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~ ~ o ~ ~ ~ a w a ~ w ~ k a a u L v a ? u ? b a m n i ; ~ a a n a ~ ; ~ v i ~ ~ n ? i u ~ A " u q ~ " ~ ~ u  f m u I $ ~ d ~ u u w i ~ ~ ~ a 6  

ao (power law) ~ u n i o v i d i n ? i u ~ k u ~ h  ~ ? ~ f i v a q l v a $ a o n u i ~ i n ~ ; a  (extrudate) ii 2 

bbuu u u u b ~ o f i m ~ ~ u w t l f l u ~ a l u  (sharkskin) i , ta t r ind ia?iu ~ k u L ~ a u i j ~ ' l ~ 4 d Q o z ~ u v ~ s  
d d?uanuuu~iimnio~~u$dno;~ld (melt fracture) ~uac~indin?iubiiu~7~uq~i,iiuozn'uv~s 

dauiluiln.n. 1998 Den Doelder uarnruz [l9] l6iinioilnh;luld';1viandijnioiu1na1~~? 

uuuaasauniwqniloznaudiq1 ao.rwoSwahnauaa? 
)r 

auqn. a.2000 Ngamaramvaranggul uaz Webster [20] l f l%tz~Guu?i'?udorn~u 

gum z  ~flszu w bn $baa 5n I ~ a  a  ~ ~ A L W  of l  1.118 h a  ;LO a%u (semi-implicit Taylor- 

Galerkin/pressure-correction finite element method) ~U?~~Y%<VIQI nbba::~zlIu% n'm 
d I, 

no~nszuan~wa8nh;lfl~viaia-aSd~~azniouauK~ae~aa~lva~~Fm~i~u v6'~9ifl1hlc% 

~ f l W l f l ~ ~ l f l l ~ ~ ? ~ ~ ? ~ d ~ i U ~ ; ~ ~ ~ 4 ~ ~ 4 ~ ~ ~ ? ~ ~ ~ ~ ~ i ~ ~ ~ 6 ? ~ n ' ? U ~ ~ ~ ~ ~ ~ ~ ~ U 6 ~  

(Oldroyd-B model) lu5iauinmzaatraiujl6~nmniolva~~uu~a~~a~s (tube tooling) 

LL~ZLWYII i,ao5!abs (pressure tooling) I u n o z u ~ u n i o i , a i j a u a i ~  (wire-coating) ~ i v ~ u  

aat\vai i?fmr~au n u i i ~ r m s ~ a o ~ f l y v i ~ w l d ' i f v i a ~ i ~ n i o d u ~ n a  m n w a a n q z i i d i ~ ? i u  
4 d 4  bku~aubbarn?iuio?uinniiu"r~?md~ i i ~ ~ i i m n i o u ? u h g ~  usi~unomnunioiulna 

d o i n ~ i i ~ m o i d ? u n i o u a u ~ a a ~ a ~  ~nao . rqdeu i  Ngamaramvaranggul uar Webster 

[21,22,23] l6~nh;lrCt'rrdu6~uaa~lva LIWML$OMUYIM~MB (~han-~heiflanner) ~ ~ i l a 8 4  
A d  8 banuni~~~~u6~uo5n~~~zijauimniouauKanduin~~~ 

div~uciu?<u~~flunio~iaa~flQvinio$u~naaa~aa~~va~w~a~aia~nd~nio$u 

lnau'mmwGvia uaz ldd iw io i i i~maMiq  dl6qinnio~iiu%a~aqinnioa'm~m6ivhu?a 

waqun'Lunozu?unio1ndh fmu4iaaqflyvi< 6 ? t l ~ ~ f l i ~ ~ i ~ t l ~ - ~ ~ d ( ~ a v i e r - ~ t o k e s  

equation) unzauni ws  6doznau (constitutive equation) Iuozuu4n'mno;lntruan 2 5; 

n i u l l l a n u y E g i u ~ i i  Wijuanoznuqinuotf6uri?~aa~fan aaclvabi jn ioGugmK~ 
,I (incompressible flow) a o ~ b a b a ~ ~ u u n u Z u u  (laminar flow) uarozuuluau<uqmvpij 

Y 

(isothermal system) ~ i n M v M i i n i o ~ ~ d a s ~ r u u a u n i o K ~ n ~ i ~ l f i ~ ~ u o z ~ u ~ u n i ~ ~ ? s ~ ~ u ~ ~ ~  

tz~Giiou?~iudoznaudumz (finite element) d a i i w a u ~ m n r ~ ~ a t r ~ i n n i m a u ~ ~  ~u 
w 4 A 4  

nozu~unimm~mnuni t~ulna 



1.1 ?'sl~d%wR' (Objective) 

1.2 ?~nis61r~uaiuuaan~~ LWEI (Methodology and outline) 

1.3 J%PU%I%~?Y (Benefit) 



sruni~wYu~iunislww dB uazszrfiiiau'ilr34w'?ua 

(Basic Flow Equation and Numerical Method) 

1. AuniTR?uqU (governing equations) 

2. d a u ~ a d i ~ u  biuunz~au~adiaa'u (initial and boundary conditions) 

3. ~ i n W N t ? ' O t ~ f l l u ~ d ~ ~ ~ n l ? f i n  w (geometry of domain) 
2 

i i iaunaunioR?uquInu~qitmiqinvgnniowujiusioIdd v t i nn i says 'n l i u~n  

(conservation of mass) unz vr<nnisa y?nwTu w u k . ~  1% LWU (conservation of linear 
2' 

momentum) qinvgnnisw y i u ~ ~ d i d n i u i s n ~ ~ z i i n a ~ i J ~ v i ~ u t d u ~ n u n i s n i ~  

~ ~ m n i a m ~ ~ ~ ~ ~ ~ d n ~ n i s ~ ~ ~ a ~ w ' u ~ r i a t l ! r i ~ ~ ~ ~ W u  luwqriaotat Arloznou ~ ' 1 1 ~ 3 3  uaz 

A~IUKU ~ ~ a ~ ~ i n d ~ v i d f i n w i ~ f l u i l ~ v i a a ~ a a ; ~ I v ~  u a u ~ ~ ~ m L i i ~ ~ u ~ ~ ~ a ~ L d u n u n i o  

aq6dsrnau (constitutive equation) d a r i i n ? i u L h  

2.1 uR'nni~eys'na%ruuKu~7d~iu (Conservation of linear momentum) 

Y 

(surface force) unzusqh! (body force) f i i h a u n i s h  ~ u m ' ~ ~ a i u i s n  ua l i l 4 ~ ~ f l ~ Y . J ~  ~3.j 

4 Imud T R'O LIIULWI~RIW ~ i iu~6n.a '~  h (extra stress tensor) 
4 g aa d i~~n~1so~f ia iu~ i~~ inna iu f ld "ur i~~na~~nn 



d 

b u d  b Ra munaiaa~bnnio'impJ (rate of deformation tensor) 

vO' i e  wn'na'~&~ ~dduu (transpose of matrix) aaq VO 
diuKaaaluauauGafm~iuu ~nu~.aas'naiu~6u~Gnm3iii;o 

2.2 wa'nniteys'n6juan (Conservation of mass) 

(control surface) 

wuni.raa~nimy?n~aa~.~~al .a"n'yf iui[~~o~auqu~zn~iu~Ou 



di~?unit!~la1~uu~ijuGmK9 (incompressible flow) ne~!vasz~d i~u i~Ju~~Ei? t i l am FI 

d 
nidua k$uaun id  (2.6) ? z a s l ~ a ~ s a u n i o n ~ i u ~ ~ ~ u a ~  (coutinuity equation) 

2 3  arrnis~.s6d~neu (Constitutive equation) 

2.3.1 rii?uuu~mn<~aa6  axwe well model) 

uun~9aaTAaQi . jK9~~~~  2 6n8m::dA~wn$~9a6uuuwiii~~~~.~~duua::uun$~~a6 

wuwiuuu I,% L&M (non-linear upper convected Maxwell model) f muszndi9ta 6n8mz 
Y 

~ n ~ m z ~ ~ u u ~ i u u r U ' ~ ~ . ~ ~ & u ~ r i ~ C u  auniodAa 

2.3.2 6'9uuugaa mrn~6ij (The Oldroyd-B model) 
Y 

Cm.lu&~LlJlla"aam'iW.luKf! \ & W ' M ~ I N I ~ I ~ ~ ~ U ~ ~  L ~ ~ L ~ ~ ~ U ~ ~ W I ~ M ~ L ~ Q L ~ M ~ Q ~  

4 
$a na ~nu~~a~m01~0lnioijmp1wiuu 

d 

p na R ~ I U U ~ ~ P ) ~  : p = pv + pN 
4 no ~an iwau~a io  (relaxation time) 

.J PN 4 
4 na ~aa~uaaq (retardation time) : 4 = - 

P 



c d i  w e  
n'inls?q 51 (discretisation) flunls (2.10) Lflilu~~~UUda~sl~s~u~!~r~i~d~.a"~d?'I~47~'11~4 

Paddon ua:: Holstein [26] ua::41uaa4 Crochet uar Keunings [lo] ~WI$!I~@ 

2.4 %rzuulhiau (Non-dimensional system) 

i i1aum~m~1daua~~~i ; i '~~d?u~~uun'~~~i~~nw61d: :~~wi : :  (characteristic factor) aatusi 

a r ,  azialw"~duKa uds!s"vdau (non-dimensional variable) ;a r*, z*, $, p* ,t*, p ,, slw 
at 

Kam"i~Cunis :Q 
a L a  - - - -- 

at* v at 

I P I ~  L R??u(II?~~~w::LQwI~: (characteristic length) ad?u ~ d u w  FIT (m) 



d 

V  no R ? I u ~ ~ ~ ~ ~ : L Q w I ~  (characteristic velocity) vd?u~~u~umssiie?uiG 

( d s )  
4 

p,, RB n ? i u v ~ ~ l b i d ~ d  (reference viscosity) ~ d ? ( l ~ i l u d i R ~ i a - u i  (Pa.s) 

v%n~u~amnsoia?ui~ (g/(m-s)) 

k$u ~ u n i s  (2.2) 9-u 

p v ~ a O *  . -. ~ V L - .  . . -- = V  ST --U .V  U - V p  
PO at* PO 

dariiuumlfi Re =E ku Re Aa hua~rnTua6(~e~no lds  number) 
Po 

&&xwnir  (2.13) fiuuluirw~riaodsi?~n'11~m~ua616~.rl$ 

~IM~FIM We =x 'Vmu We (Weissenberg number) ~gusi?liquann?iu8mrt$uaosaa.rl 
L  

h a  UR~I Re r i lu r i idumn<nacurn i s~~aa~ .~aa .~~~a  ainao~lvaii~aa~ouTua6uinnii 

1500 uamqiirilrmis~vnbbuujudau (turbulent flow) ~ a z f i i i i ~ a ~ m T u a 6 ~ i n j i  1500 9: 

~ g u n i s ~ v a ~ m u o l u h u  (laminar flow) 



2.5 ~%IYILGBU (Shear rate) 

riinfuwqRnsouao.rasqla~lolrlnoif~~enrirrg'uuuiri8ma~u (inelastic 

homogeneous isotropic fluid) niu~m"szuu$maq~ a4 6'9 (isothermal system) Rivlin bba E 

Eriksen [27] ~ & s ~ u i u @ ~ r u u ~ ? ~ a s ~ ~ n u ~ ' ~ ~ s ~ ~ a i ~ ~ ~ u ~ d n . a " w $ ~  ~nua'suiubflu~~n'.n'uas~ 
Y 

nu~raha.rGmnnisZm~n]niuIm"ania~~dmK~ hi; 

i. = 2,u(j , i )  

d i a ~ n i d a a ~ ~ o u a E i i ~ 9 i u  Gmoiiaou ( y )  'Is 

lnud rI, 'Is ~aiuudswirdufidaos (the second invariants) a a ~ n u ~ s Q d m n n i s l n @  

(the rate of strain tensor) D miuiigu 

lusruu$%ain (cartesian coordinate system) Iu 2 52 d l  II, 'is 

~uotuu%i'mns.mssusn (cylindrical coordinate system) h 2 5: 61 II, 'Is 



2.6 @uuu&aldaesdaulaneu (General form of boundary conditions) 

4 - 4  
2.6.1 ~i~idou~ani?&d!oa (no slip condition) ni?b<u~oav%nisomwmM wld'.r 

~uuisin~duuudou'laaeu Dirichlet LLaz@uuuaocn?iuhAiui?nuamq~q< 

4 d lnud ri no n m m o 5 ~ ~ u u ~ i n n u i n v u ~ v d ~ u  (unit normal vector) 
,. 4 d 
t no ~?n~~la5~~uaauiw~fiukui~auimvuevd?u (unit tangential vector) 
- 4 

U no nnLmo~n?iuhdRld'c (wall slip velocity vector) 

2.6.2 dou'lani?du!oauuu 1 (slip condition 1) ~ ~ ~ u u d e u ~ a $ i s i n n ~ ~ n w  

$ulna~ufios'(~avier slip law) deu~ani~du'loa~uirrsz~si~miLQwi::d~una~uu~auiu 

~ f i u 8 u i ~  lmumuEduuuaaedau!raou Dirichlet - Robbins k$ 

d 
2.6.3 deu~ani?duloauuu 2 (slip condition 2) dou!ani?au~oat-%a~uu 

i 
~ ~ ~ ~ ? ~ ~ ~ ~ ~ ~ ? Q ~ ~ ~ ~ ~ U ~ ~ ' I I ~ ~ ~ L ~ ~ ~ ~ ~ ~ A ' I I ~ ~ ~ ~ T " ~ ~ L L ~ ~ A ~ ~ U ~ ~ ~ U ~ ~ ~ ~ ~ ~ ~ U ~ ~ L ~ B ~ ~ ' I I  

aeu Robbins Z i ~ n ~ c i d z ~ c i  

 mud A, p, As d i ~ d o z 8 n ~ n i ~ i u ~ o a d u i n n i i ~ u ~ ~ a z d e w a 6 o o ~ ~ ' d ? z n o u  uu?Qin 

a inGs i tnnM a, = Po = 0 hdoulanisduloauuu 2 (slip condition 2) r z n a i u i ~ u  
d d e u ~ a ~ a i ~ n i k u ' l o a  (no slip condition) uaziii fl, = 0 o~~c~~a?~u~ .rou' lan i?~u!na  

uuu 2 ~znaiu~fludou~anio~u!oauuu 1 (slip condition 1) n j ~ u ~ o u ~ a n i d u ~ o a u u u  

2 ~~~fluniGiuunvKnfm~loiKusin 2 nrrilrKaedi.r~iuuu 



2.7 mr~uu~8&dsmeua~u.::nu (Finite element method) 

ed asldluwiat uru6~fl~~~~~ai?~aaasnwnlafiia5uun'fiunir~%~o~w'us'lmol-duqin ,d a A r o  

Y Y 

nirur ic~dh~aou~awa~t i l rya ioonb~u~u9dauEia~ i h n i i ~ u d r m o u  (element) a&qin 
Y Y d 
r iuf i~i.rauniraotuiaz3ud~zn~u"Iw"~am~da~n"ufiunir~%~oy~us' u r i? i inun i rn l lu i  

h u n i r u d a ~ ~ d ~ z u i ~ a i i ~ a ~ ~ a ~ l m ~ n i r ~ ~ n * r z u u ~ u n ~ r ~ % ~ ~ ' ~ ~ ~ ~  lmaduiaz$udsmouqz 
4 r o  doudohdqnda (node) ~ ~ ~ i l u i i u a r i ~ ~ h ~ i u a ~ a 1 ~ i a o ~ n " a ~ ~ d t d 6 o n i r  uuanaiu?im 

* A  A r d -  
rz~Gauir$ldluwio8cuum"~n?imnuruura~~n. 1940 ~ m a i l u l i L ~ ~ l z l r i t l ~ a l u L ~ u n L n m ~ u  -- 4 

l aazae~ i l rya iu  wrmu? ~ a z ~ & w ' ~ s ~ ~ i ~ i & a ~ f l u i i K u ~ u " n . j ~ ~ f l .  1965 Zienkiewicz uaz 

Cheng ~~l&iii~ldlu6~o5~uum"u1d~z~nm"5ufl~ninirlaaa~~ao~laa q i n ~ ? u l & ~ @ i  

a h n i r ~ z i Z n i ~ l d w ' ~ ~ u i q u i i l w " f i ~ u ~ ~ ~ ~ i ~ a ~ ~ a ~ ~ ~ ~ a i u ~ ~ u ~ ~ ~ ~  

nis~~n'fl~ai~a;?asz~~aui~~d~u6~o~~uu60madn~nL?~d~zdtznau&au 5 h w o u  

ugn K q h ~ a  

2 d 
~ u w o u d  1 ~iru~uwoun~suri~wunlm~uuaa.ril~aiosn~flu~udrznau~~uu 

aiuLaduufiouuudLadau~~~dd 2.1 dim~u.~~nsiiiwuk~udl&uli.j~mLuu~~u i u  
, A  , ~rrzneuL~uuaiuLndau (triangular element) 1mauiaz iu~~znauq~~4au~ionun~mma 

(node) d~~flui iwldqd~$~iuamn"akf~; i  N 3mio (nodal unknowns) d i a ? u l u q i u i ~ $  

qzl$Aiua~aiiao;l ~ a i u G a  ~ a i u K u  ~ ~ a z ~ a i u ~ 6 u  ~3u6u 

Y d (n) %udrznauuuufi~u L V I ~ O U  (triangular element) 

(a) $udrznou uuud ~adou (quadrilateral element) 

2.1 n i o ~ ~ ~ ~ ~ d h ~ ~ m ~ u u a a ~ ~ ~ ~ i o o n ~ f l u i u d r z n o u u u u F i ~ ; ~  ; (n) Sudrznouuuu 

LPIULII~BU, (a) $udrznouuuudadsu 



k.~irwoud 2 a i i . r aun ion iod t ru i~F i iuu~ i az~ud t rnou  Imua~u^W4i~iludi 

~ ~ i u ~ u ~ o t n i o h a u u < ~ d ~ z n ~ u ~ ~ u u a i u n d u u ~ d n ~ ~ d o ~ ~ u ~ w  i t d s z n o u ~ h u  3 

qmsioddauiuLaa 1,2 L L ~ Z  3 ~.r~~am.rIu~dd 2.2 Ifiriuiazqneie~iluiiLari.rae.riinQiuKud 
us, , A C Y 

I u g ~ i ' a ~ n u i ~ u  h , ~ ,  uar 4 wiuriiKu K~riu~unioniodorui~lduu3udo=:nou~uu 
4 Sd 

~ I ~ L W ~ O U P d A ~  

IRV N, (x, y ) ,  i = 1,2,  3 ~nurl.rn'.a'uni~doruiwiubu~udornouL~uuaiu~n~uu 
Y 

aunio (2.19) niuiotl$uuodh@aa.rwn3nfiiK.r! 

d tumoud 3 Ldo.r~inniodoruimuua'udtrnmu9rdnionaimLAaou1d9inwa~w< 
C 

bbw"13.r ~ ~ ) b ~ ~ i ~ ~ n i ~ ~ Q ~ ~ l ~ d ~  LPIW~ n 614 (method of weighted residual) ~ i I # a  mni t 
I I 

naim~~~ou6i~ i is l~ inn i tdoru i rna i i  I m u I # ? ~ ~ ~ f l u ? ~ n i ~ ~ ~ ~ a ~  (Galerkin method) 4 4  

1snimaiuiondozqn~Wn'uaun1~~3;1~yw'us" s ~~euda.rIfio~lu~dao.roruua~nio~~.r~dud 

dtrneui~oaunio~d'bu6~fl?wu6 (finite element equations) bau aunio\dlbu6~o?wu6 

LLuuriuLaiuua@d 2.2 q r o ~ b p ~  



P ~ L I ~ W U  n is  (system of equations) L ~ M  

O UAL O ~ i l uc tu i~~~a$udrzn f l y  qintdd 2.3 uamii$udsunoud I iiqmio 1 ,  Luo 

2 u ~ z  3 LLAI&)[~~~F~I N qndo dl, 42 URL 6 & ~ ~ ~ n ~ ~ ~ $ u u i ~ n i ~ i ~ i i K u  UAL 

iudrznoud 2 i;qmio 2 , 4  L L R ~  3 LLR~W~W~P~I N qmio 4*, 44 LLRI 4 m i u i i ~ u ~ ~ o ~ t ~ ~  
a ,  

siiuuunqu~$uuiBnlrduniru ~ ~ u n i s ~ q i r n r i ~ m w u l u ~ d d  2.3 mu 2 Pudozneu d i l f lX  

aunitld)lu6~o5wu6 2 aunis 

&,mud 5 d in1~do~~n6~ iu1aaeu~arnao~ f l~c t i  ~Gin'uaunis (2.20) hturnou 
-4 A d 4 ~ i n d ~ ~ ~ 6 r 1 u u ~ u n i s r ~ u ~ ~ ~ ~ i w ~ ~ a ~ 0 a ~ . ~ i ~ ' 1 r i ~ d i  N qmio oz~f lc lu~anl f lun l tuk 

Y 

s:uuaunis~osz~dtIu??C'~~~e.n~ (Choleski's method) ~ ~ ~ z s z ~ d ~ u ? " s i r d i i i q 7 C ~ f l  



4 ,  d 
(Jacobi iterative method) riikilniolridiwa~oas nr i n n i q i ~ . r n i r u ~ i n 1 ~ n 6 ~ ~ ~ ; 1 n ' u  

.4 Y S  

w a ~ o a u ~ ~ a ~ ~ o ~ ~ z ~ ' d ~ n i r b % i ~ ~ w " u l d ' a ~  (penalty approach) 

2.8 rnor&ni.rdr$i (Convergent criteria) 

 mu E LLnuiin~iuirmwaimdoau~~Ldovymni~iiuam (stopping tolerance) rtin 
d 9 4 , a  9  $ 0  

d i d ~ z u i m a o ~ w a ~ ~ a u n l m u ~ i o ~ ~ n n r 6 n i o ~ ~ a i ~ n i v u ~  ~llriymnioiiiuqm usivinCqli 
d Y a 99 

os~nnr* in i r~~%~~i i ivumla nbueunR'uWiiux-ulva.i 

2.9 ~ w u n i . a ~ n ~ ~ w o B n i r a e B ~ u ~ w m ~ a e S ~ a i ~ ~ a ~ u  (Taylor-Galerkin/pressure 

correction scheme) 

uwuni~mdaa4ni~ao%u1wm~'11o4~o4~~~.a"uir;~o~~~uu?"s1?~Ka~aa~l.n"bunioud~~ 

aunio~?aeywirs%a.iL?~~duaiu~~udolu~~ liurinqiuioq n ~ i u h  unznaiu~iiu 1ll'~flu 

tzuu~unioda~&u $o iu~~tmi~ ina~nis i i in 'uuazauni to ;~~drznou divfuKquuua'oa 

noasR'ii .rinaunio (2.14)-(2.17) i o ~ ~ u ~ d u u u l ~ ~ r i s u u i ? ~ m  (discretise) 1~ai6~u?"snio 
Y 

9  9, 94 or -4 

aaq~n~na4 ~ a z ? y m G q u m ~ u a ~ n i r a o . j n i ~ a a f ~ u  s?un~asmsa~~~n"~qiu2iu (pressure 

correction scheme) 

nir?q w ~ a a i  (time discretisation) 

Y 

n i r ? q m ~ a a i ~ a ' o ~ $ e u ~ " s ~ n ~ - ~ ~ u m ~ o ~ d ~ o . j ~ u ~ o u  (two step Lax-Wendroff 

method) ~ 8 i u i ~ i n n i o a u i u s y n ~ u ~ m ~ a o f l ~ b a ~ i  bu3~ionr i~ina~nai4J~n" .a"u  ( ~ ( x ) )  
a 4 tr 

asu@~~uuKqii 



ad Y ~ : : ~ ~ o u ~ a ~ n a ' - r a u n t a ~ ~ l ~ a . ~ ~ u ~ a u ~ ~ u t : : ~ ~ o u ~ " 6 n i ~ ~ d s : : n ~ u  6 ~ o n i t ~ i u ~ m ~ ~  
I Y Y 

dd u 

$~u~u~~n::n'aun" (predictor-corrector method) nuauwaugd 

LW RI ~"11a5na51,snqu (pressure correction) 

Y 
4d v s::~~ou~~~ws.a~aar"Aa5u~~u"nar::~ijuu~saumaunis~undau (fractional step 

method) L#aliuiiuir.ounloiluqmAqiu~u ~nus'sl~odflun~mqw"II~dh~iu~a~~n=:wq.ld"IIa~ 

na~u.iraac~unit~wuKulti:~ilu~~t=:qinnir da~qitmi~unissiaWa 

?influnit (2.25) ? z . b ~ v ~ n n ~ r ~ ~ ~ s ~ n ' - ~ C ~ n & u  (Crank-Nicolson) ~ . w I ~ ~ ~ . J A ? I u  

1 6u Cnodi 6 = - q::lX 
2 



~~~R'nnioaijauw?in (semi-implicit) ~~ad5u~mrinl9llwtniw (diffusion term) ;a 



Iru 
2.10 rnsr~uumsadra~? (Gradient recovery) 

4 v . 4  d 
~ A ~ R ~ ~ ~ ~ ~ ~ ~ ~ U ~ ~ ~ ~ L ~ ~ ~ ~ ~ L W ~ ~ ~ ~ ~ I W A L Q A ~ ~ ~ " L ~ ~ R ? ~ U L L ~ ~ ~ I ~ R ~ L ~ ~ ~ % I ~ W R L Q R ~ ~ ~  

Y 
d - 4  

gnw"n~1mtldauIv~G~itmi~Ou 3 a ~ m ~ u  

1. t= :~Gt lu i~  wtwmvizd (local direct method) 

2. t=:~Guu%ni~ae%ua.ana"iq (global Galerkin method) 
d 

3. t~bGtlu?"si laa%~b~~l: :YI (local Galerkin method) 
4 "  2 A ri 44d4 I ~ ; ~ I ~ ~ ~ ~ ~ ~ ~ I ~ ? = : L G ~ ~ % w o ~ L Q w I ~ Y I  ~u~~qin~flutz~Guua~nunit~h~~n~n(ahuinl~ 

I. Qj 
Y 

d 9 ~ d t ~ n a u b n t l ~ t l ~ i 1 " 1 9 l ~ L h a ~ ~ d 5 3 ~ ? ~ d t ~ n f l ' u q = : ~ ~ ' I ~ ~ d  

av 
G: ( x ,  t ) = - ( x ,  t ) 

ax, 

a+, (x) 
G: ( x ,  t  ) = - v, ( t  ) 

I = ,  a,,, 



2.11 nisss~srsla~ansrn~~~iwaiaaasla~~wab~wu (Surface solution reprojection) 

v,, = ,I4 + v: 

4 s -  

K q t u d i ~ a i u h  (U qndo m dd%Guwaoaszu6a+a 

v: = v,, sin 8 



2.12 %r~au~~ni~iuiaaiun%ua (Streamline prediction method) 

n i s d i u i u n i o u a u ~ i ~ ~ 3 ~ ~ m u e n v i ~ ~ u  IAinnioi lnai~iuao.r  Crochet unznnrz [25] 

Imu~~uldmiudeldra6 iu~ i~  

d 4 we vr, V, me naiuGaluuuar~nu r unznaiuhluuuaunu z 
4 .%.a=. 

nr,nz AD d 3 ~ d ? z n f l ~ ' 1 1 ~ ~ l L u ~ Q l f l  ( u n i t n o r m d c o m p o n e n t ) h ~ ~ ~ a ~ ~ s z  
d 

I Y A' 
t , t Re usda: k~inr%~wu'la (surface force normal to the surface) 

a 
p, ,p2 me ? f l u ' n a i u ~ z  (principal radii of curvature to surface) 

4 

s me d'udsz3mgu~q ;(a? (surface tension coefficient) 

~iu i~u~1f i%n~~f lmdsdauniune~7u~d'u  (Simpson's 113 rule) ~ u n i m i r i i f i w ' u k s ~  

nunis (2.39) &I%~ msio 3 qn luueiaz$udsmouidedtzu7nrdi~in z = o Z ~ Q  2 flo 

v; (z) 
r," = 5,"' + lm dz 

v: (iz -1) +-I ve; (iz) 

v (iz - 1) v: (iz) 



I - Y -1 

fld 2.5 flnt~unnriinrwnisuluk (die swell geometry) 



n i & i n e ~ n i ~ l ~ r a e ~ a e ~ I ~ a i i ~ O ~ ~ 3 ~ ~  
(Simulation of Newtonian Fluid Flow) 

dyvidi lnaihunduicr i lu  2 u'lisiio n i ~ i a a ~ ~ d u u u n i o l a a n a ~ i l y ~ ~ n ' w ~  

6 d  (stick-slip problem) u n z f l y a i n i a u  a (die-swell problem) n s c n a ~ b i a ~ a ~ w  
d 

riiuu ~ a ~ n i s i r ~ i ~ r u i n u n i o ~ a r ~ = : ~ ~ u u ~ " s ~ t ~ ~ a ~ a n ~ n ~ ~ a ~ d ~ ~ a ~ u u n n  2 uar 3 lnu 

ninaordm~uuneqiltyalLiluvianoqnoruankpd$ 3.1 %qiinatlaalaadiuria&qdilri 

a iu i~o$q ioru i~au$n 'm~~u  2 i j A  h6in'mnrqnsruanuuunu r unrunu z r w n z h ~ n u n u  
i otfliqrunuu.isiic~ ijriirviinir cu q m n i i ~ ~ i n ~ n ~ u u i ~ o ~ u ~ ~ i i d ~ v i i ~ u  .j5u;LiJniuioo 

~~~snnflbururilun~~ad~m'i]@d 3.2 

daiuh 
u~~~ : Jru i~~at :  



o Q r  uaz~inauy~3iudlhndiaI~uun~ 1 i inaiu~o?naiui luri~i@uuuw~~C~a~ 

(Poiseuille flow) ~.raiui?o~'auiu1h6auaun~~ 3.1 

vP ( r )  = ~ ~ ( 1  - r 2 )  

O R U ~  Vp ( r )  L ~ U n a 1 ~ ~ k a D 9 ~ ~ 4 ~ ~ ~ ~ L a " i ~ ~ ~ m ~ f ~ n ' I I ~ ~ i ~ n D 4 ~ D  

V ,  ~ ~ u n ~ i u r i ? ~ a ~ n ~ ~ % i n ' ~  ~ns~uqiuis'cldzriiaunlfiLgunaiuh 
Y 

4 4 '  &-~wmz~awiz k G u d i  v,, IhCausquni~Viin'u 1 

n i s u u ' ~ ~ d k ~ T n ~ u u a s ~ J r y ~ i q z G ~ i ~ m i C n u ~ i ~ n ~ 1 ~ a = : ~ 8 ~ ~ ~ f l u 3  uuu hell$ 
i 

3.3 unzwi?i.jn 3.1 

(n) UIJLIMOILI (coarse mesh) 

(a) uuudiunniq (medium mesh) 

v 

I 

(n) uuunz~8u n (fine mesh) 

3.3 n ~ s u u ' ~ @ i ~ t ~ n u r u n f l ~ ~ ~ ~ ~ ~ ~ n ~ ~ u ~ u ~ f z n ~ u n u ~ n ~ i ~ ; ~  ; (n) coarse mesh, 

(a) medium mesh, (I?) fine mesh 



3.1 i f ~ ~ i a ~ ~ - a ~ r ( a % 4 ~ ~ 4 ' I ~ ~ ~ 3 ' i : ~ ~ i i ~ ~  (Stick-slip problem for 
Newtonian fluid) 

24 

i d 

~ n a r u r n o d i l ~ ~ i i i a n i ~ i a o ~ n i t ~ u n ~ d i u v i o ~ u o u ~ ~ a i u ~ ' i a d  U l d ' 4 ~ i ~ L i h d ~ ~ ~ " ~ f i  

edauae;rn'in (stick) unrennqinnel~nuoini~"s~iinaiuhuuaunu (axial velocity : V,) 

~ ~ ~ u f l u ( i l i a d a u a o ~ ~ ~ d  (slip) usiklu' i inituauh k6una?uth1uuuaiflii (radial 
d 

velocity : V,) "s4Lv i i<~ IJU6&( lq~~ i~~61dBU~' I IaOY6Q@~ 3.4 

d qinpln 3.4 r i iuwMdau x,x,x,x6 ~ ~ u d a u n o ~ r i e  ua: x,x,x4x, riludauneq 
)r d d A ' , ,  nitluauonno Kdriuhndamraqlu~imuG~ X,X, i inRn unrdaun~flunuuasntr X,X, 

4- w 49  Y 4, w 49 w 8aniiniid fnegn x, unnm (-1,0), x, unnn (O,O), x3 unnrr (2,0), x4 unnn (2,1), X, 

49  w 4- w d i uwnn (0,l) UP: x6 unnn (-1,l) weiiiuumLqou1nneu6q6 
d A nouhiudiq x,x3 n o n ~ n a i ~ ~ n u ~ u u i m ~  naiuLjlluuuaFflii ( Y , )  idiiEIugu6 

aouhiunai x3x4 i;oneuiia%ar: na iu~hhuuai f i i i  (Y , )  iiriicilu~~uu' unrrii 

naiuXu @) iiriirriinirguu' 

9nwu 

(n) coarse mesh 

(a) medium mesh 

(FI) fine mesh 

iiuauqnds 

48 1 

1825 

4033 

v 

4iuaddt:nsu 

216 

864 

1944 

a u i n n a i u n ~ ~ r d h u d ~ n  

0.1 15 

0.058 

0.025 



nauanozuu X,X, ~snouhiu~natba~w'na in i f l  dinaiuhluuua?~ii  ( Y , )  ii 
dici lu~~ufi uardinaiunir @) i!dirriiriuqufi 

nau w15uu x,x, ihnau wC4ris ~aiu~!!a'luuua?fld ( Y , )  d d i ~ i l u ~ ~ u f i  uaz 

~a iuhhuuaunu ( y )  iidirilufuci 
d 

naubiiuliu x,x, flenoub;iunne~lrmlrta~a"iV;a n~ia~r!!aluuua?~ii ( Y , )  i i d i  

~iluqufi ruamaiuhluuu?unu ( y  ) i i d i r i l u ~ d m i u u n i  3.1 

n i u l l t ~ e n u u ~ ~ i u d i i  na~ l r ra l i i in iodu~na (incompressible flow) nosha 
K 

~r tnuuu t iuhu  (laminar flow) d i r ~ ~ u a n ' j i d i  (Re) dl% lo4 szuu'b.inun'Ygorrtqii 
d d 

(isothemal system) uaz'b.iiiniraulnanw~4via (no slip) 

dsu~niu) iu  (initial condition) l u~~r t inRn-n~r lns~na~ l r ta3aCw~~uu~=:  
L, 4 ,  ri~rtunlfi61dumwniuV;in'u~u~~ndi 

r&uu~%uudi~aiurkluuuaunu ( y )  naiuhluuua?flii (Y , )  u@rdinaiusiu 

( p )  %ac~muuuuuudi~1 r%uun'u Ngamaramvaranggul uar Webster [21] ~ m i u m i n t  

$ 3.2 

mimd 3.2 ~ ~ u i n ~ n - n 8 d n e t n e ~ ~ r t a ~ a ~ w ~ ~ u u  : ~ ~ m u ~ ~ u u d i ~ i . r ~ n a ~ ~ ~ e i a r ~ b l ~ ~ u  
** Y Y 

Ngamaramvaranggul uaz Webster [2 11 .[jifnwu~iuau~ud?zna~ 1800 3udo:nau 

Imwu 

(n) coarse mesh 

('11) medium mesh 

(A) fine mesh 

Ngamaramvmggul u@: Webster [21]** 

qinmioitS/ 3.2 ~ ~ ~ i d i ~ l i ~ L k ~ ~ ~ d i ~ l d i 4 ~ ~ l ~ ~ ~ ? : : ~ ~ i 4 ~ ? i ~ ~ ~ ~ ~ ~ ~ a " 1 ~ ~  

uazwaudaiuns~na~~rt@ (pressure drop, Ap) nadmwu fine mesh jjdiln&r~u4n'uan.r 
" d  d Ngamaramvaranggul uar Webster [21] uinniibruuwaou ~ u a ~ i d i ~ ? i ~ ~ ! ! ? ~ a r f i i  

A ~ I U ~ ~ ~ D ~ ~ B I U J ~  coarse mesh, medium mesh u@=: fine mesh Id? rnoiz~hau;jflsdinaiu 

nainrndauro2/o!ikna4(root mean square deviation (RMSD) ; 

v, plug 

0.517 

0.510 

0.505 

0.500 

V,m= 

0.102 

0.105 

0.108 

0.100 

& 

4.900 

4.877 

4.877 

4.880 



a a w u  Ngamaramvaranggul ua:: Webster [21] IXuadi5u 0.0152,0.0067 ua:: 0.0057 

~11ui16u ~ u i i d i n f l ~ ~ n ~ u u  fine mesh ~flunaamrr&a.jn'Y.jiuna~ Ngamaramvaranggul 

ua:: Webster [21] %lki~ua$uulualrt ~ ~ < W S " B ~ ~ W " I I I ~ A  (color contour) k@S/ 3.5 
d 

uazq::i~lmuruaiinuuua::~Bom (fine mesh) ~hl145uilryu~auda7~d 

daGqlocuqdi 3.5 (n) dlrra?ulkhuuaunu (K ) mo.ru'o~acunl4~4iviaijt::6u8 
d 

1ritz6uqlnuua~dl4uuu d ~ ~ a ~ u ~ ? a ~ a ~ ~ u ~ d ~ r r a ~ u ~ h ~ ~ n ~ u a ~ q ~ n ~ a ~ u d a d ~ ~ ~ u ~  

J l l f l l ~ ~ ~ L ~ ~ ~ ~ ~ W l f l f U A l  U ~ ~ A ~ I U ~ ~ J ~ ~ ~ ~ ~ ~ ~ ~ ~ A ~ ~ ' ~ ~ ~ ~ U ~ ~ ~ I ~ ~ H ~ U ~ ~ A ~ ~ ~ ~ U  

aa.rIuaeenqinria q i n $ i u 4 : : ~ n ~ ~ r i ~ r r a ~ ~ ~ q ~ 1 ~ ~ 1 a a n u i ' 1 n ~ ~ " ~ o . j ~ ~  ua::m~~ui~acu 

dalona4na.rIua (z = 2) aaluLk1uuuaunuq::iid7Lviln'uhni7n731uauuudin (plug 

flow) k @ d  3.6 ua:: 3.7 

LdaGrltculzdd 3.5 (9) d ~ n a ~ u ~ ? a l u u u a u n u  (c ) idlr2luClufidrlnnau 
*d I ~ ~ a a ~ i n ~ a u ~ n n a u ~ ! i ~ u m ~ ~ u ~ ~ ~ ~ u ~ u f i  ~ 4 i l 1 f l 8 d d o l n ~ i i ~ ~ ~ ~ ~ u w ~ u u ' o ~ a ~ ' 1 1 a u  

a d l  Y On W U ~ U I ~ ~ ~ ~ R ~ I U L P I ~ A I L ~ ~ ~ ~ ~ G  on~5um~ln&ni4aann& qddlrraiulh~Znnug.r 

u7n ~da.~q~nnlt~d~ouuda4~a~u6u 
d S d waw~ltcul@n 3.5 (rr) dl~aiu6l.d (pressure) ~ri~@~d~jnmt~uir~acuy~i .~  L$~v~BU~IZ 

d dd I ddd Irioz6uama~quoenq~nvia ~ u e c ~ ~ n n a t l u a ~ z l u a q ~ n n u ~ ~ ~ a ~ u K u u ~ n I d ~ n n u ~ a ~ u K ~  

& n i l  64@d 3.8 

dsGs~sonfllS/ 3.5 (4) r i i C m ~ i a u  (shear rate) d t d t r i u m t q r ~ u d l ~ u u a h u ~  

~u6una.raatmurraka4dmmn~t~m~d (the second invariants of the rate of strain 
4 4 ,  tensor, 11) u~adlrralu~fiu~iau~nofau k $ ~ d i d ~ f l L % ~ ~ q 4 ~ ~ l ~ l n ~ ~ ' o L ~ ~ W ~ 4 ~ i ~ u ~ : :  

d d 1 4  qru1nnqnms~G~aord~~10via~ua~q~nn10~mmm'11a~h~~~q~t::uii~na~Iua5u uC4n tiidi 

~aiu~Au~Qauflros?uijdi~.~ cu lnlmlm$uknilulncdm::ua::umn~ndiod4uirLacui4nri~a 

~biuriu'o~aorwuqm z = 0 u%uir~acutood~o::ui~~aa~~~ad!~<.r~::aan~~nvia~ain~fl k 

@d 3.9 



(n) pressure 

(4) shear rate 

C 

fld 3.5 i l ~ ~ i r i i ~ - r i i d a e t n a ~ ~ u a S ~ I w ~ G ~ ~ u  : nimnn~craAir8Aauuo~iluA ; (n) y ,  
(3) V,  , (A) pressure, (4) shear rate 



I] (n) V,  n z 5 0  

i (a) V,  n z 2 0  



I,, 



3.2 Jqwini~uau.'?ar~nr~'1waiiatn~iimu (Die-swell problem for 
Newtonian fluid) 

R'naor::no.jflryui~oni~~iao~ni~~uauiuvio~dn~.jn~::uonudaoonqinno di'LIX 

n e . j ~ r r a f / ~ u a e e n ~ i n ~ i o ~ ~ ' ~ ~ u i f l ~ ~ ~ n d i v i o ~ ' i ~ ~ f l u ~ n ~ ~ ~ & n d i n i m a u w ' a ~ d o ~ ~ i n ~ a i u  

~une~not~uaniuMo~diu inndin iuuanv iou in  n e t ~ u a ~ d a ~ u a ~ ~ i * i e ~ ~ a i u ~ ' i a l u  

uuaunu ( K )  ~i luqduuuninhai  ~u~orzdli iu~aiuno.jno.j Iua~zijni~Iuauuu~kn 

1 flow) k~nslq~nuadl l i~u~inf l ry~ia ' i~ -aZdno. jno. j lu~~aOw~Cuu &nio 

~ d ~ ~ ~ ~ d ~ ~ ~ d ~ ~ ~ 6 . j ~ ~ j i ~ d i 1 f l L ~ f l ~ ~ i ~ ~ ~ i ~ ~ ~ ~ ~  (sharing strees) 4uri~viauin duiia 
Y 

~aiu~~adluaciiuu~aorw~~viaSIdi Aindidd.jnai.jvio ~ r i u ~ d e a ~ i ~ ~ u u u n i ~ ~ u a u u u  
i d  L I ~  d i ~ ~ i a o r b a ~ u ~ ~ a b . j ~ ~ . j ~ a i u f i a u i n n i i n n . j n a i . j ~ i o  f.jd.jwalfl~imriimw~hu 

Y ~Zreugsnu di 'L~f ln iouau~du~~aordin~io  ~ u n i o ~ i ~ o r ~ r ~ i ~ u f l d f l u ~ n n ~ u 6 . j ~ d  
3.10 

p = o  

d einaor::woul'~~rouq::umnmi.jqinilq~ini~l~aa'i~-a~d ms.jnou8attuu x4x5 ii 
Y P dimiu~hluuua5f i i  ( K )  Li~fluquu'kSuu3~aor x,x4x5 ftrfluui~aord&niinuija 

ht:: (fire surface) uar~naiu8ao~'Lrmi~auw'a (die-swell) daudsulnkliune.jflcUH1 

n i o u a u s i ? ~ ~ r i i r i i ~ a ~ ~ a u d l l i ~ i n f l q ~ i a ' i ~ - ~ Z d ~ i ~ i l u ~ ~ ~ w " u  

d unn~qinni?~iuaorq::~i~d~~uu~~uun'u NickeU ua::Amr [8], Tanner [7], 

Ngarnaramvaransgul ua:: Webster [21] ~muqr~&uu~~tlu6wndaunimaufia(u1\~q1n 



1 
Z coordinate 

@GI 
Nickel1 uaz~mz [8] (experiment) 

Tanner [7] (analytical approximation) 

Ngamaramvaranggul uar Webster [2 11 (simulation) 

fine mesh 

9inmisirCf 3.3 ~ui i r r t ld l~~r i i1ni~"~(1. jn '~nf l4 Tanner [7] sioWsrdinit 
d ~ ~ m u ~ + u u i i d u 7  riu Ngamaramvaranggul uar Webster [21] 6.jmin.j~ 3.4 

X 

1.128 

1.136 

1.130 

1.136 

mint$ 3.4 f l Q ~ i R ~ A - ~ ? i d ~ f l t ~ f l 4 ~ ~ 1 A ~ ~ ~ ~ 1 ~ ~ ~ ~  : ~ I O L ~ ~ U L + ~ U ~ ~ I ~ ~ I U ~ U ~ ~ A ~ I U ~ M  

6u4itdaa.j Ngamaramvaranggul uar Webster [21] 

X %  

12.8 

13.6 

1 3.0 

13.6 

161 LUM 

Ngamaramvaranggul ua=: Webster [21] 

fine mesh 

max 

1.002 

1.000 

V,  max 

0.138 

0.143 

Pressure 

5.083 

4.950 



d 
qinmir i tn 3.4 wuiidinaiu~?aluuuaunu (V , )  uardi~aiuXuijdilnd~-du;~n'u 

Ngamaramvaranggul UR: Webster [2 1 ] uardi d1~1 dufi R-I u~Kw~uuu~c1u~tdii l  l ~ p . ~ d  
3.12 ~ n i n a c u r $ d u u u n a ~ u a ~ w s ' ~ ~ ~ d ~ ~ q ~ n f l ~ a ~ f i ~ ~ - f i % d  lnunaiu~khuuaunu (\ ) 
mr.rG~a~nit~+iviao'~~~~~u~duuuwimCuai dau~o . ru?~a~n i tJa iuna~ laa~~un~~ laa  - 
uuudGn ~ q i r ~ i @ d  3.13 drrnau daunaiuhluuua?fi$ (Y , )  f l~nau i ia~ f i r rq r i i d l  

rde.rqinnrn~rtaiinimau~'a uariiriiuindqmmrquiLa~rlinviedSnlmau~'a r i i na iu~u i j  
cd - 3 d 

diuintfqmr~nic~%iuar~rriaul ansqquLiluquunu?LaNwuiia~fior~;I$dsi 3.14 daun 

diGnauui;ldau~iimqinnaiuiinwai~~3;1w'a~an (numerical error) d a u d i ~ m r i ~ ~ a u q r ~ d 7  
d A 

uindqn N 761 x5 6qfln3.10 ( ~ ~ ~ i l u ~ ~ ~ d a r r a i i t d a u a r a i n i f l ~ ~ ~ ~ u u ~ ~ a ~ s i d u ~ ' i m n ~ r  

uauw'a m ~ a ~ u i q r ~ ~ u u ? ~ a ~ u ~ ' ~ v i a X ~ p . J ~  3.15 

diaFudryainiouarrw'awu~in~ol~adnauh~una~X~~dd 3.13 ~iluniolaauvu 

d& (plug flow) ~~rii~aiulk~asniirii~aiuhuuudknna.~ilrya1fi'i~-fi5dLda.jq1nn~ 

n i r a y F n ~ m 9 i n i r l ~ a  4~dilf ir i ina~naiu~?adnauhiunaiamn~Lda~~uun'uil~~ifi~n- 

a511 

naiuiPa~uuua~nu ( Y , )  na~~~f ia~ i l ryb l t iwu i i r i idu in$qm~diLv i in 'uL~a~qin  

naiu~Tadr%i~~i in i t l~au~uwioi lua~uar~~u~aulnnaulmu~~aumlf i r i inaiu~aq~qn 

din'u 1-00 ~ ~ n e . r b a ~ ~ b e u d ~ ~ r q ~ ~ i i l u w K ~ ~ i u ~ i n u r ~ ~ ~ u n n i u i i l f i n a i u h a m a ~  
u d 8 

~aiulkluuua?fi i l  (v,) wuiif lrywiniruau~au~iuinn~ii l~aif i~~-f i5d ~wrir 

~ rya in i~uaue i?~h i i n i rdd~c l l f i i i n i r i i i ua~dnau i i a~~ r r  d ? ~ f l ~ ~ i f i i ? n - f i % d l h  

ri iuumlri i idi~guqui X.r~u~~ri i l~;ri iaaiu~luuuaF~ij  ( Y , )  na~ilcgrriniruauri?iirii 

uinnai 

n ~ i u ~ u o r a i i ~ n i ~ ~ ~ i ~ a ~ n ~ d a i u n a ; 1 n a ~ ~ ~ a  (pressure drop, Ap) d iah i l r ya i  
" 4 ,  cY 

niruaumauniuinniiilryaifiG~-fi%d Ldacqinniruauri?btnirurq~uuinru uarri i  
E d  Y 

Q n ~ Z e u  (f) nuanwmriiuaq~Z~a6u 

Kninat-~~dcy~i 

i l ~ ~ a i f i i n - f i 5 d  (stick-slip) 

i l ~ ~ i n i m a u w ' ?  (die-swell) 

< max 

1.000 

1.000 

Vplug 

0.505 

0.387 

c m a x  

0.108 

0.143 

~p 

4.877 

4.950 

y max 

17.798 

19.213 



(A) pressure 

(4) shear rate 

pld 3.12 ikyuiniou~ull~aeara.j~uaS~Ow L ~ U U  : nisuanarr~ h8hcluouk.d ; (n) y ,  
(a) y ,  (A) pressure, (4) shear rate 





3 3  a'irjur (Conclusion) 

h n i t i i ~ i t n r i ~ r y ~ i n i 3 \ u n r a 4 r a 4 \ ~ ~ ' 1 1 ~ n ~ a f ~ 1 L i u u  qz&qinnidnmilryvi 

nitlunuuunRn-nzd . n u i i ~ a i u ~ ~ a l u u w u n u  (K) wzqniqdiriauierauliiuliuii 
d d J pluuuwiolluni (Poiscuille flow) unzwa~as\un~nnaunniuluvi~ n'nanrzniz\unujfi~ 

d J inmnniaae~naiuh~uuuaunu (K) mlia da~a.r~un~nneuneanuanvianaiu~hqzii 

nitr?uuilflZruindin'ud'~~au~i~rai ~un~duuuna~uiauuui:iinit\unuuudR 

(plug flow) daunaiu~faluuuaidii (Y , )  qriiriiuinwt~u?~aorni~aan'11a4ria dau~a iu  

6u (pressure) ~ z ~ d i u i n w t ~ n i ; r ~ ~ i ~ a u n z ~ z f i d i n n n ~ ~ ~ n a n ~ u a n i ~ n i t \ u n  untdi6'~1~1 

~~aurruiisz~riiuin~~mwt.ju3~a11(ni.jaan1a.~via taqnsuirz~fluu?~aruuu'ilvi~ 8u 
1 rl ~ ~ a ~ u i q i n n i ~ i u r a ~ \ ~ a # ' i n n ' u ~ u ' ~ v i ~ ~ n i ~ h ' i n ~ % ' I t j d u ~ ~ n  (no slip condition) nau 

n a ~ u h ~ v i i n i r d i 5 u ~ u d  ~ ~ ' ~ ~ ~ i i n ~ a i u ~ ~ i u ~ ~ a w i n n i i u ~ ~ a n r d u  



~auy::w (2~ 'laqmnu kaguass!a~) uioniynuy ~+unriuabFq\Lynby unlborcor 
- P 

n~nu~~u::pu~u2c~nau ~nffi~yns~un~nnn~yn~i aqnnynoru (w~'"~'"~'"~) ny P 

n~cu~y n~inrnu~n~~u~tgun~roru~bn~ingispn w ttj~pus~b~~u~;t~l::un 1.p po~~c,~nlna~i 8 

u~~~un~coerer~pu-~gu~nffi~~1~no~fni::puuu~1;f:: (d) nunLbu::un n (2) nunm 

nlcprt~~u (2) nvs~nnn~~~n~~uco~norur~nop::pu~u~~~~n w - 1-p up2u~b P P 



i l ~w iaGn-a td  uardywiniouauAinoqne.jl~a iiwiudilanu~iuehdudoiu~.juei 0 
1 
04 1 

Y CY drlu rl 
n e u & i u ~ i u  X,X, ISr" .r, = o unr T= = o dau T~ n'y r, qrnun'yflqnaunuonu 

u a r ~ a i u h t u u u a ~ n u  z ~fluWY?udo 

nsu&iudic X,X, v%unuauuimo lfi T, = 0 
J d o u l n d i ~ u 6 u i i v f i d i  We = 0.25 qr~ iua~~aun~qin i lcywia~n-a tdne .~d i  

we = 0.00 ui~fludi&biu M i u e q ~ ~ u a r i u d i u f i d 1  We = 0.50,0.75 uar 1.00 qzGiua 

~aaud~i91nd~uia'ln-a~dne~di We = 0.25 ,0.50 uar 0.75 ~ i u l i K u  ui~f lur i i&hu 
J d qinaunion 2.1 1 W~io~id i~a iuw' i imoau p = +pN Im~n fi  i ie~a iuwi in  

no . r6aqn~~ iu?ab%a ia ' l n  uar pN i i a n a i u ~ i i f i n a ~ h d i ~ r a i u ~ a ~ w ~ i i u ~  ~JIU 

m u  2 e  \riuasuuniwum'Ifi pv = 0.88 uar pN =0.12 wiucah 2.3 

rra~n%q~nilndmal~-atdn~un~u'1~w3at~1a~~3n 

u a d l ~ i n n i ~ i i i u a ~ ~ d o ~ ~ d ~ w ' u d i l a ~ ~ u e J ' ~ ~ 1 e o ' n  u h ~ i u i ~ & u u d u u C u ~ i u ? 4 ~  
d 

am Ngamaramvaranggul uar Webster [21] ~fiouam.jgq wimqn 4.1 

m l ? l d  4.1 : u ~ 6 H n l o ~ ~ u d u u  wadeudtw'u 

dir? r a u ~ e ~ n n ' Y ~ i u n e . ~  Ngamaramvaranggul uar Webster [2 11 

J uuiua! qinmiolm 4.1 N.W. ~ e d i d ~ q i n  Ngamararnvaranggul uar Webster [21] 

stick ' ~ i e d i d ~ ~ q ~ n i l ~ ~ i a ~ ~ - a ~ d n a ~ n a ~ n e o ~ w a ~ a ~ w L ~ u u  

stick ' ~ ~ ~ ~ ~ ~ & ~ ~ ~ ~ Q ~ ~ ~ ~ ~ - Q ~ ~ ~ o ~ ' I I B ~ ~ B ~ I ~ ~ ? Q o o ~ ~ ~ I Q ' ~ ~  

d l i l \ l l  

rnax 
P 

min 

rnax =, 
min 

rnax =, 
min 

rnax 
T, 

min 

rnax 
=sle min 

We = 0.50 We = 0.01 

N.W. 

6.38 

-0.01 

0.36 

-1.24 

0.04 

-3.88 

44.48 

-0.48 

0.36 

0.00 

We = 0.75 

N.W. 

4.92 

-4.26 

0.43 

-3.42 

0.01 

-6.80 

10.76 

-0.87 

0.43 

0.00 

We = 0.25 

stick2 

6.38 

-0.01 

0.40 

-1.84 

0.00 

-4.53 

40.08 

-0.57 

0.54 

0.00 

N.W. 

9.33 

-0.01 

0.85 

-1.05 

2.29 

-5.27 

30.60 

-0.42 

0.36 

0.00 

stick' 

4.89 

-3.92 

0.43 

-3.49 

0.01 

-7.23 

10.66 

-1.07 

0.43 

0.00 

N.W. 

5.66 

-0.57 

0.39 

-1.51 

0.00 

-4.16 

43.20 

-0.60 

0.39 

0.00 

We = 1.00 

stick2 

9.18 

-0.01 

0.88 

-1.78 

1.92 

-5.63 

30.89 

-0.51 

0.52 

0.00 

stick2 

5.66 

-0.57 

0.43 

-1.94 

0.00 

-5.18 

43.69 

-0.69 

0.50 

0.00 

N.W. 

15.78 

0.00 

4.54 

-1.19 

4.66 

-4.55 

19.68 

-2.79 

0.36 

-0.01 

stick2 

15.78 

0.00 

4.64 

-1.95 

4.47 

-4.56 

19.94 

-2.79 

0.40 

0.00 



d I 4 .I W a s l ~ ~ l ~ 4 d  4.1 d ~ 6 l ~ ~ L ~ ~ t ~ f i ~ ~ ~ ~ ~ l ~ ~ l ~ ~ f 3 l b l ~ ~ 8 ~ ~ L ~ ~ U ~ l ~ 4 4  984 

wiadihrruil~uain (We = 0.00,0.25,0.50,0.75,1.00) dnngii~~aiunalrvla;suinm$au 

~ v i i f i  0.19,0.39,1.42,0.3 1,0.26 miuciiKu ~u iuna iu i i  warh~11nnitiiiua~~uei~~zdi 

' L . l L ~ ~ ~ L ~ ~ o ' n ~ ~ U ~ n ' ~ ~ ~ 4  Ngamaramvnggul uaz Webster [21] liiw~fiamndmn'rr 

sinmin4d 4.2 ufimri irniuh A ~ I ~ ~ ~ ~ u ~ z M ~ ~ L A ~ ~ B u I I ~ u ' u ~ ~ I ' I ~ L ' I I u ~ A L ~ ~ ~ ~  

dqri~lanurhuain~flud~d~~bl. j"o.j~a~u~bl~~una.j~a.j~~ ~ ~ d r i ~ u i n u a b l ~ d i n a i u ~ ~ b l ~ z  

$riiuinmiu ~dadila~ru6A~usk~viin'u~uu'(~e = 0) r ~ ~ u n d ~ ~ i t n r i ~ a n a . ~ ~ ~ 8 ~ a ~ w  

LCUU LU~I  wans~~a~lua~afw~i iuuui~~ro~u L~~~I I~ ' I I ' I~ )~ IH@~A~cIz~~~I I I~~~~I 'L~L' Iuw'  

~usfnludap (0.25 s We s 1.00) ~~IuLI?'~uuu~~PI~~ (v , )  ~ n i t ~ d d ~ u u d ~ u u  6% d 
ri i lasuli~uhdin'u 1 daunaiuihhuuaunu (Y , )  in i t rdduuda~huuqn daudi 

na iu~ui jd iu lnh iu l r i i  ~ d a ~ s i n m ~ l i i k ~ r u w ' ~ ~ ~ ~ i n ~ ~ u ~ u i ~ l H " d ~ ~ ~ a ~ u ~ ~ ~ ~ ~ w ~ n  
Y J i u  d ~ w a ~ H " h a ~ l ~ r i ~ n a ~ u K u ' I H " u ~ n n u ~ ~ ~ ~ H " ' ~ ~ a ~ ~ u ~ ~ ~ u a t i ~ u ~ a ~  d l  7,  i h m ~ ~ i u ~ u  
Y 1 ' Y  ' Y uuuLtn%ik (exponentid) I~U~P~UOP 10 ~ v i i  lii in i k i ~ i i u ~ u  rii r, i r i i d u r u q ~  

J J nqnnbnuii~uahviin'u 0.5 ~ernz~a~ne~rii la~~ur~~u~4ndlfi41n1m~as~luum~ dau 

We dim147 

max 
Y min 

max 
v, min 

max 
P 

min 
max 

7, min 

max 
7n min 

max 
== min 

max 
Tee min 

0.00 

0.1 1 

0.00 

1 .oo 
0.00 

4.92 

-4.26 

0.43 

-3.42 

0.01 

-6.80 

10.76 

-0.87 

0.43 

0.00 

0.25 

0.1 1 

0.00 

1.00 

0.00 

5.66 

-0.57 

0.39 

-1.51 

0.00 

-4.16 

43.20 

-0.59 

0.39 

0.00 

0.50 

0.10 

0.00 

1.00 

0.00 

6.38 

-0.01 

0.36 

-1.24 

0.04 

-3.88 

44.48 

-0.48 

0.36 

0.00 

0.75 

0.1 1 

0.00 

1.00 

0.00 

9.33 

-0.0 1 

0.85 

-1.05 

2.29 

-5.27 

30.60 

-0.42 

0.36 

0.00 

1.00 

0.12 

-0.01 

1.01 

0.00 

15.78 

0.00 

4.54 

-1.19 

4.66 

-4.55 

19.68 

-2.79 

0.36 

-0.0 1 



rii r, iiriilnihiiu4A uar r, d ~ ~ i t c u i i j r i i ~ a u u i n  ~ d e ~ ~ t l u ~ u d ~ d u ~  i a l r i i i  

n a i u d i 6 q j a ~ u i r n n d ~ ' ~ ~  
J J J d a ~ ~ ~ t o r i n ~ i n a i u ~ ~ i u ~ ~ a u ~ m u ~ u n n a u ~ u ' ~ n a u a ~ n a u ~ a ~ a t ~  (r = 1) K4p.l~ 

4.2 daudotirdil?~ruw'~ua~~~udidi~aiu IP~ULZB~B=:$ dq.jd4 ~ ~ ~ L ~ C U ~ U ~ B ' I B J ' I ~ U  

rrJ4uuunrneu3amu (z = 0) d i ~ h f l d  4.2 (4) uar (4) r i i q ~ ( ~ ) ~ ( ~ a i ~ ~ h ~ ~ a u . U ' a u n d ~  

@d 4.2 (R) c d a ~ q i n ~ a i u a r ~ ~ e m n a . ~ ~ ~ t ~ ~ i e  (mesh) u?aormugm x5 64pld 4.1 M '  

uinorln&qn~anjiu (singular point) ~~~~iiu4na~4~1'1t~nrndfla~fln" 4.2 (4) uar (q)  in 

niouniqn5'm 

z-coordintrte 

(n) We = 0.00, Shear rate max = 8.44 

Zcoordinate 

(a) We = 0.25, Shear rate max = 9.36 



(n) We = 0.50, Shear rate max = 1 1.22 

z-coorcjilatc 

(4) We = 0.75, Shear rate max = 7.35 



(q)  We = 1 .OO, Shear rate max = 6.50 

J - - M ~ ~ U U G ~ ~ ~ U ~ Z ~ ~ Y U ~ B Q O ? = :  ; ( n )  We = 0.00, (r) We = 0.25, ( A )  We = 0.50, ( 4 )  We = 



(A) pressure 

(4) shear rate 



pld 4.4 d ~ ~ i n l n - n i i t l n a 4 n a ~ l ~ a ; i n O ~ ~ a ~ n l n  : n ~ t ~ n f i 4 ~ n h 8 6 a ~ ~ n u t 1 ~ 4 d d l  

b~¶u6~uaindirTu 0.00 ; (n) Y,,  (a) Y,, (A) pressure, (4) shear rate, (9) r,, (01 r,, 



(n) pressure 

(4) shear rate 



b~nud~tleindir ih 1.00 ; (n) Y, ,  (a) c, (R) pressure, (4) shear rate, (9) r,, (o) rm, 

r=, (¶I 2, 



pld 4.6 ~llunizunmariinai~~u~fwuL~uu&eudzu'uPii~a~'~uw'Luafn *luiine.r 
J 4 ,  bnnuni~aauw'~uekuinqz'Ir;iriinaiu~uuin~de~~uu L +  N p m ~ i u a h  de4qindi 

Y 
n a i u l m ~ u u i n  4 4  k~aanuo~uinnulunizw Knne4lun tdd 4.7 ~flunizunntniz 

~lrwudsuriinaiuhluuu~i~i (q) z = -0.4 unr z = 0.4 nuiid z = -0.4 (fld 4.7 

(n)) riinaiu h~uuua~f ldna~ne~~~ndddi~a~f lues '~uefnu 'au '~~ i~ i~a iuhuinni ina~~un 
Jd 1 J4 1 

nuni~arruhefnuin  u id  z = 0.4 (fld 4.7 (9)) dinaiu~h'luuuaifl~ra~ne.~~u~nu~i 
Jd I 

la~auw'~ua~nuinnGulSiriiuinnii~a~lunnunila~ruw'~ua4nCatl unzGqiorui 

n i n d ~ z n e u l k i n ~ d d  4.4 (n) unz 4.5 (n) ri inaiu~hhuuai~iqzidiuindu3~a~mo~ 

nnirne~flm~u3nrudniuvie unzqzn'aun~riin~~tn~ji~n'u~ndila~'~uw'Luafn udiionir 

mo~driinaiuda~uuua~fl~~.j~mna.jdi~a~~uw'~uefn~nin'u 1 .OO qz~Cuaanrii.rqindnlo 

riauinniiriila~~uw'~ua4n~viin'u 0.00 ~a* i i l r i lmw~nizann~~a. jnaiu~hnCuaanr i i~  

qindniuviehudi~fiLiim~nw~r~.j@d 4.7 daufld 4.8 ~flunitunm~niz~fwu1~~1udi 
J J 

naiuh~uuuaunu ( K )  n z = -0.4 unz z = 0.4 unzu~mnit~dllnuuudn~fiuuunaiu~ 

rin@uuunioi~uni k y ~ d  4.8 (n) w ~flufluuunizlunuuud8nrn'.j@d 4.8 (9) nflll i i i  
n ~ ~ u n d r i i ~ a n u w ' ~ u ~ ~ n u i n ~ r ~ n i z ~ d ~ u u ~ d n ~ f i ~ ~ 1 1 n i 1 ' 1 a ~ ~ ~ n d d 1 ~ a ~ ~ u e ~ ~ u a f n u " a u  



~ d a ~ ~ i m a ~ l ~ n % r i ~ l ~ n u ~ ~ u a i n u i n l i ~ u a n Z ~ i ~ a n i c i a u ~ n i u  (relaxation time) q 4  
44 8 nuZ~nin~iirrq'.nm~riiu1uniina~l~nnu~il~~'11u6~uafnda~ 

0 
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 

Radial velo* 

(n) f l u u u n a i ~ u u u  (K) % z = -0.4 

0.04 0.06 0.08 

Radial velocity 



0.4 0.6 

Axial velocity 

(n) @uuu~?~urh'lrruuaunu ( y )  d z = -0.4 

0.55 

Axial velocltg 



4.2 ikquimsuau.'?rsa8~'1ua~a~~~aia'in (Die-swell problem for viscoelastic 
fluid) 

qinMioitd 4.3 nis~Guu~Guuriiriicq n a t n e t ~ v n i n t ~ ~ a i n ~ n t ~ v i i t i l r y v i  
4 nRn-nUn'ullryainimauw'~ ~ n : : ~ u i i ~ u d a u u i n ~ ~ ~ m ~ ~ ~ u r i i ~ t ~ m ' I u i l ~ ~ i n i ~ ~ a ~ w ' a  

~::~i(rii~~u~u'Iuu~a=:di~a~'~~uw'~u~fn daudunr~~fludi~ae~blq=:~i(dinm~~~uudn::d~~a 

~ d t m k r d u r i u  d a u n i n ~ g  4.4 u ~ n a n i s ~ ~ ~ u ~ ~ u u w n ~ ~ ~ i n i l r y ~ ~ n ~ m a u w ' a ' ~ a ~ u e i  

n::r i i~aau6~uafn~ura Ngamaramvaranggd un:: Webster [21] &e~i~fimn::f i&au 
-4 I asninaiunnin~n~au~~i(uriiitna4natumn::ri1'1a~au~~uafn (We = 0.00, 0.25, 0.50, 

0.75, 1.00) d ~ i n ~ i i ~ l i r ; i n a i u n n i n ~ ~ ~ a u ~ r i ~ n ' u  0.02,2.22, 1.43, 1.88, 1.87 RIU~IKU 

i~nnAhiil6wnnanndatn'u 



mimd 4.4 ilSyuimwauni~e~~e~lu~5fil~Ba1ain : nit~lmmuduurra6w~d~ud~w'u 

d~bnuii~usinn'tlra~ Ngamaramvaranggul UAZ Webster [21] 

did147 

max 
K 

min 

max 
v, 

min 

rnax 
P min 

max =, 
min 

max 
3, 

min 

max =, min 

max 
=a 

min 

did141 

max 
P min 

max =, 
min 

max 
=n min 

max 
=a min 

max 
=a 

min 

uuiu~uq ' didvi91nilSy~inii~-fi5d riid~~inflqjrnniwauw'a 

Ngamaramvaranggul U ~ Z  Webster [2 11 

We = 0.50 We = 0.00 

stick 

0.10 

0.00 

1.00 

0.00 

6.38 

-0.01 

0.36 

-1.24 

0.04 

-3.88 

44.48 

-0.48 

0.36 

0.00 

We = 0.00 

We = 0.25 

stick1 

0.11 

0.00 

1.00 

0.00 

4.92 

-4.26 

0.43 

-3.42 

0.01 

-6.80 

10.76 

-0.87 

0.43 

0.00 

swell 
0.16 

-0.01 

1.00 

0.00 

16.99 

-1.39 

5.10 

-1.27 

5.57 

-8.45 

21.53 

-0.59 

0.50 

-0.01 

We = 0.75 

N.w.~ 

4.94 

-7.10 

0.52 

-4.68 

0.94 

-9.01 

15.14 

-1.03 

0.52 

0.00 

stick 
0.11 

0.00 

1.00 

0.00 

5.66 

-0.57 

0.39 

-1.51 

0.00 

-4.16 

43.20 

-0.59 

0.39 

0.00 

swell2 
0.14 

0.00 

1.00 

0.00 

4.98 

-7.12 

0.52 

-4.69 

0.93 

-9.00 

15.12 

-1.03 

0.52 

0.00 

stick 
0.11 

0.00 

1.00 

0.00 

9.33 

-0.01 

0.85 

-1.05 

2.29 

-5.27 

30.60 

-0.42 

0.36 

0.00 

We = 1.00 

We = 0.25 

swell 

4.98 

-7.12 

0.52 

-4.69 

0.93 

-9.00 

15.12 

-1.03 

0.52 

0.00 

swell 
0.15 

0.00 

1.00 

0.00 

5.58 

-2.09 

2.30 

-1.93 

12.97 

-4.24 

47.35 

-0.71 

0.49 

0.00 

swell 
0.18 

-0.01 

1.00 

0.00 

26.45 

-0.98 

11.42 

-0.91 

7.26 

-3.90 

17.85 

-5.88 

0.51 

-0.01 

stick 
0.12 

-0.01 

1.01 

0.00 

15.78 

0.00 

4.54 

-1.19 

4.66 

-4.55 

19.68 

-2.79 

0.36 

-0.01 

N.W. 

5.59 

-1.90 

2.25 

-1.70 

11.37 

-4.00 

40.52 

-0.71 

0.49 

0.00 

swell 
0.19 

-0.02 

1.01 

-0.01 

37.26 

-0.80 

14.85 

-2.91 

9.21 

-4.07 

16.97 

-3.00 

0.53 

-0.03 

swell 
5.58 

-2.09 

2.30 

-1.93 

12.97 

-4.24 

47.35 

-0.71 

0.49 

0.00 

We = 0.50 

N.W. 

14.53 

-1.21 

3.52 

-1.24 

8.11 

-8.66 

23.84 

-0.59 

0.51 

-0.01 

swell 

16.99 

-1.39 

5.10 

-1.27 

5.57 

-8.45 

21.53 

-0.59 

0.50 

-0.01 

We = 0.75 

N.W. 
24.65 

-0.95 

7.54 

-0.69 

7.96 

-6.67 

20.77 

-6.41 

0.53 

-0.01 

We = 1.00 

swell 

26.45 

-0.98 

11.42 

-0.91 

7.26 

-3.90 

17.85 

-5.88 

0.51 

-0.01 

N.W. 

32.92 

-0.68 

12.62 

-0.89 

9.48 

-4.05 

19.62 

-2.90 

0.59 

-0.01 

swell 

37.26 

-0.80 

14.85 

-2.91 

9.21 

-4.07 

16.97 

-3.00 

0.53 

-0.03 



m i t i c d  4.5 ~flunituamdiun~cl~u~\li~a~ily~inimauw'a~audtw'udila~'1u6 

~ u a f n  wuuiidinaiu~3aluuua~~i!di~~~m (V,. max) !uua~~u~udu~.r<umiunit~~udi 
d Y ~a~ru6~uefn~~a~~inn i tuauw'an~~nu~iud i \a~1~6~uafn  daud i~a iu~hhuuak i i r i i  

A huqn (V,. min) ~ u u a 0 ~ u ~ ~ ~ a u n ~ m i u n ~ t ~ ~ u d i ~ a ~ ~ u 6 ~ u a f n ~ u a ~ ~ i n d i a u ~ ~ ~ u a n " o ~ ~ P i  

niqmt~~iu~u$Piuan($Pi~~~a)'Iuunudi~~.j ~q$naluLhluuua?~!aqu'uin$u ~ u i i u a ~  
arl Y Y ~~uanir~udi~aiuhIuuuaunu(~,)  dinaiu5u ~n~d i~a iu~ / iunuanww~du~~~umiu  

di ' la~ '~u i~uafn 

m i n d  4.6 ~flunis~~mu~~uukndaunim~uw'ada~dtu'ud11a~'1u6~uafnFu 

304 Tanner [7] ~ ~ ~ Z l u n i t d t r u i ~ q i n n i o ; j ~ ~ ~ = : t i i  (analytical approximation) unrreq 

Ngamaramvaranggul unr Webster [2 11 d ~ ~ f l u n i ~ ~ i l ~ u i t m u l # o = : ~ i l u u ~ ~ 3 ~ w ' a ~ a ~  &a 
e.4 3 r i i ~ n d ~ ~ i n a i u a ~ u u \ l r ? ~ ~ n ~ t i i ~ a f l ? " s d i n a i u n a ~ m ~ R I t a u ~ ~ i f l i ~ ~ ~ a a ~ t r ~ u i ~ ~ i ~ ~ ~ i  

mtuaulian'una.t Ngamaramvaranggul unr Webster [21] ~lidirviiFu 0.01 7 uideLZeu 

Fuaiuneq Tanner [7] Ifihdifi 0.044 n u i i i l ~ u i n i t u a u k I ~ d ~ \ ~ n I ~ d u . j ~ u ~ ~ u  

aaq Ngamaramvaranggul unr Webster [21] uinnaiaa;r Tanner [7] ~flu~wnrqiu 

We dimi;r~ 

max 
v, min 

max 
K min 

max 
P min 

~nax 
r, min 

max 
rm min 

max 
r, min 

~nax 
Tee min 

0.25 

0.147 

-0.001 

1.000 

0.000 

5.583 

-2.087 

2.294 

-1.933 

12.965 

-4.241 

47.345 

-0.713 

0.493 

-0.002 

0.00 

0.143 

0.000 

1.000 

0.000 

4.983 

-7.123 

0.517 

-4.687 

0.931 

-8.995 

15.118 

-1.033 

0.517 

0.000 

0.50 

0.163 

-0.007 

1.000 

0.000 

16.986 

-1.386 

5.097 

-1.267 

5.567 

-8.446 

21.530 

-0.586 

0.500 

-0.005 

0.75 

0.178 

-0.009 

1.003 

0.000 

26.453 

-0.982 

11.423 

-0.911 

7.256 

-3.898 

17.846 

-5.880 

0.51 1 

-0.010 

1.00 

0.192 

-0.015 

1.012 

-0.009 

37.260 

-0.798 

14.849 

-2.914 

9.210 

-4.067 

16.971 

-2.997 

0.530 

-0.027 



Ngamaramvaranggul unr Webster [21] k~~kddeulmitdulo~iilit"~die'mndaunit 
4' uauw'?lnb~Ao~n'u ueiwe~$wu~~clue'mndaunimauw'an'u'~~~~ Tanner [7] nueinrdir? 

au~~uefnnu~ie'mtidauni~~auw'ane;~ Tanner [7] ilriidaunli~iieuqndi~a~'1u6~~efn 

snL6udriilarrui~uefn~~;in'u 0.00 kfld 4.10 

slincd 4.6 i l rymnimaut i?~~na .~ l~n ; j~C~~n i~03n  : nit~~muduuQndaunimau~a 

deudtw'urii~a~ru6~ue~nn'u~iu'11~.~ Tanner [7] uarciunaq Ngamaramvaranggul umr 
Webster [2 11 

tpiu 

Tanner [7] (analytical 

approximation) 

Ngamaramvaranggul 
unz Webster [21] 

fine mesh 

H N W ~  unr 
A *----------- I Web* 

FJF( 4.10 i l ~ n n i t u a u f i r a 4 r a 4 ~ ~ ~ ~ f l ~ n ~ ~ i f l 8 n  : mtrflmuriluu~~ndaunim~uKa 

~adt~ur i iknuf i ruerfn (We) Cuqiuraq ~anner [7] unzwlr~w ~gamaramvaranggd 

urn:: Webster [2 11 

We 

0.00 

1.131 

1.130 

1.131 

0.25 

1.146 

1.162 

1.167 

0.50 

1.186 

1.212 

1.233 

0.75 

1.242 

1.268 

1.299 

1.00 

1.301 

1.354 

1.364 



(n) We = 0.00, shear rate max = 10.75 

(a) We = 0.25, shear rate max = 16.15 



(n) We = 0.50, shear rate max = 13.82 

(4) We = 0.75, shear rate max = 10.32 



(9) We = 1.00, shear rate max = 13.82 

pJd 4.1 1 d ~ ~ 1 n ~ r u ~ u K ~ r e ~ n s ~ ~ u a 3 a ~ n ~ a i a ' i n  : r i i ~ ~ ~ i ~ ~ e r r d ~ u d r w ' u r i ~  

1?crui~uain&auau'.~rieunt3e~ij~~013t ; (n) We = 0.00, (3) We = 0.25, 

(n) We = 0.50, (4) We = 0.75, (9) We = 1.00 



~ u n i n k ~ n i n ~ n d ~ a ~ ~ u n i ~ a i u ~ n ~ ~ u u i n n i i ' ~ ~ e ~ ~ ~ n i i a f m ~ ~ u u  .j&qdnndra.re'.n 
4 41 

~ i e $  We = 0.5 q4~rn~iinnitn~nuni.~udja 

pl?! 4.12 unn~~anusf~a~u~Tare4di~a1au6~uain~riin'u 1.00 auiimnuinm 
d 

niuluriaqr~qduuu~a~u~Ta~uu~itiOuni ~ueaenrranriaflluuun10lun~rijni~~1ui 

flh~~d~flunis'lrmuuud~n 

4.1 3 unr 4.14 ~ f lun i tunnsunCn8Ai~  ~auuou~re.rdilaL'~u~'Luefn 

~riin'u 0.00 unr 1.00 raaflryuiniouauiamiuiiKu nuiiCnwmrfluuuunkws'unu~u~ 

~rndjiufiIuilryuia'W~-nZd qdd 4.15 u n n ~ ~ i ~ a i u ~ u d a u ~ o ~ ' u p i i ~ a ~ ' ~ u ~ ~ u e i n ' ~ u  

ilryrnnituauh nuiid~n~~uariuAila~'1u6~ua4nuin~r'1~idi~aiuKuuinniipiila~'1u6 
43 - 

~uainCeu aiieuIufl~uin'W~-nZd gdd 4.16 unn~e'.ndaunituauiannu~aen~~da 
d 

udsw'tdpii'L? ~au6~uafn wuiindi~a~au~~fnuinq~u'e'mfidaunituau~auinnii~i~a 

~~rrhefnhuasmn&a.~n'udiaaiuKu ~noirruimnituaurild~.~d~u~as~u~~uCnKud 

u1n 

zd i  4.17 un~c~uuu~aiu3ahuuaKn'11ai~n'uvied~ila~'1u~~uafn~riin'u 1 .00 

~mufld 4.17 (n) un:: (I) uc(~@uuunaiu~h'Iuu~dafpiij n u i i ~ ~ ~ # i ~ n d j u ~ ~ a ~ ~ d n i u r i e d i  

fiaiuriahuuakiiqripiiB4#u ~ d d a e a n d 1 4 ~  hu~iiqri1u7nrr"~un.j flld 4.17 (R) 

unt (4) unnagduuunaiu Jaluuuaunu nuiigduuunis~#irie~flu~dnioiCuniunrqr 

~ d ~ ~ u u r ~ n ~ ~ f l u n i t l ~ ~ u ~ ~ n d ~ m m d n i u a e ~ ' ~ c t n  
4 pli 4.18 unr 4.19 unmpluuu~aiuhlu~uaf~iunruua~nu n z = -0.4 un:: 0.4 

muiiKu ~uiiiitinamr@uuun&iun'uflryui~~~-n~d 



(A) pressure 

(4) shear rate 



We = 0.00 ; (n) , (a) 5 , (A) pressure, (4) shear rate, (9) .r, , (9) z, , (a) z, , z, 



(a) V,  

(A) pressure 

(4) shear rate 



We = 1-00 ; (n) t, (3) c ,  (A) pressure, (4) shear rate, (9) z,, , (Q) z,, (1) z,, ('I) r, 





0.1 0.15 

Radial velocltg 



fld 4.17 i l ~ ~ ~ n i m ~ u l i ~ n ~ n a ~ ~ ~ ~ ~ d h ~ ~ p ~ d ' i n  : fl~uurn1u~hluu.1~131.jn'uriad 
II ridarruihwafndin'u 1.00 ; (n) V,  d z s 0, (3) Y,  n z 2 0, (R) V,  d z s O, 

(4) Y ,  d z r  o 



0.02 0.02 0.03 0.03 0.04 

Radial velocity 

(n) @uuuna~uJ?luuw#a (y) 4 z = -0.4 

flfl4.18 f l ~v ln~ruau  kqo~ae~~va%1~~%171^wn : f l u u u ~ a ~ u ~ h u u u a  (t ) da 
J A u ~ U ' U ~ ~ ~ ? L ~ U ~ L ' U B ~  ; (n) V,. n z = -0.4, (a) V; n z = 0.4 



0.4 0.5 

Axial velocity 

@d 4.19 iky lnn i tu~uk~a~ ' Ia~~~a3aO~i j~ iaGn : pluuu~~iu~hbuu~unu (v,) &a 
J J udtwirriil~~nu~un ; (n) v, n z = -0.4, ('I) Y,  n z = 0.4 



4 3  afl wa (Conclusion) 

l u u n ~ ~ i i n i s i l n w n i t l ~ a ' 1 1 a ~ ' 1 1 a ~ l ~ n 7 a 0 ~ ~ n i a ~ n ~ ~ i l ~ ~ i a ~ ~ - a ~ d  

unrilryuinirruaukra4'11a4~un~a~~"enia~n ~ ~ ~ ~ ~ U t n ~ f i ~ l n l t ~ n ~ ~ ~ ~ l ~ ~ ~ - ~ ~ d $  

dihnu6~uein~Viin'u 0.00,o.25,0.50,0.75 unr 1-00 miuii6u ~ a d n n ~ i i r i i d ~ ~ i i e u  
' 2  4 ~nriililrii~~unuwadila~'~uw'~uainSdi~~u~u~nr&aGqitfui~~~~s'~a~~~u~u~ n u i i  

n'nafurndiufiuluudnrdila~~u6~uain u n r ~ d a r i i r i i r i i q ~ ~  c ~ u u  c?i~un'uqiu'~~a~ 

Ngamaramvaranggul unr Webster [21] ~&un$aaflrr&a~fh rmjr in$f inmrradlh 

ilyuiaiin-a'id uA;r~~ilnmilryuinisuauw'a l f iundo~n~ii&a~?iuudiei i ;~~ iivilryai 

a ~ ~ - a 3 d r i i ~ a i u ~ ~ a l u u u a ? ~ ~  ri inaiuKu~nrii~aiu~Aueii~~ irii~du~uluudnrdi'la 
I r ' 4  su6~uein ~a~~itfuir i inimauw'a~uiie'~~tidaunimauw'~~r~~~Gu'~u~iuni~~dudi 

b n u 6 ~ u e h  u n r d s ~ i i i ~  LGO~L?~LIY n'u.~iuna~ Ngamaramvaranggul unr Webster 

[21] aui~lhndnaf i~bqnir  udda~~u~~uukndlunimauw'an'u~iu'~~a.j T-U [7] 

(analytical approximation) auiiqiunaq Tanner [7] S h h u n i i  i ~ l l u $ u i h m t I n r n  

u n n ? r n u ~ i n n i ~ ~ u ~ o n d u l d ' ~ ~ a ~ d a n n a ' . n d a u n i t u a u ~ ~ a ~ ~ ~ i u i ~ i n i ~ ~ n ~ ' ~ u u n  

Cflld 



n i~~u ' lna~a f i v i r  (Slip Effect at Die Wall) 

iiiu~wz~ir~un~n~ri(u~tlauwu~n"uu (Phan-Thien slip rule) igglrnitiiuqmK.jd 

iiwufllfi Xine = - 'I uazlfl e=2.71828183 
4 



Gqitmiaunit (5.1) qmu&4udiilflriin~~u~f~luuu~unu (t) ~dduu'ld 

da~ui~inkilnqma~~~iuudtu'udu~u~~a~nm~nu~~aha~dmmnitijmfl (Dc) wri i  
J 

&J dtz3n?fnitduloan wld'4via (a) n i o ~ ~ u u m i i l ~ a u i r a u  ~zdu~innir6iuumrii 

fidtdnf;nitd&adw~.jvia ~ inn~ t f lq i tm inwm u~6'nanlnwiu [28] &'lbi14anl# 

rii8ud~~n~nidu'ln1dwld'4na~nin'u 0.25 ~fluriid~uu~zau~u~iu;j~una~Lni~azLdandi 

inqmna~~iuudtu'udu~udaa.jna~~nu~~aha4dmmnitijm~ (D,) 1mu~913m19inrii 

~~iudtu'udu~daa~n~~~nu~'liao'na~dmtinitijm~d ( I . )  naaikyuiniru~ukhrfu 

aa4'lunih0m c&r*4dd 5.2 

fld 5.2 un~~ri~naiudtGudu8udaa4~~~~nu~~a4ra~d~1mn~t~mfl  ( D )  ra4 

ikyuinituaubrs~rat'lu~ii3fm~~uu d a ~ r i t m i q i n f l d i ' I d n ~ u ~ t ~ ~ ~ ~ ~ n r i ~ ~ n ~ n r ~  

n~iaudt~u6~6udmna~~nu~~aha~6~t7nio~mfl  (II,) hudanriirdu 5.0,7.5,10.0, ' 

12.5 uar 15.0 ~ d a ~ ~ i n r i i n ~ ~ u u ~ ~ ~ u ~ u d i u d ~ a ~ ~ a ~ ~ n u ~ ~ a ~ a ~ ~ m t ~ n ~ t ~ m ~ ~ ~ u r i ~ d  

uan%~uimnaiudu~8aumu h h m u  h ~ ~ ~ u m ~ ~ r i i ~ ~ u i n ~ a n ~ ~ d q = : ~ ~ m n i d u ~ a f i  

uinmiu 8~6udinnu dui4auQ4t.jd4 wa'Id1~muoildn~im~14~~'11~1~1d~u u'n flu ~ $ 4  

r i a ~ i n 9 ~ n ' i k f l ~ ~ 4 k ~ ~ ~ 8 h n l d ~ b ~ ~  wr~a~n~?dan~ l r i i ~n~mra~~a~uudtu 'u~u~udaa~  

ra~rnu~rakar4nni t i im d~uariilr~6~1nd~un~mau~~~d~uu'l1~ U;uam4Ifluminc 

15.1 



L~uuduue'.oldauniouau~adoudtw'udi IZc or rii a = 0.25 f i n e t  Nickell 
d d d 

uarfiorz [8] r~ri]uuan\hqinnifnflao~ ~ q m i f i ~ n  4.3 n u i i d i  ZIc = 5.0 qzl f l i i l6  
Y d d 

ln&~?ieqriunoq Nickel1 uarfiorr [8] uindqn hriunitdudoulnno~ni~aulnanuQ.~V;o 
a Y d ~;llfl~m07daunimau19Y1ana~~azlfldiln&~"Aruinnuu~o~~uun'Yuanimn~aa 

Y 

~ z o n d i  11, = 5.0 ~i]udiduuirnuriuuani~n~ao.~ ~ u ~ s u d o \ d a i d i  a % 
auizau &udinioiluamdi a d i q  N rii = 5.0 .juaduam.rl4lumolad 5.2 



hi* NIRITI~~ 5.2 nudihi a = 1 .OO rfluriid~(rua1n&~~u~fi~hinfl4 Nickel 
Y J rd J uarflrur [8] 6 ~ ~ u ~ i d i n ~ u u i : : ~ u n e ~  II, ua:: a uiu~ua~oaukanSwinsn~~m~lu~n 

5.4 



?iqitoriedd 5.4 u a z ~ i t i q $  5.3 ~~i idiq~qma~naiu~hIuuuaS'r i i l  (v , )  ad$ 

u'o~~nrrlaiuvie usi~addaulfl~nit~u~nanaiu~"oa1u~ua~riij~=:~di~6~~ldnia'1uvia~t~ 
111 

ui'oraoriinnnitdulna uazdinaiu~~aluuuakiina~ily~initaulnaGdiamailda~4~~n"U 

ilywinituauAi dau~aiuitaluuuaunu ( y )  !R 'na~znhur i l r i l~~ in i?uau~a  udd 
d 4 4 ,  naurni.~vie~Zmnitaulnaq4u~il i~~u~uG ~ a z d i n a i u ~ u ~ z i i K n a m z ~ d i ~ n ' ~ ~ i l y ~ t i n i ~  

u a u h u d ~ i d i ~ s n i i ~ d a ~ ~ i n i l ~ ~ i n i t ~ u ~ n a . i i i ~ f l d i n i m a u w ' a ~ ~ ~ a ; ~  d i l f i d i ~ a i u h i i  

~ iamaq kp~i 5.5 

d 
mitim 5.3 ~ f m u ~ 4 u u d i n a i u h  uazdins~rr~ir tz~i i~na~~~an'~l i . . jv iau"nitdulna (PT 

slip) uazbidnit&'lna (no slip) l i i a k n s ~ b a i i a P ~ ~ i ~ 1 u  

tdd 5.5 n ~ ? ~ ~ u ~ a r a ~ a ~ ~ ~ r r a ~ a ~ ~ 1 ~ ~ ~ u d 1 ~ o ' ~ ~ y ~ 1 ~ ~ 1 ~ ~ ' i a ~ ~ ~ ~ ~ i 0 ~ n 1 t d u ~ n a  

(PT slip) ua=:biihiodu~na (no slip) 

douln 

no slip 

PT slip 

V,  v, 
AF 

4.9 19 

4.280 

max 

0.143 

0.138 

max 

1 .OOO 

1 .OOO 

x 

1.136 

1.129 

min 

0.000 

0.000 

min 

0.000 

0.000 



@d 5.6 wnrrii6mm~~mudrmuiuu (top surface) r~rmaluaii?~m~iflu nuii 
A d ,  diqqnm~mu~adaiflvim~8ndmu ihmniiuurtri~nu~i V,, = 0 &q8dd 5.7 ~daqqin 

uinnrd~~mni~du\oa~p1~1u~'i~luuu~unu (K)  u i n ~ u ~ i l ~ ~ ~ i u ~ f i u L ~ o u ~ d ~ a ~ a . s  

~dmqqinu~qdanniudmfla!; u a = : q = : a m a ~ q u h l n & ~ u ~ ~ ' ~ m u ' w ~ ~ f i o = : ~ d a ~ q i n ~ i  

niu 



p = O  
v , = o  

I* I 
*v Eee surface 

*\\\\%\\\\U\\\\N\\\\L 

i 
i 

-- -- - 

d d p ~ d  5.8 ufim~~oulrnouw<~uu x,x, se~~uaeuw~eriodriiuund~~aiu~'i?tuuua 

kii~flufiufi (< = 0) uarlrXiinisAiuamnaiu~lu~uaunu (c ) &ulmnisAi~mqin 

ngni?du~auwuduu (Phan-Thien slip rule) 6cni?~iuammiu~uni? (5.1) 



i iaac i i~?ani t~S~nr i i3n~~~a~~aiuudtw'udu8ucfaa~ '11a~~'~1~~ '1a~a~d~nni t~m 

pl ( U, ) uarriidud~iln~nidulaaduS4via (a ) diuiwe~luluaial~$aiaiinilpi~~viin'u 
w 4 , -  

0.25 l u i u ~ a u u t n l f i ~ ~ i t w i p i i  II dreuu~~viauluazraunuaaaatr ktd 5.9 11 

11- = 67.79 ~Sancii 11, W a r  12.5 - 17.5 u i u i ~ n d a u n i t u a u k d a ~ a n d i  a = 

0.8 a a d 1 ~ 8 ~ n i n d  5.4 uarpld 5.10 u a a u i i d i  11, = 15.5 ~fluriid'l#hndaunio 

uauia~audqm 646u4adanhi n, = 15.5 lit#'lunimirii a a a ~ ~ ~ u a m ~ l u ~ i ~ ~ d  
J r  J & d  

5.5 u ~ r f l d  5.1 1 dandihndauni~uauli~nu~unqmuu~~11 a = 0.8 k6u1id 
ruuirau#a II, = 12.5 UAI a = 0.8 ~~~(h ld id~~unim~wa~~f l t l  dadnitudw3+~di'la 

~'~uwiuao'n 







d i i mintn 5.6 i lyuini?nulos%otnat~~n'ifJ~~~aiQ'in : r i i  a unrrii IIc nau imuda  

udoCudilarnuwiue4n 

@<Cia 

Tanner [7] (analytical 

approximation) 

Ngamaramvaranggul 
uar Webster [22] 

fine mesh (PT slip) 

fine mesh (no slip) 

riiPiit7 

max 
v, 

min 

max 
K 

min 

AP 

We 

0.00 

1.131 

1.130 

1.129 

1.131 

We = 0.00 

0.75 

1.242 

1.268 

1.223 

1.299 

no 

1.00 

0.00 

0.14 

0.00 

4.92 

0.25 

1.146 

1.162 

1.147 

1.167 

1 .OO 

1.301 

1.354 

1.310 

1.364 

slip 

1.00 

0.00 

0.14 

0.00 

4.28 

We = 0.25 

0.50 

1.186 

1.212 

1.187 

1.233 

no 

1.00 

0.00 

0.15 

0.00 

5.57 

slip 

1.00 

0.00 

0.17 

0.00 

5.45 

We = 0.50 

no 

1.00 

0.00 

0.16 

-0.01 

5.97 

slip 

1.00 

0.00 

0.17 

0.00 

5.63 

We = 0.75 

no 

1.00 

0.00 

0.18 

-0.01 

6.38 

We = 1 .OO 

slip 

1.00 

0.00 

0.20 

0.00 

6.16 

no 

1.0 

0.00 

0.19 

-0.02 

6.77 

slip 

1.01 

0.00 

0.26 

-0.01 

6.66 



J 4 J 
mitian 5.6 uclmarii a uarrii II, n ~ u i ~ u ~ u ~ ~ d t i u r i i ~ a ~ 1 u w ' ~ u ~ f n  dau 

mind 5.7 uamakndarmituau6auuu~nizdu1~1 (PT slip) u&aiilfi~mndmnitu?u 
J Ir .iiirui~nmnawaauun'ud~tidaunimauw'auuu~ijnizdu~tla (no slip) &pJd 5.13 

J r d  I J J 
L ~ B ~ L A ~ ~ ~ ~ ~ ~ ~ ~ ~ A ~ A ~ ~ ~ A ~ ~ ~ L A E J ~ ~ L Q I u ~ ' ~ ~ ~ I B ~  h . l r l ~ Y B 4  Ng-v=& 

uar Webster [22] ueJr41UYlQa Tanner [7] lhdi~nirh 0.031 uar 0.009 miuBi6u nu41 
J J 

~~diaam~&aan'Yaiun~a Tanner [7] ~ue~f~u~~oun'uaiuraa Tanner [7] nusinzdila 
J 

nuli~ush nuiir i i~a~ru6~uefnd~~nmian'uuinn~~umndia~~h~nr 1.53 mind 5.8 

~ i l u n i t ~ ~ u u ~ ~ u u u n S / 1 A i n n i ' 0 ~ q i 0 ~ l d i ~ ~ ' a v i ~ d i i n i 0 ~ u l 0 a n ' u l ~ i i n i t d u l ~ 1  rtuii 

~aiuhluuuaunu (K ) Iriii~aiuu~ndiar* urinaiurhluuuaifiii (c) iiriiuin~u nu41 

rii~l#~inni'~~ulaaiiriiuinniidi~Iri~n~~dul~n uazdimiu~udl~qinni~L~udauln 

nitduloalhrii~auni~il~~~ni~uau6adl~ini~dul~l~~ndila~~uw'~uafn pld 5.12 



(n) W e  = 0.25 

------. no alq, 

- PT slip 



z-coordinate 

(n) We = 0.75 

1.0 

z-coordinate 

------a no sltp 

-PTsltp 

------. no slip 

-PTslip 

flld 5.13 ~ ~ m d m 1 t u ~ u ~ ~ r a ~ n ~ ~ ~ ~ ~ ~ 1 0 n ~ ~ ~ 1 ' 5 n d ~ n ~ d ~ ~ 0 ~ u ~ = : 1 t i ~ n ~ 0 ~ u ~ ~ d ~  

udsuiddi'l?aufi~u~k ; (n) We = 0.25, (3) We = 0.50, (n) We = 0.75, (4) We = 1.00 





w 4 n~s4~am~n~sensnd~w~uuaap1~ b3~1n'unszuaunism3~ 
(Simulation of Extrusion for Wet Powder Masses 

in Phamaceutical Process) 

d 
U U U ~ Q A ~ O O U ~ ~  ~ n u ~ q ~ n ~ ~ u ~ i u ~ a " u n a ~ u a a ~ ~ ~ i T u n n d ~ r n a u l d h a u ~ a w ~ n ~ ~ a q l a f i  

(microcrystalline cellulose ; MCC) u~.dmau~z;iIus'.slhu 5 : 5 : 6 de6 iH~n iumeu 
4.4 u n ~ ~ u a u n i ~ w ~ m u i n u ~ n w m ~ ~ f l u n t ~ n ~ u ~ n ~ u ~ 1 a ~ l & e t ~ i u l ? r ~ i ~ w u a n  auy21Siud14i 

~ ~ l t u r l i l ~ H l ~ ~ ~ 9 1 ~ ~ 7 ~ ~ 4 ~ ~ ~  ~flld na~l~aLj j ini t i i~0'mw'a (incompressible fluid) d~ 
d ,a 

nl t~ laa uuuolu Puu (hmimr flow) u A r ~ 9 l 0 m l t r ~ u n ~ ~ n u n ' u Q ~ H ~ i j  (isothemal 

system) 

i u9 inn i&w i$  3 aiim uiwaunirL#iLfluLiaL~uan'u k @ d  6.1 (n) ~6iqin1?u 

riiaisi/1fldriiu~~"se4ia'm$m~.j~dd 6.1 (a) fiitsrriiuL~$a4ia'm"Smaanuini4viev%hnii 

sliudjgrld 6.1 (A) uar 6.1 (4) a i ~ ~ h n i i r a n h ~ ~ m m ( e x t r u d a t e )  :t i ihwmr~fluuris~d 

n t ~ n t r u s n ~ p l 6  6.1 (9) naiuhnotais(v) 6eanui tmubnaiuu ia  no.ran$ninyumlu 
01 

da~~aai(t) ~ ~ h i i i u a m ~ i ~ a i u ~ k n ~ i l a i t d ~ e n ~ i n v i e v " o a ~ a ~ u 3 a d ~ n  (c plug) ~ E I ~ P I O  

c plug = I / t n&~in~u3ironsintLmm~d5~~uim~~utiiauu'nni~ cdeui~moidaunio 

u a u ~ a i ? ( ~ i i a a . r ~ a n ~ n ~ ~ a ~ 1 ~ i t ~ a u ~ ~ G ~ a . ~ ~ a  dau~~~a~urr~f i i is4~ ' is ; i ' f i~ ' i f i~ f i t6 .1~  

rlalurri!n(viscometer) &@j/ 6.1 (a) ~a iu~ lnur iu in~ inn l t~ iuaaw4~~~n 'Ld ' Iunt ru~n  
d 

rna~u~i?~j;d$6.1 (q) U & a ~ i n t r u e ~ a 4 U n " a ~ d a i 4 ~ l l d L ~ ~ f i 4 n s ~ u ~ i n ~ 4 ~ d ~  6.1 (5) L ~ % M  

f i 1 ~ i a ' s l U d ~ L ~ i ~ ~ h ~ ~ U l ~ 1 ~ " 1 1 ~ 4 ~ l t L ~ ~ ~ l ~ ~ ~ ~ l ~ ~ l ~ ~ ~ l ~ d ~ 9 l ~ ~ ~ A ~ l T H l ~ h ~ ~ ~ ~ l B 1 0  

C 9 qfi4aqo n l m l R a l u w ~ ~ a o 4 f i l ~ ~ & ~ ~ A a l ~ T i ~ ~ ~  -.----------.---".?-'--- ------- WI?I-~I~ 11141 I ~ I  AII I ~ I I W I ~ M ~ ~ ~ U ~ ,  I Y U  In I A  6r1.G" 

inoipliamf qflia~norjurnlinel~'uiiniu d a u ~ ~ a e d i ~ d r i l & ~ A a i u a ~ L A s l r ~ q i n  m t .  imiiui 

h a i a a i u ~ d n i n ~ a i m d h ~ m a i ~ n ~ ~ u  ~wm8qplifimfqma4n~fiaiiasik 





d i w i n i j u ~ ~ e i i ~ 7 d i i ~ ~ u ~ u n i ~ i a a ~ ~ ~ ~ r i  

dinaiurruiudun~.rait (p) ~nin'u 0.821 niume~nuifl6~fluzur.o 
d dinaiuhaa;laimaan~in~a~viin'u 0.390 ija8wmoeia%dil 

d i n a i u u i a a a . ~ n a ~ ~ i u  1.536 ijaijwmo 

di?f l~aa.rna~niu 1.294 ija8wmo 

diniwauw'?~nin'Y 1.876 ijaijwm, 

dio'wlndauniwauKa~viin'u 1.451 

dinaiurtiinnatais (a) dirk 89.00 n ~ u e i a n u ~ w m ~ m a i u i ~  

d i~aaiwaun~iu  (A,) dih 1.076 i u i l  

~n$a.ru'oinnaiu~ln-u i . rd~#~a~~ 'sa . r~a? 'n~a iua: :~~un TECLOCK SM-112 

~njaqu'ain ~ ? I ~ H & I ' I # L A " S ~ ~  BROOKFIELD DV - I + Viscometer 61 tdd 6.2 

611u~1~u 

~irrunnaiuuiaR'nnnr=:~~wi~(~) nai~3aA'nwnr::~~wir(~)  naiurriin~iGi.~@,-,) 

uar~aai6i.~S.r(~~)~nin'u 0.647 ija8wmo 0.780 ijaijwmoeia?ui+ 89.00 n?ueio~~u8wws 

eiaTuiiua:: 1.076 ? u i ~ m i u & ~ ~ u  ~ ~ ' I ~ ~ ~ I u I T ~ ~ I ~ ~ N u ~ ~ ~ L ~ ' I I L w ~ u ~ ~ ~  (Re) Ih~nin'u 

9.31 1x10" ua::dil?~fluK~uas'n (We) ~ n i k ~  0.649 daudinaiutl~naa.rai~~::aiueia~a 

+ia::aiu (pv : pN) 'Ifidin'u 0.99 : 0.01 



pVL (0.82 1g 1 cm') * (0.780mm 1 s) * (1.294mm) Re=-=  
& (89.000g I cm s) 



~ q i t n n b t i d a u n i t u a u w ' a ~ ~ ~ q i n n i t ~ i a a a  (1.403) r7uriinituauw'aqia 

(1.45 1) ku%nitrii~nim~ndaukuw'n~ (relative enor) 'Ifiwmiifiu 0.0332 rrui~riid~h 

~innrn'inaaunrlayn"13.j'Ifiwa'InI~i;loan'u riilr~~ii~naiu~i~~aiia'1u~1d1.1~m1~m1o1~n' 

6.1 ~ ~ u i ~ r i i ~ j a i u i m ~ ~ u ~ a ~  n1~qinnimbla64q~.~ 



atdm ua:& L ~ U B  UU: (Conclusion and Suggestion) 

7.1 a@uaniiiQ (Conclusion) 

m "  3 2  c iua~uu~tuhu) ;?uni t~n '~r~ i lyu i f i ' i~ - f i~dnacnac~~n~a~m~duu~~a~wn~inn i t  

t~ntediud~znou 3 uuu uuuuuiu uuudiunnic uazuuunz~~en dnngi ik tc i iuuuu 

nzidumsztiiwniid4nLdaL;uuqinCmLuukc 3 uuu i e l f i G i C ~ o e i i u ~ l d t ~ u i l y u i ~ u ~  

u ~ c ~ i n l f i d i n i ~ ~ n ~ i l y ~ ~ i n i ~ ~ a u w ' a n a c n a c \ u a C a f m ~ ~ u u  CnuGiwa.o'WrIQalmimauw'a 

~fiuu~iuun'unae Nickel1 u a z ~ w t  [8], Tanner [7], unz Ngamaramvaranggul unz 

Webster [21] dnngii~ndarmimauw'a~~fi~nuimLviin'unac Tanner [7] 

n i ~ ~ n ~ i r n ~ c ~ u n l a i i m ; j a ~ n ~ n i ~ i n f i a u ~ a u u u ~ a n m t a ~ 6 ~  ddi~a~auwiuafn 

uslni ieh ku~ti lnw~~ilyuinit~unuuufi ' i~-f i~d unznimauniddaiuvie wadnng 
d 

i id in l f l i iw nfinnndacn'unac Ngamaramvaranggul uez Webster [2 11 
i 

ilryuiuan~znu~innita~l~anac~aiu3a~u~uaunudnau w~cvianacna~l~aCaCsl 

~~uuunzneelun; j f iC~~ni f i in  ~ u ~ i ~ m ~ i d a u n i t u a ~ ~ a n a c n a c ~ u n ~ a ~ ~ ~ d u u ' I f i ~ n  

ln6~7iocriunoc Nickel1 URFRN:: [8] ddinac Nickel1 unmwt [8] Lfludidlhqinnio 

IlflfNbJ'9?4 d ~ ~ ~ ~ ~ 1 ~ ~ n l 0 ~ ~ ~ 0 ~ ~ ? L ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ f i 1 ~ ~ ~ l f i ~ n ' 1 f i d l ~ ~ ? l d ~ M  

n i m a ~ s i ? a m n c ~ ~ m l r ~ u u n ' u i l y ~ i n i m a u w ' a ; i ' ~ i j n i ~  
W d ,  ITlryw1nio~~"fhdi~Quu~~u~~?3~nluntzuauni~~1K'11 ~u i i nu imn i t uau~a~n7  

1n&~~~c~u%a~nd~~qinnimmnacq'i4~muumneiicn'ua~~un:: 3.32 

7.2 h'ehn'. u a ~ d e u I n n e ~ ~ i d i a  (Limitation and condition) 



7.3 4'm~aumue (Suggestion) 

7.3.1 ~ n m f l ~ ~ i n i m a u ~ ' ~ n a i l n ~ ~ ~ ~ a ~ ~ ~ n ? i a i W ' i n ~ ~ u ~ ~ u ~ m u ~ a " w ' a ~ u u ~ u ~  

dum'?~~uu lwuL~uuLnuLufl~ (Phan-ThienlTanner model) ~ h 6 u  

7.3.2 i l n w w a n i o i u ~ n a ~ w ~ ~ v i a n a . j ~ ~ v i n i m a u ~ a ' ~ ~ a ~ ' ~ ~ a ~ ~ ~ a ~ a u n g n i s i u  

lna (slip laws) i a d Y  ~ d u  n ~ ~ ~ u i j u 5 ~ 8 d  (Navier slip law) L L A ~  ngLH%?fi8d (Pure slip 

law) ~flum"td 
i $4- 9 

7.3.3 ilnmei?udwulnuon~wasianisuauKana~na~~~a ~ d u  naiusianatvio 

(die length) ~ d a u n ~ i l n a i u u i a ~ a n u ~ m ~ d u w i ~ u ~ n a i ~ n a ~ v i a  (die VD ratio) uaz 

~mv~i i rnqvia  (die temperature) ~ h 6 u  

7.3.4 ~ n m w a n s z ~ ~ q i n n i t ~ q i r m i ~ ~ s ~ ~ t i a n a ~ n a ~ ~ v a  
4 4 7.3.5 i lnm wa9lnni~~muru~v1aiuvia ~wan~zIfi6wa1n&121~;15u ~ a i u ~ f l u ~ " s t  

7.3.6 ~nml?ua~inmo~d~uua.j6dsznauna~m'aui 
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n ~ s h u u u n u ~ ~ ~ u ~ w " t i b l u ~ ~ ~ ~ ~ u n ~ n ~ ~  (Fully developed lamioar flow) 

J4.3 A 4" 4 

~ I ~ ~ ~ L ~ ~ ~ I ~ ~ V ~ L ~ " ~ ~ ~ U M ~ ~ ~ ; I M U W M M M ~ I ~ R ; I ~ ~  ~ P I ~ ~ l l i ~ P I ~ 6 ~ ~ ~ O f l ~ ~ ~ l n " u  
4 d 

R d;IniTluauuu&hnii n i j l~nuuunio i lun i  (Poiseuille flow) a~~mnmiurh33nkiq 

di;ILna& Jean Louis Poiseuille, 1799 - 1869 l u n i t i ~ n t i ~ ~ r r i ~ d u u u w u n i ~ ~ ~ i u  fiq1,u 

Lwqunu (v,) qzoifiuaunirflqiu6oLdo.j auniou~i ia~a~wnflu~n '~~no;~no: :uon Ifis5 

5 )  ~iisluo.rL6aiqin~iuCnaa~ao;Il~a pgr = 0, pg, = 0 uaz pg, = 0 

6) aea~~ak~ni$u<PI~ 'a  







C; d m  u 
a.1 aumeunisu~wuinuan~~~r:b~unsdnau (Spherical granules) 

Water or 
binder PI 
solution 

Wet powder mass 

Mixer 
4 

Jl Extruder 

-!!!I 
Sp heroniser 

0 0 0  
0 0  0 z8 8 0 0  

0 

b Fluidized bed 
or tray drier 

Formation of 
wet powder 

mass 

I Spheronisation I 

4 9 Fluidized bed or 
coating pan 

C C 

(1) ~ u m ~ u n l ~ ~ f i ~ f i 9 0 1  (formation of wet powder mass) L ~ ~ ~ m ~ l d n l ~ l  
2 

d ~ u w f i u 7 1 o t w i a 1 ~ ~ r t ~ ~ u ~ ~ f i u ' 1 f i ~ ~ u ~ u ~ ~ ~ a ~ n ' u ~ ~ a ~ ~ % ~ ~ f i ~  (mixer) ~~~IWIUL~~%ILL& 

d rs q = : h n n e ~ u ~ u n \ n a i u ~ a w ~ ~ ~ a n  (wet powder mass) 
C Y 

(2) airmauni$m?n (extrusion) L ~ u ~ ~ ~ ~ u ~ I ~ ~ ~ u ? ~ u Q L ~ o ~ L ~ I ~ ~ ~ = : ' Y ~ ~ ~ I $ ~  
=4 41 (extrusion process) ~ ~ o v i i n i o o i ; 4 n l f i f i i ~ ~ 1 ~ o a n u i ~ ~ u i n w ~ = : u ~ ; ~ ~ i ~ ~ d n o ~ n o ~ u o n  

hni iron$n~mm (extrudate) A@$ a.2 ttaqdd 71.3 
d.d w 

(3) ;umaufida~o\un~u (spheronisation) Lflu$uir.irweunirLdduufii~nuanwm:: 

~iluttvitlfi~iluw'mnau~fin (pellet) 71.4 LA=:@$ 71.5 
3 

(4) $umeuouuh (drying) ~ilu$umsunimufi~fi~~o';~~~ij~~i~'~fuo ~ l f iu f i . j f i~n  

(5 )  h-mounioL~~ou (coating) ~ f l u ~ ~ m o u ~ ~ ~ i u ~ l f l u n i ~ ~ ~ ~ o u f i ~ f i i o d ~  



4.4 w 
9.6 u f i m ~ n i w n i o ~ ~ ~ u u ~ ~ ~ a ~ ~ ~ o ~ f i ~ i ~ a a ~ f i i o t u n ~ z u ~ u n i ~ ~ ~ ~ u i n u ~ n a m z  

d 
rfluno~nauqin41uaac Galland [29] @n a.7 u f i m . r ~ ~ ~ n m u z i i ~ a a ~ w ' ~ ~ ~ n ~ n ~ ~ m w ~ l ~ ~ i n  

d nr~u~unio.a'm~m~z~~uiiKnam::aa~2~~anQn~~mmlu~d v.7 (n) G ~ n a m z i i ~ r a n d n ~ ~ m  

fiuu a.7 (a) ~ h a m ~ 2 ~ d o u ~ i r L " s u u  d q u l u p l i  a.7 (n)-(g) %'nanrzii?~flil&oau 
a 4 

Y 

uuuf luraiu (sharkskin) m ~ ~ m n ~ n a n r z ~ i i ~ q ~ n ~ ~ u n i o ~ ~ ~ f d n o ~ a ~ ; ~ f i i o  (melt hcture 

rr'a melt distortion) wq~noounioL?m<qomuuuufluQair]dL~m~m"qinnioin~iuL~urr% 
d w  4 ~aiu~n%n~~au~di~~ufm'snqm ~ ~ ~ ~ i i ~ ~ k . r a ~ c f i i m e m o m a a n u i ~ ~ m n p i i ~ ~ d q i n ~ i i ~  

aa~f i im iu  (die) d'I,$adit$ud4 ~ t i i l ~ n Q q d o z n t A ' a ~ 4 n i o ~ l ~ w  

Screw Feed Extruders Grmity Feed Extruders 

4 '  
a ) Cylinder Ron 

I 

!, :) Gear Ron 

C 

!' i Radial 

Piston Feed Extruder 

":' 
i ' l)  Ram 

@d 1.2 6 ~ c d i c  ~n%~o 'm"~m~r~u~ i14~ ; uuu Screw Feed Extruders : (n) Axial, (a) Dome, 

(n) Radial, ~buu Gravity Feed Extruders : (Q) Cylinder Roll, (4) Gear Roll, (9) Radial, 

L W ~  Piston Feed Extruder : (.a) Ram 



product roping 
action 1 

r( Rotating 1 

spinning fiction  heel 
nith smooth edge 

I 

(n) niw6hawil (a) 41~a~n~uaunisa~oP~lu~.a.a'u 

pli a.4 nwaunisn~~ofs luraku : (n) niw rislaaic (a) i i aosn~ ru?un io~  ~ePoluLaku 



Cylinder Wlmrrfth hnb-bell - 
roundedends 

S P h m  

(n) Rowe ua=:~m=: 

Cylinder RW chlb-bd -rrfth 

Cavrty 
%we 

(a) Baert ua=:hm=: 

;dd 7.5 ninwm=:nio~ddou;di1991n~ana~n;LmsniluLdmnauL~n (pellet-forming 

mechanism) : (n) Rowe L L % A ~ = :  [30,31], (a) Baert ua=:ftfld=: [32,33] 

1 po~vdess !T) wet mass ! n! exttudates ! :, pellets 

-4, Y $dd a.6 n ~ n n ~ o ~ d b o u u d a . r f ~ o . j a $ ~ ~ a a . j ~ ~ o ' ~ u n o ~ ~ ~ u n i ~ w ~ ~ o i ~ u a n w ~ = : ~ ~ u n o ~ n ~ ~  

sin4iuaa4 Galland [29] : (n) powders, (a) wetmass, (A) extrudates, (4) pellets 



(n) smooth (a) roughness 

(A)  sharkskin (4) sharkskin 

~ d d  a.7 harurii?moc~ona'npmm ; (n )  tiut'%~u (smooth), (a) riou$i'lrtiu~?uu 
9 

(roughness), (A)  ua:: (4) ?a mu ~ w u f i ~ a i u  (sharkskin) 

9.2 a~~d=neuna.sui (Drug composition) 

os6drmauaacui u u l u ~ c d ? u d ~ r n o u n i 4 ~ ~ ~ ~ ~ ~ 1 9 ' u u l  u % ~ d ~ ~ u u u i  (dosage forms) 
d l, 

a c u ~ c ~ ~ u d t r m n 6 ! i c  7 k i  

1 tduuuuid~iluaae~~;c (solid dosage forms) Ihuri u i i m  (tablets) aiundga 

(capsules) 

2 tduuusldLiluaacrrm (liquid dosage forms) Ikri u161 (solutions) ui$m 

(parenteral s) 
d d "  ~iui<u$lhifnwi niuin'uanarur~ilrmrtnau$4edludrrLnntduuuuidLilu 

aocdc  fmu~atfio::nouaacui~o Wiuidi  A'cy (active ingredient) u a r a i n ~ u f i u i r u  
a , , A A  

(excipient) a t s i l u i d i n i y ~ u ~ i d a a n ~ n d ~ i . j u ~ u ~ r a i t L ~ u f i u i 6 1 d ~ M u i ~ w ~ ~ ~ ~ ~ ~ u i d  

fiuiruuin&,! ~ d o c ~ i n ~ a i d l 6 y ~ u d ~ u i r u d d ~ u u i n ~ u 1 b j ~ i u i t n ~ ~ u i ~ u ~ d 1 ~ c  

i i ~ ~ u ~ o ~ ~ n i s ~ ~ u G u i ~ h ~ u a i r ~ $ u G u i m  

lud~uaajni6i~a~~::i ini6iaa~n1~'kraa~aa1tniuluu?~~~m1uua::uanmiud 

~~mniru?u&~~c~ilud~u~d.jlu~um~uni5m~m i1u9'ua1dl~~::1bjinirii~~uidiA'yui 

wau f n o a i t ~ w a u d t r n a u h a ~ ~ a  w d n ~ ~ a ~ f a a  (microcrystalline cellulose ; MCC) u l i ~  
l, Y 

~ m ~ ~ ~ ~ ~ l . [ u m ? l d ? u  5 : 5 : 6 6io~iul%l f m u ~ i ~ d 1 4 ~ ~ ~ d ~ N ~ u ~ 6 4 i :  



qfi w 8 n n f i ~ 1 f i a ~ ~ u a i P d ~ u l u i i Q ~ u i  (excipient) dgnlfluRmsnatuiLrimumi 

undgfi 1 n u l a " ~ a i i a u ~ ~ u K ~ d a u ~ d ~ . j ~ i n ~ m ~ u u ~ n i ~ i s  ~ a z ~ f l u n i s  
d 4 

u m n ~ ~ n a . r ~ i ~ ~ a ~ ~ u n i s ~ a " d s z I u ' ~ ~ ~ ~ ~ i ~ ~ ~ n i ~ n a ~ K ~ u i  uan91n6~~ta"~~um"~v~af iu~wa 

d9uhnsznozuqunisw5muiGm ~ ~ i i ; ~ n % w i r u i  ~ i ; n & . ~  uazWi;sa ~ r ~ u i z d ~ z ~ f l u a i s  
,Y a ~~uGuimlun~t;5/~z. i i i l f inuimna~uitv~~uc~f izd~ulf in isw5miuu ufizviilfipluuu 

u1gnha;l 
)r 

d d 
u8n1mn (lactose) ~f lu i i  wifi1u ~aqfi  4 (disaccharide) u w ~ l n a n i ~  sau9iuGau 

fizfiiu:i16 ~ u l u ~ i u u k 5  dBgn~BUSz16:iffl iAfl~fA~ 1 b ~ f i q a  uaz6imifiniu8~1ma 

I h ~ f i q a  tunisw~mui~~1~i ia im~mduiuau~w'aL~uais~6u~uim~da;1~ini jnaign 
Y 

:I (water) t f l u ~ l ~ ~ ~ ~ 1 f i ~ l ~ 5 / ~ ~ ~ ~ ~ z ~ l ~ t f i ~ u n ' ~ L f l ~ L u a L ~ u 9 n f i l u L ~ u u 9 a W ~  

~ h n  (wet powder masses) I,& ~m%uflirii L%idiumauniw'n?m i a ~ d  ~azstgnfl iSii l f i  
)r 

vunlu.aidwauniwuufir 



%riiau?~n~rwejih (Galerkin method) 

$9is~indaud?znou~~ua~flu" (r-component) h.d~6i~zCw7ldC4zl[ai 

irnqlisiirl Iua~nirwiuuus~6drznmu 

$qismidaurloznsu rr (rr-component) ' L ~ u ~ R ~ ~ w Q & z ~ ~  



Gq~smidaudoznou rz (rz-component) luuiazQwq6qz16 

l$szL~uuilnirae%un'u~n$umou diilmuuuritrieudu~ud~zne~uuuaiu~~~~u ui 
2 

dcnbirEdhddllumnsi~cnir~~uo$n'uiiuauqnsio i ~ ~ ? u f i a ~ u i O a ~ a z ~ a i u ~ P ; U q z H  

r ~ l 6 ~ u @ k c r i i ~ j n o ~ d ~ q ~ 1 6 o  6 qn (@,,i = 1,2,3, ..., 6) daufia~u~uirsz~~ddn'%u~iid~~.~ 

~&udilqnie 3 qn (p,,w,,p3) 

d o ~ ~ i s m i  Runis (2.31) ~ n u ~ ~ ~ w s n i r a o ~ u o d i e d ~ u ' I u ~ u a ~ p l ~  (r-component) qd6 



1411 qtt?j!jlm?f~ kua' (divergence theorem) hu%qlrm~ q::!6 

+boundary terms, 

da boundary terms, = Itr, -nrdT+ 165; . n r d r  
r I- 

6 d unudi r, = C hr,, wo k = rr, r z ,n ,  88 ?::I6 
r = l  



'L$~qa~1mr~a~~qua'(divergen~e theorem) dsmou r z l 6  

-1 ~ 3 9 d i 2  + boundary terms, 
2, dr az 

h r  h r  h z  tplo boundary terms, = I4 - . nrdr + nrdr + -. n r f l  
r a?- r I- dr 

34, 34, - - - d ,  b o d  t ( ~ 1 2 )  
1x1 ) = I  R dr az 





4 ap, a4, 4.4. ( s )  = n 2--+--+y)dQ &I &I % a 2  

ap, 84. (s,,)~ = J - L ~ R  . &l a2 
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