stress under Tw=200 Nim, N-0
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(a) Slip distance under without nip-load

R ] - - - - —

£ Immi

* b oo

—— LS
—_— U= LATm’

18 2 L4 s (5 ) 1le
Nermatlord radial pesitios (o)
(b} Slip distance with nip-load

Fig 2 Slip distance afier tesling impact load
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Absract— Web is a thin flexible material such as paper
textiles, plastic sheet etc. In the web tramsport svstem. the
moving webs and the rollers being the surrounding air
between a web and a voller behaves as a self-acting flexible
bearing. In this paper., optimal web handling system is
achieved the objective function is defined as minimized
spacing characteristics berween roller and web to obtain
sufficient traction in web tramsport system. The
mathematical model has been developed from the existing
numerical results based on modified Reyuold equaton. The
mathematical programming comprised of the Brovden-
Fletcher-Goldfarb-shanno (BFGS) method and the line
search method was udlized to minimize the air spacing
between rollers and webs in web transport system under the
constraint of boundary friction between web and roller. The
implemented approach is mere practical in design and
rtlali\eh* less time mtm'i:.ﬂg in comparison with other
appm es. Since the adopied optimization technique can
update itself automatically. The mum for PET web without
permeability are presomd and the expediency the method
has been verified.

Eaywords—Web tramspert system, modified Reymolds
ion, Static characteristics, mathematical programming
using BFGS method

I. INTRODUCTION

In the recent developments [1] in paper transportation
system as shown m Figwe 1. the improvement of sheet
and film properties can mean significant reductions in
material consumption, great producticn rates for existing
equipment, improved product quality and reduced energy
consumption.

The most cnitical factor of the performance of web
transport system is the air film st be thin enough to
achieve high waction between the web and the roller.
Block and Van Rosum [2] and Eshel and Elrod [3] solved
the incompressible Reynolds equation combined with the
equilibrium equation to obtain the air film thickness. In
2006. Theoretical model for web transport system m order
to estimate the entrained air film thickness between the
web and the roller was presented. The predicted resnlts of
air film thickness are compared with the experimental
results. In this paper. the PET web was examined to
obtain the optimum web transport system.

1. THEORY

The modified Reynolds equaticn in steady state
operating condition which governs the air film pressure in

978-974-8308-36-2 ©2007 KMITL

the spacing between the web and the roller sncface m the
web transport system is expressed m dimensionless form
as:

é éP ) ¢iPH)
— H'P— ’P— 6— 1
ax't 5}.} 42 Z'H ' =
Web equilibrum equation is:
RN 2
! &x* J]‘lmz @

Air film thickness in the central region [4.5]

20589 L1014 1764

Ho=ah @

e’ N v | ¥

Fig 1. An industrial paper machine

uﬁn; wincity

Fig 2. Flexible beming model for web-roller mterface



In web transportation system; it is very important to
examine the spacing and fricion charncteristics benween
the web and the roller. The web-roller interface problem
can be modeled as a self-acting flexible bearing model as
shown in Figure 2. Finite difference method has been
proposed for solving the modified Reynolds equation to
obtain static characteristics of the air bearing between the
web and the rolter in the web transport system.

. OPTIMIZATION TECHNIQUE

The optimum design of the web ransport system in
steady state can be formulated as:
The statement of problem is to minimize H
con LOLE_ . 1764 2 3
A5 w0580 L8 ok LIHOFH )
Where R, £ are the design variable.
The constraints are

A,

h, 230 (5)
Utsu v ©)
R<R<RY 6]

In this problem. the design variables are roller radius
R and parameter £. The constraint of equaticn (5) is to
keep sufficient friction between the web and the roller.
The constraints of equation (6) to equation (7) are impose
to limir the value of web and roller system where lower
and upper bounnds are denoted by superscripts L and
U respectively.

Initial soller radivs R’ and web parameter &%are
assumed. At the starting point, a vector descent directions
is determined. The objective fimction of equation (4) will
be reduced. Then, a coustrained line search is performed
to find the scalar parameter & which defined the
distance of tavel.

Where the objective function becomes minimum
without violating the side constramnts in directions.

In the paper, the Broydea-Fletcher-Goldfarb.shanao
(BFGS) msthod for the determination of a descent
direction dne to its effectve algonthm based on
polynomial approximation method for line search noder
restriction of the side constraints.
¥ =l a;S' )

Where q is the iteration oumber of optimization
process and is a vector of design variable which are rofler
radivs R and web parameter £. The convergence
criteria are:

[Vf(x,]=‘%%‘s{).001. i=123 ©®
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The Hessian matrix is:

r ; T r
B,_,=B; +(1+ g;;ngi }ji:fi - d;gr: =
& 16; 8; '+ 8i (10)
T
d:rgs
Where d;=x,-% =0, an

&= Vf(xi-l)-vf(xl)

IV. COMPUTATIONAL RESULTS

The oumerical results using finite difference
technique to solve the modified Revnolds equation in
equation (1) in this paper are shown in Figure 3 to Figure
5. The resolts for PET under different web tension of
T=100 N and 500 N for various roller velocity U as
shown in Figure 3. The air film thickness becomes
considerable smail for low roller speed and for low web
tension. The air film thickness increases highly with the
decreasing of the roller width due to side leakage of
entrained air as shown in Figure 4. Figure 5 shows the air
film thickness increases considerable as the mdius of the
roller decreases.

The proposed optimization approach is developed
based on the accuracy of the mathematical model
described in the previous section and applied 1o the
flexible web-roller system as shown in Figure 1. The
relationship among the objective fonction and the design
variables are shown in Figure 6, Figure 7. Figure 8 and
Figure O respectively. For web width [=0.02 m. the
optimum fitm thickness and the optimom roller radius are
0.2198 and 0.19 m respectively as shown in Figure 6.
The optimum dimensionless film thickness are 0.2198,
0.5282 and 0.5579 for web width L=0.03 m 0.5 mand 1
m respectively. The results also show that for web width
equal t¢ 0.03 m. 0.5 m and 1.0 m, the optimum roller
radins are equal ro 0.32, 0.4 and 0.4 m respectively as
shown in Figure 7 to Figure 9.

]

Egi.\’aﬁaﬁmd:ﬁxﬁhdﬁc&m;hlmﬂn welocity U
and web tension T
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V. CONCLUSION

This paper has proposed the practical approaches to the
prediction of optimum web trampsport system. The
opumization technique employving the Broyden-Fletcher-
Gotdfarb-shaone method and constramed line search
algorithm was used to obtain mintmum air film spacing of
the air bearing in web transport system in order to obtain
the hughest performance of web transport system.

VI. NOMENCLATURE

B =Hessian matnx

f (.\', ) = cbjective function

11, = minimnm air film thickness at the central posttion
web {4o71)

H = normalized minimum air film thickness at the

central position (= /i, /(R¢ # )}

L = web width (m)

2 = air film pressure (Pa)

D, = ambieat pressure (Pa)

P = poamalized zir fitm pressuce (= {p — p,)/(T ‘' R))
PET = materials of web (polyethylene terephthalate)
R = roller radins (m)

§ = search direction

T =web tension (N:m)

U = wansport velocity (=07, +U7, ) (ms)

U, = roller velocity (ms)

U, = web velocity (m's)

X, = design variable

X = normalized coordinate in the transpont direction

Z = normahized coordinate in the axial direction of
roller

€ = web parameter (m 605 L)

A = pormalized web width (=L ,-"(ZRE‘K b

17 = air viscosity

T = composite rms roughnest ¢ = V“O‘\:‘. +O",i (ton)
&, = rms roughness on roller surface (jom)

&, = tms roughness on web surface (fon1)

a’= optimal step length
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