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Investigations into elastic behavior of flowing polymer melt in

the annular rotating die of extrusion processes.
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Investigations into elastic behavior of flowing polymer melt in

the annular rotating die of extrusion processes.
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Abstract

Project Code : MRG5380252

Project Title : Investigations into elastic behavior of flowing polymer melt in the annular rotating die

of extrusion processes.

Investigator :  Asst. Prof. Dr. Naret Intawong Department of industrial engineering, faculty of
engineering, rajamangala university of technology lanna 128 Huay Kaew Road,

Chiang Mai, 50300, THAILAND.
E-mail Address : naret_i@yahoo.com
Project Period : 2 Years

Abstract:

This research concerns with design and construction of annular rotating die used for studying
rheological property, pressure drop, and swell behavior of melt HDPE in single screw extruder. Results
of the experiment showed that pressure drop found in normal annular die (0 rpm) increased with the
increase of shear rate, but decreased with the increase of tested temperature. On the contrary, pressure
drop found in annular rotating die tended to decrease steadily with the increase of rotating speed.
Particularly at low tested temperature and shear rate of 22 s’ 1029 s_l, the decreasing percentage of
pressure drop rose up to 45%. The decrease of pressure drop in annular rotating die had significant
direct effect on rheological property and both Diameter and Thickness swell behaviors. That is, shear
stress tended to decrease with the increase of rotating speed, up to 43% at 70 rpm. In addition, it was
also found that Diameter Swell decreased when pressed through rotating die, whereas the Thickness
Swell increased with the increase of rotating speed. These results could be utilized for the control of
work produced with annular die, for example, extrusion blow moulding or pipe extrusion process using
rotating die. The size of parison bar could be adjusted both in thickness and outer diameter, with no
need to change any production parameter of the polymer extrusion process.

Key words: Pressure Drop, Polymer Rheology, Diameter Swell, Thickness Swell, Single Screw

Extruder, Die Design.
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Abstract:

This research concerns with design and construction of annular rotating die used for studying
rheological property, pressure drop, and swell behavior of melt HDPE in single screw extruder. Results
of the experiment showed that pressure drop found in normal annular die (0 rpm) increased with the
increase of shear rate, but decreased with the increase of tested temperature. On the contrary, pressure
drop found in annular rotating die tended to decrease steadily with the increase of rotating speed.
Particularly at low tested temperature and shear rate of 22 s' 1029 s_l, the decreasing percentage of
pressure drop rose up to 45%. The decrease of pressure drop in annular rotating die had significant
direct effect on rheological property and both Diameter and Thickness swell behaviors. That is, shear
stress tended to decrease with the increase of rotating speed, up to 43% at 70 rpm. In addition, it was
also found that Diameter Swell decreased when pressed through rotating die, whereas the Thickness
Swell increased with the increase of rotating speed. These results could be utilized for the control of
work produced with annular die, for example, extrusion blow moulding or pipe extrusion process using
rotating die. The size of parison bar could be adjusted both in thickness and outer diameter, with no
need to change any production parameter of the polymer extrusion process.

Key words: Pressure Drop, Polymer Rheology, Diameter Swell, Thickness Swell, Single Screw

Extruder, Die Design.
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gUnsalinudeyan 5 Ige HazHaAINaTaYaRIIIDUAAINAYBUATOIADLNAADS NUANHVLNS
@ I { o 4 @
ueraanatazuindoyanisnaaeuilunuy Real time 910 Software NWAMUIULIDL NTIAINTZU

o <] Aav o {
auguMITULazinUdeyanuIteasaaslugli 7

d % g
o ilnsainIuANAINTITOUHIVUIU(Die Rotating Speed Control)

3 . . [ @ 1% <
NMIAIUANAINLTITOUUDN Rotating Die fﬂﬁﬂﬁaﬂfﬂi‘]J3‘1Jﬂ3']3J!i’JiEJ‘UVINVMﬁﬂWJﬂ'ﬁﬂ?UﬂN

o w

mstenszua llihldiuuemesduiidalae19ginsaldunesines (nverter, FRENIC-MINI 4C1S-7J)

® (AT090ASAUVUINAL INHOMIAI(Single screw extruder)

=

U7 waauniesdasaunuindeInuewaedilgluauideiine RMUTL-SE001
MUSHKING PolyLab RMUTL.[1] fiuuiaanuendoviiaduriugudnaiy (Length-to-diameter

9
(L/D) ratio) 1111 600/25 mm/mm. a131301/5UAQUNNUYD Barrel N9 3 39000AANEIINN
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4 9'
=

1/11\1Lﬂl1l3JﬂW’E]ﬁl3Jf]iﬂ\1W’JsUuiﬂ mmmmm el 1Wuﬂﬂmﬂﬂuﬂ1iﬂﬂﬁﬂﬂ1u%’)ﬂ 210 to 230°C.

mmgsaiaumiwuuammwmimsﬂumq 10 94 40 rpm 1307oAIUROU (Shear rates) 22 3 50 s

d' v A = 4’
AT9N0AIAUUVUINAYIIHD U

Die Rotating Speed Control

==

Data Recorder

Pressure and Temperature Control

517 7 mefm‘fﬂmwi‘"uummmmwmmaummna

U

do o
4.1.2. gUn3aiMHUAYMIANEUONTUI M (External Sizing)

Y 4
51t 8. ginsalfmuavuianiouen AAAIBgUIT ATV ITUF U DY

U
Y A

o @ g ] Qy
Hyu ‘VI"I“HH"I‘VIﬂ']ﬁuﬂGUU']ﬂ“UﬂQWﬂalilﬂﬁﬂaf)llH’iﬁ'l“l/l]lﬁa@ﬂﬂll”lﬁ]'lﬂﬁ'lsldjuzﬂlmgﬁa@tﬂu%uﬂ’]uiﬁl
Y ' 1< Qy
mgﬂgﬂu%mm‘m mu‘muﬂmﬂm’ma@mﬂﬁ)gmuﬂuﬁaauazﬂaﬂttuulﬁlﬂuLLUULLﬂﬂ%u 2 %@
1 A ' a va A o Yy 9 [ Y Y1 '
(VuU-219) LW'E]\TIEI@]'E]ﬂ’]T]JQ‘UGN’lu Iﬂﬂlllf]quﬂﬂiZﬂ'f]lll"lﬂ@')f]ﬂul,!a'lﬂghlﬂ%f)\?')’l\?gﬂﬂiﬂﬂﬁll"llu'lﬂ
1 4 % T W 1 { 1 1
L%uW’]uﬁu&ﬂa’N 20 mm 817 200 mm Gdﬁﬂmmueuumsuamaﬁéfmmi mﬂﬁluclff)nwlflﬁj!,mzimmﬂ 1
mm @]”IiJLLu'Jiﬁ?JLW'OL']JHW@u1ﬂﬂlﬂ11ﬂ1ﬁﬁ1ﬂiﬂﬂﬂ1ﬂN'anfJ‘L!f‘]ﬂﬂ]ﬂﬂﬂfuﬂ?uﬂ@W@alﬂﬂiﬁNNﬁﬂ‘U
wm@amuﬂuﬂﬂﬂmﬂuﬂi U 10 C ﬂ')flﬁ Uuuma’awuua WNHHUHU’IW’]H@Q Sizing ‘VN’(?f’E'N

LWfJ‘i$1J']Elﬂ’J']ll‘ifJu‘I/i‘i’E]1/?ﬁ@LEJL!‘]S’L!\1TLlW’E]’6’11,3Jﬂﬁﬁlﬁﬂﬂgﬂlﬂuﬂﬂﬂ‘i\‘]ﬂ‘igﬂﬂﬂ
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A o ..
51U 8. gUnsalifviuavIAMIBUeN (External Sizing)

d I g : J
4.1.3. Qﬂﬂﬁmﬁ@ﬂ!ﬂuwuﬂ71!7’16(Cooling Unit )

@ ay a 4 1 o vy o 9 .. Y o A 9
°|"iﬁ\‘]ﬂ’lﬂ%uxﬂuwaﬁ!,11@3§.ﬂﬂﬁﬂﬂﬂgﬂﬂ11ﬁlﬂu@nﬂﬁﬂ External Sizing L1012 %zgﬂmmﬂﬂﬁ

A A o 1 < AQ" 1 = Y A 1 < Qy Y3 @ A a 9 (]
ma@u‘nmuqﬂﬂsmwamﬂu%mmﬂ@ G]Nll1(?uTﬂ1’?a’l’)LﬂuGI)"L!\1'l“LJGh”iLﬂu@ﬂaﬁu'lﬂ’qmﬁﬂ“ﬂﬁﬂﬂﬂﬂﬂ
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Y Y g’ a 9 IS 13 = [l ' 2’ T3 A [l
T;Tllll‘liﬂ‘l@'JEJﬂTiGl,GD'u'IQ‘mT‘iQiﬂ"i’E'Nlﬂuﬁ'liWaﬂlﬂuiﬂUﬂ$gﬂﬂﬂw1uﬂ@u1wa@lﬂu 2 ﬂﬂﬂﬂigﬂﬂﬂ’ﬂg

[ d v T
ﬂ']flﬂluﬂ\‘lsllu']ﬂﬂ'J']ﬂJﬂ%’]\‘iLLﬁgﬂ'NﬁJqq 100 mm 817 1000 mm Q‘]Jﬂﬁil!ﬂﬁﬂa’]')@ﬂﬂllﬂﬂﬂlﬁ}ﬁﬂﬂﬁﬂllﬂﬂ

[ Y o a2 A Y ' G2 dy v 9
ﬂﬁlﬂflnﬂﬂl!llﬂ‘luaﬂ]&lﬂ!%"’l]@\?P\l'llﬂﬂlW@TVi\ﬂﬂﬁf]f‘ﬂil]{(]ﬂ@]\ﬂu tazuonnUfIIUU B NLUY
y A g9 g 2 oA A A o Y A o

GI,WT‘]Ji\ilLﬁQLW@Glﬂ?f'liJ'liﬂiJ@\HﬁHﬂ)’H\ﬂHﬂf]ﬂLﬂﬁﬂuﬂ@gﬂ’lﬂiuﬂﬂqﬂﬁﬁ@@ﬂ'liwaﬂ ANHUSUVD

L4 =] Qy 1w ~
gUnsainanguFuIUNeaanslugln 9.

1 :’ T3
nouUIvanlgu

= I '
319 9. 9iln3ainasEUFUIUNB(Cooling Unit )

4.1.4. yamegwruduagane

~ 1 o A ay I S A 3 (K] 9
21]1/]10 uﬁmmuﬂ‘izﬂamawﬂﬁwwmmmawmm IﬂﬂlﬂUQﬂﬂimﬂﬂﬂﬂ\iﬂgﬁ’JUWHW
E4
qAv095zuUMITUgUNe Huuiannunie 200 mmuaze11 600 mm  drauilszneudiAnyae
7Y o w ~Aq Y o A o v A 19
VOLADTAUNIANIUUIA 60 W ‘VI1ﬂiﬂ1§ﬂlﬂlﬂﬂ@u“§ﬂﬁ18w1u61lﬂfN‘VIE]2 %ﬂﬂﬂigﬂ@UGQQTUUullﬁz
J 1 ] ' qall 1< J { v @ 4 {1

@’ﬁuawmmgmim Iﬂﬂi$ﬂ31\1°]ff)\1'31\1ﬁ'lﬂw1u‘VIQt’f@\‘llﬂulluﬂﬂlflQﬂﬂﬁgﬂﬂﬁﬂﬂiﬁ}lﬂﬁﬂuﬁw1u

Y Y < A A Y a d? Qy 1 l 1 A 1
ﬂ'JfJLLiQﬁ']ﬂﬁﬂﬂﬁTEJWTHﬂ'JfJﬂ'J”IlJLi’Jﬂ\WI!W’E)El?iLﬂﬂﬂ?ﬁ“ﬂﬂgﬂ%ﬂﬂ?ﬂﬂ@@ﬂﬁﬁﬂ!uﬂﬂ TZYSTUINUDI
09/‘ @ 091’ v < < 4 !
ﬁTEJ‘WTLWNﬁ’ENﬁﬁJTiﬂ']J5“@\115@1%51114“%511’0\17]@ ngﬂ'ﬂllﬁ'ﬁl’l’)\iﬁ1fJW1u(ﬂ313JLi'Jﬂ"lﬁlﬂﬁﬂuﬁ

o o d!

' [ 9 < sy @ <
YDIND) ﬁ’lll’liﬂﬂﬁU]lﬂi]'lﬂﬂ'liﬂﬂﬂﬂﬂﬂ'J’liJLfl")"U@\?il@!@ﬂﬁGIUﬂ'la\i G]f\iﬁ"liJ’liﬂ‘]Jﬁ‘Uﬂ')’liJli')cluﬂ'ﬁ

inaoun & 50 — 500 mm/min
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4.2 MIDNUUUNMINAADY

o

4.2.1. Jagnaaed

’Eﬁﬂwaﬁmaﬁfﬁﬁl%ﬂumuﬁ%ﬂﬁlﬁa WOAIBNANANNWU UG (High-Density  Polyethylene,
HDPE) 1059 HD5000S Gl%’wamimfwmmﬁuqamﬂ UTHN 910 PTT Chemical Thailand (Bangkok,
Thailand) A1A%N15 IMa (Melt Flow Index) (101 0.8 @WNIATFIUNMINATOU ASTM D1238 Laza

ANUHUUUNIND 0.954 g/em’ MUNIATFIUMTNATOD ASTM D1505

d
4.2.2. minaaevanyAn s lnavesweanesviaoarad
vAa a o Y d‘ A @ dg’
mMsnadeUduan1INs Ivaveswedmesnasumal lavininioslonadugilunuig
H 4 Y
wiui lddaasetinluauided nandnmsiannuduanason (Pressure Drop) U3NAUNIUIN
Die a281nT 09 Janudu sanuduiiaivialdaninmsnagevaziiinlumssriamainny
9 A [ 1 a wa o 1 9 = Y]
Auon o oaIMsi laan q Taslumaljidamnsodnammanudunounazensing
= A £ a d?} a @ . £ 1
MOUNUMPIFA FIVLNAVUUTNIUHUI Die %3801 Wall Shear Stress (7,) 14ag Wall Shear Rate
[ 1 1 (% A 1 A . . Y d‘
() BATAIUTTNINT, AU ¥, ABAINNUHNIIA (Viscosity, 77) Tavamnsaneaaa laluaunsi 1, 2

wag 3 emudwuas il [2, 3]

HAP
TW — ent (1)
2L
. 6
Cc,H

TW

n=— (3)
Y w

i3l AR eu AT LS T4 Die (N/m)

w

H = YWaaNunuIvess8ans 1va (Die Gap) (m)
o  da 2 >
= ANUAUANNNAYU (N/m)

L = A74817 Die (m)

[ = d' a d? a [y} . -1
= AT INMIRDUNNAVUUITIUNUN Die (s )

2

P
).
0 = 5@131ﬂ1‘i§’31uﬂ131ﬁa (Volumetric Flow Rate, m3/s)
77 = AMUKiA Ns/m

C, = JORR), R, and R, = $A1UDI Mandrel L8z SAUNSUONUDI

annular die (m)
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= %4 o a d
4.2.3. MSANHIOATINITUINAIVOINOAINDT
(% o a 4 (% @ % g
MIANEIOATINITUINAIVBINDAINDTNIIHAININGNOATADONNININHITUF LDV
Y
uvu e iimMsIamsuIudd 2 uuuae uuVIaesIY (Diameter Swell) HAZAITUINA?

AMUAUMUT (Thickness Swell) aguaalugili 1. Tagdasrdrumsuandrannsadiuam lann

AUNSN 4 uaz 5 ANaAL [4,5]

. D
Diameter Swell = —2

D, @)
h

Thickness Swell = h—"

0

)

= PNaduRIUgUINA19N1eUONUDA Extrudate

YUIANNUHUIUDY Extrudate

D
p
D, = vAduHIugUINa1av0T Die
hp
hU

Sumﬂmmﬂuwmﬁﬁmmﬂwaiu Die

Ammlar die

{ o 1 [ a @ a 4 . .
qﬁjﬂﬁll. Llﬁﬂ\?ﬁul‘ﬁu\iﬂ'li'JﬂﬂﬁﬂWﬂ!ﬂWiUﬂﬂJﬁ?ﬂl@\‘]W@ﬁm@i iU UDiameter swell 4a&4UU Thickness
Swell



_18_

M35032999U5 UM UINAWUD Overall  Swell i laemaiiamsuiinanannaes

{ a L4 Y . . a . 9

(VDO Recorder) Y NN0aN03INIAITABONNININ Rotating Die A111781934 (Real Time) Tag 1
v A

nd09 VDO 3 1.3 MP USB DIGITAL MICROSCOPE 20X to 400X siatteralugii 12 9niuii

MITUMN (Visualization Capture) Turaims Ivanaulalasanit ldaziiuniavazdszuianadie
4 a s A o @ o { o 15 [ a

InTeeRNIMBS IR UIUMIVINAITINToMUIN IdnInaumsh 4 dmSumsasiviadsum

MIVIWAIMVY  Thickness Swell Liegu1soasiiadiedsmstiuiinnmdie vbo 1diilesnin

a s o 2 ~ A oy v v )
Woawos N lnasonu1aniavugUianuyuds luausonenuezdrenimainndes 1d aeiiu

@

a [ Qy a @ Qy @ 4 a Jan
ﬂﬂ!%'llfl]ﬂulﬁal}ﬁ'i'J{l]'Jﬂ%Wﬂ‘b'u\‘]']uﬂ5\1Iﬂﬂﬂ?iﬁﬂ‘D"H\‘ﬂullag'Jﬂﬂ'Zﬂiﬁ’iuTﬁ'JfJL'J@LﬁfJiﬂ']i‘]JLﬂﬂﬁ@m?”lfﬁ]ﬁ

v
=S v A =

k2 v
A2UAZI08R 0.01 mm muixamawmmﬁgﬂﬁmuﬂﬁ'ﬁﬂnmmmmaé’mmmwau% GRGIAN

4 2
1 a £ a

13. ’J’ﬂEl'lxi"]f‘llﬂuﬁﬂi]'Iﬂ"]ﬂN’Iuﬁ]?ﬂ@]'lilﬁ']ﬂuﬂﬁ)’lﬂnﬂ'l"’ljﬂiﬂ'liﬁ.]’ﬂ:ﬁ{ﬂﬁlﬂ?imﬁ@ﬁi’)i]’?ﬂﬂ?iﬂﬂ!

€

=)

71

NSUINAIIDY Thickness Swell
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v ) A '
5UN 14, uaaIdumMUIN iAo IauNaFUIUG1061W AT 1Al AT UINAD

U

. o o & A o = Y Y Ao o o ~
11U Thickness Swell Iﬂﬂﬂ']ﬂ’liﬁﬂ%ﬂ\ﬂu‘ﬂﬂ'lclﬁlﬂuﬁ'Jlla'l(luigﬂgﬂﬁllWu‘ﬁﬂﬂnﬂ’l%’lﬂﬂ'lwcﬂ

=

Y A YV Yo [ v v @ @ 9
YUNNIINNADI VDO lWﬂGh’i"lﬂﬁ']llﬁlll\uﬂEJ'JﬂUﬂ‘]Jﬂ'li'Jﬂsllu']ﬂi]']ﬂﬂ']W FAUVUTIAAITUURUTNUN

v [ 9
FUITU hp NNMIMIAURAOTNINUA 4 111119910 Al-Ad

1 Y 9
5UM 14, LEAIAMIHUINTAATUNIULAS A UHUIMTIAVUIATUIIY

U

o v J
4.2.3. 33UUATIVIAAIANNAUANATON(Pressure Drop) A I8ginsannudoyananusigy
(Data Logger)
3 v aw & o 1 o ' Aq ¥ o
mstiudeyanananaasaluanuisel cnsansiaiamanuauanasenilélunisdasa
A o oa = = l.lal a . Y g 9 <
TuiaTesasaunundeInuewned 1dn1uma1933 (Real time) $2832UUMIAVTRYAAIINFIG
v W 1 yo 1 @ < v @
(Data Logger) 1g3z11M373793A63na121111971U3 i3 3aA2 A Pressure transducer

£ A o A @ a P . 9 A 1 9J o L=
FINAAUNDANTIVIAUITLIUNILUT Die Iﬂﬂ‘llf]uﬂaﬂ’lﬂ Sensor ﬂggﬂ!ﬂfﬂll@@!“ll']ﬂﬂq‘ﬂﬂimLﬂ‘]J"Uf]?;l,a
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< @ 4
ﬂj'uJﬁjqq Data logger llagﬂuﬁﬂeﬁjayaﬂ’liﬂﬂaﬂqllagl!ﬁﬂqwa%ﬂgaﬁjﬂﬂallﬁﬂﬁNa"ll’f]\uﬂ%?@\j

a oL @ { o g
ﬂaummaﬂunm@ﬂmui}m Software ﬁwwmﬁugm

4.3. MINUUUMINAadMaATNAaDD

10 15 naasnmsImveIMIepNIUMINAABILAz AT UANTAA1 9 Taswansnaaosi 1d
Y I KR a A o d? A 1 A = [ @
ﬂZLLﬁﬂQin‘HUQQfJﬂﬁWﬁﬂI@QﬂTi'H’igu‘Vi'J"Uuz‘iJ‘ﬂNNﬂﬂ@ﬁﬂJ‘UﬁﬂWﬁkl‘ﬁﬁ mslasunlasvosmanuauan
Y
1 Y a Y a o %
30U iﬂﬂJ‘VNW’E}@ﬂS311ﬂWiU’J‘JJGI'J‘U’ENW’f)aLN’f)iGlULL‘UU Diameter Swell #aN1TUINAILUDY Thickness

Swell NANMIZMITHAAAN 9

Rotating die mandrel

i

High-density polyethylene (HDPE)

|

Die temperature ('C)

210°C 220°C 230°C

|

Varying shear rate (s ')

22 29 40 50

Varying mandrel rotating speed (rpm)

Measurement
® Pressure drop
® Rheological properties
® Diameter swell

® Thickness swell

51U 15. MNTINNMTONLULNMTNADILAZNMTNATO

u
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a d
5. HaNIINAaed HasINTUNANITINAADY

5.1. INBWAVBIMIHYUTIVUFUNANDMANNAUANASON(Pressure Drop) Y99 HDPE

U

v
SRS

HAONHAINGNOAIARN UV IIHIUID I

U

5109 16 D93UN 18 LARIWANTATIVIAMIANNAUANATON(Pressure drop) T IUNIAUTIHI

L1 u
b4

Yug1urIuLUUMY Y09 HDPE Maouvad luingedonsatumnas i uaeinuialng e
o A A o A ' 1 1 -1 B 3 '
MIoAIA NOATUABUYIN20 s, 295, 40 s 1AL 50 s ABANNTITUMIHYUUNT Mandrel
(MAY 0 rpm, 50 rpm, 60 rpm LA 70 rpm YUHYNMINAGDU 210 °C, 220 °C 14a£230°C MWAIAY
' v 4
Haminaaod IagnlUnuaar Pressure drop Na5193a laluszuuiiugiamauuuulndo
oA g = g v a y A <
rpm) BANNNAUAUMTIANTUY0IBAT UROU TUNN 9 gurgimsnadey WomuaNmi Tuns
] (K] 1 1 4 A <3
WYULNY Mandrel WUIA Pressure drop Ut Iuanasedeaeliloimumsiuamisonlu
Y dgj = d’ Y dg} 1 1 =\
MIUYUHIVUFU1A 50 rpm, 60 rpm DA 70 rpm LAZIHONYANYUIIVUFUNUIIAT Pressure drop
1 A d? 1 [ a U Y] d?l d @ 1 Y a
AnnnIuegluszau@uneumsnyuTugl Usingmsaidenanaianyldlunngumngil
LAZNN ) OATUNDUUDINTNATDL

9
M38AAIV0IAT Pressure drop Henunsaeuieladrennuuanasiuvesgluuums lva

9 9 ]
=

v L% [ o ~ A v 4?’

Turuginseewunawaadlunuodiaesguuums lnalugdi 19 Ao mslualuiizuag

a = A A’ 1 ]

U DUNAO rpm) HDPE waeuiadiigiuunms lvauuumeu(Shear Flow) o011 1naog

1 Aaa 1 a v o d?’ I o &

Tureans InanlifmIve g Mandrel 1agAIAUUONGAYDINITUFUUUDIMKIUD )TlumTe F

' A a d? Yo a Aa A 1 . A

A1 Pressure drop mmmuimzuﬂmumn‘ﬁ‘wami]Wﬂmqmgiuuu’;uﬂu(Amal Force, AF) (gﬂ%
A o £ = A ' o

19(2)) Tuvmznns naluirvugihamauuryuiigduuums lvasumeuswiugluuums

Inauvvain(Drag Flow)lunaudeanugin 19b)) 1as Drag Flow A4na1ianIuinnmsi

a T v Y o 421 12 A AL A o 9
Mandrel AaMsHyUUARTIAIuIBNgAVeIi YU Ut UIm L lilimsindeunaginaiiInus
Tunvannugnidisaunizaense) 1) luuuasall (Radial Force, RF) o 14 umslaoumlasis

a3 Ivaves HDPE viasuvad 1) luuuiSall (Radial Flow) [6,7] M3tNAULU04 Radial Force T

4
v K

<3| o { Y 4
udieuilumsaausinszilununuieglugilvesnnuduvesszuy uazienyaryunIvy
1 = A d? [l ] a 1 ) ; Y 1
JUA Pressure drop TuszuniauiuyumIegluszau@uRouMInyUYLIL) uaaslimun
o Aa A J 1 [ z = qu‘ A a s . n v
53 un A UAEDINTINTHAABAIANUAUNINUABNATT 1HoavInNoAes T Tvalu Die 1414

SuansnannMInszatensa 1 lunsaiiuma
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100

Shear rate (s™) Die Temperature = 210 °C

©22 29 040 o050 ! gt

o]
o

60

Entrance pressure drop (105 N/mz)
N
o

N
o

60 rpm 70 rpm 0 rpm

0 180 360 540 720 900
Time (s) and Mandrel Rotating Speed (rpm)

Y

{ v o 1 1 [ 1 1 [ ] o
JUN 16 ANUAUHUTIZHINAIANUAUANATONVOI HDPE  Masuinadrignoaiariuiivugil

{ <3 o - - a o
NIV UNYUAANWTITOU 0-70 rpm OATUNOU 225 - 50 s gUUINAaeU 210 °C

100
Shear rate (s™) Die Temperature = 220 °C

©22 A29 0O40 o050 ! !

(0]
o

(@@

(2]
o

(@

llis((((. ({(C

o
o

Entrance pressure drop (105 N/mz)

N
o

50 rpm 60 rpm 0 rpm
0 180 360 540 720 900
Time (s) and Mandrel Rotating Speed (rpm)

E4

{ v o J J 1 @ 1 { [ 1 @
JUN 17 ANUAURUTIZHINAINNUAUANATOUYDY HDPE  HaouiadNgnoasamuiivugil

{ < o - - a o
NIV UNYUAANWTITOU 0-70 rpm OATUNOU 225 - 50 s gUUYINATOU 220 °C



_23_

100 .
| Shear rate (s™) Die Temperature = 230 °C

| 022 429 D40 050 ! !

0]
o

¢ (
I I Y - — -

@@ g

S (o))
o o

N
o

Entrance pressure drop (10°> N/m?)

(e, et
RN

S 0 rpm I 50 rpm l 60 rpm i 70 rpm l 0 rpm
0¥ i i i : Y
0 180 360 540 720 900
Time (s) and Mandrel Rotating Speed (rpm)

P4

517 18 AuduIUT 5L HINAIANUAUANATONYDY HDPE  Waouiadignoasanuiaiug

{ < o - - a o
NIV UNYUAANWTITOU 0-70 rpm OATUNOU 225 - 50 s gUUUNATOU 230 °C

dy d‘ a v Aw Y a v A v 1
wonnniimsnlasuiieniavenss AF W lunnsalidine Tdiianmsiaisssdr Inuvesde
Taf Turana(Molecular chain orientation)Iutuasaliamuuanse RE awaaslugii 19 ganelina
= A ' Y A N 2 Y
M3nIgaveIa Iy 1 Tuanadiensunvu(Shear force) lUABINANII(AR 1A RF) a99NAN1NNITBY

4 v E4
nuildinanmsideadnuvesdis s Tuanavunagungiinui (Shear heating) MIANTUVD

a g A d? CZ I a o . . £ A
ﬂ!ﬁﬂullHJHfﬂiLWJJGU‘HEU’ENﬁJJ‘UGIﬂ’JTJJHJu'Jﬁﬂﬁ (Viscous Properties) [6]111! HDPE #iaduivia? 3

P

o Y [ v A d'
warh Inamnnuaulussuumsoasaanaslunga



-24-

Shear Flow Shear Flow+ Drag Flow

Stationary plate

[-:I'_:_ :

Radial Flow Direction

Radial Force (RF)

Axial Force (AF) oy T
/- ,Direction

Direction

Axial Force (AF)
Direction

Stationary Mandrel Rotating Mandrel

Stationary plate

Moving plate

Molecular Chain Orientation of HDPE melt Molecular Chain Orientation of HDPE
melt Flowing in the Annular Rotating die
Flowing in the Stationary Annular die

(a) (b)

H Y
319 19 nermannudiaesgUunums lvauuy Shear Flowluiatiugiauiuilnd(a) uazgiuu

4
M3 lnauuuway Shear Flow + Drag Flow Tutiaadugiasminuuuviu(b)

{ 1 J I 4 1 @ '
719 20 naasn )T 1IFUANITAAAIVDIAINIINAUANAION(Pressure  drop)  ¥Dd HDPE

F4
v A 0 v K

{ 8 o o Jdo < @ 4
AN aINgNoAs AR ITUF I IUIDV Y FIFuRUFIUANWEITOUMIHY LTIV
AOATUNDU UAZQUUYNMINATOD TATNUNTOATUNOURASINUVOINN 9 QAUHANNITNATOL
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