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ABSTRACT 

, 
'. 

èxtrus ion blow molding process 
J 

\ 

,. . 

~ 
the shape and 

thickness distr ibution of the f inished contain~r \ depend on 

the dimensions of the parison at the time of inflation. In 

parti~lar, tl!e ',processes of swell and sag act to cause a 
~ .. " . ' 

var ia tion of parison dimensions between the time the melt 

emerges from the die and the moment of inflation. 

In the present study the effects of die geometry, 
. 

extrusion velocity and the rheological prop~rt.ies of the 

• 'W. • 
reS1n' on par1son behav10r were studied. Fout annular dies (a 

'-'\ 

straight, a' diverging and two converging dies) and three high .. 
densit~ polyethylene 

r 

- ~ ~ \ res1n\ were used. To' study the 

Individual contributions of 

\ 

p~r ison behavior, two types of 

swell and sag to the overall 
~ 

experiments were carried èmf. 
\ 

\ 
First, swell was 

\ 

the par ison in ta 

studied in the absence of 
f 

sag by extruding,' 

an isothermal oil b=-th. "B;ta,diamete,~ and 
~ ~ . ~ 

were measured as' functions of \~ime~ ,T~en ~hic'kness swells 

coJPbined e,ffec t! 
\ \ \ ~ 

of swe Il and sag wa s s tudied by \ex\t uding the 

parison into an isothermal air ovèn. 

A simple lamped parame te r model wa s devel 

pr~dict the length of the parison u'sing the 

\ -
" Vj 
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~ RESUME 

\ 

Dans le moulage par extrusion-soufflage, la forme et. la 

répartition de l'épaisseur des parois des articles f~nis sont 

determinëes par le$ diménsions du paraison avant le 

soufflage. En particulier, les phénomènes de gonflemen t ~ 
d';tirage, entre les temps de formation et de gonflement, 

de te rminen t les diménsions du para ison. 
-

Dans~l'étude présente, les effets de la géometrie de la 

filière, de la vitesse d'extrusion et le s propr lé té s 

rhéQl.ogiques ont été étudiés. Qua~re filières annulaires 

(une filière rectilique, une filière divergente et deux 

~ilierès convergentes) et tfois· résines de polyéthylène à 

haute densité ont été utilisées. Pour lié tude des .-, 
contributions individuelles d'étirage et de gonflement au 

c ortement total du paraison, deux sortes d'expéri,ences ont 
... 

été utilisées •. Premièremen t,li étirage àu paraison a été 

élimin en extrudant dans un. Dain d 'huile isotherme. Le 

gonflement. de 11 épaisseur et du diamètre ont été determinés 

en foncti du temps. L'effet combiné de gonflement et 
\ 

d'étirage a ~ ~tudie 

circula tion d 1 air-. 

en extrudant dans un four isotherme à 

Un modèle simple pour la prédiction de la longueur du 
\ , 

paraison a été prdposé •. Ce modèle utilise les données 

expérimentales de gonflemen't, le composante du module en 

phase et certaines variables d'opération du procédé. 

, , 
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<> INTRODUCTION j' 
{ ~ 

VJ 
1.1 .General 

.... 
The extruSion.blow mOl~in~ process is an importan t polymer 

processing method for· manufacturinq hollow articles su ch as 
,~ 

bottles and containers. It is a method borrowed from the 

glâss industr'y. The prodess is made up of two stages. The (, 

\ 

-L • 

. fir ~tp 
,l, 

stage is the parison formation stage in which a 

CYlin~r~al "tube of molten polymer, called a "parison" ia 1-< .,. 

formed by extruding th e I?olyme r melt through an annular die. 

In the second ~tagê, . the parison is enclosed by two mold 

halves and air is blown into it causing the parison to take 

~h~ shape' of the mold. The, polymer . quickly solidifies up0 l1. 

contacting the cold mold, and the finished hollow article is 

ejec t'é"d. 

Ba$ically there are & two ,'methods of extruding the' 

par ison: continuous and 
o , ' 

Continuous exbrusion is 

intermittent ,<. Hoechst Plastics,1976). 

used to manuÀcture containe~s .up t~ 
1 _ \ - ~ : 

30 l capacity. Th'is is achieved by a system ot, rotatincj .. 
. molds or by partson transfer to .the blow mOlding tool with 

, l 

the aid of a gripping device. O~tput can be raised 

considerably with minimum space requirement through 
, 

the u~e 



.,:'.~ 

0 , 
\, . 

.' . 
"r~, 

*4 ,;;;.. 

2 

of mult iple die heads, mold s and c1amping units. 

Intermittent extrusion is employed in the production of 

larger and 'heavier products. In this type of operation the 
. 

plastication unit supplies an accumulator with the required 

vOLume of melt and the melt is forced out of 

application of hYdraUli~pressure employing 
.. 

reciprocating screw acting as a rame 
e 

the die by the 

a ram or a 

Two phenomena govern parison dimensions ptior to mold 
,'~ 

c10sing: sag and swe11. Swell!s the enlarg~ment both in 

thickness and diameter, of the polymer me1t as it emerges 

from the die. It is wide~y accepted to be a manifestation of 

the elastic nature of 
..; 

the melt as it recovers from the 

deformations it has experienced âuring its flow in the die • 
.... 

Sag :1.s causoec:1 by the effect of gravit y on the fr-~ely hanging 

parison. 

The melt is sUbjected to shear flow in the die and in 
, 

the extruder-and to extensional flow in the die entrance and 

in the converging sections within the die. Therefore, the' 

blow molding proce~s is a combination of 

exte~sional defor~tions as weIl as ~e elastic 
~ . 

the mate rial 'from- such deformations. 

she~r and .. , . , 

rec0Y§ry of 

Th~ di~e~sions of the ~ar~s'on' pr ii;' to mold .c10sin9 is 
r 

of cen tral importaflce in the blow molding process. F,rom both 

,the produc t desigR-j~nd the economie poin t of vie,w, the' shapè t' 

and the thickness of the pa~ison throughout its entité length 

-," 



o ~. 

and b.efore 

acceptable 

mold 
L.., 

J 

prcxluc t 

3 

c10sing must be controllable so that 

strength levels can be."; ~~hieved with 
, 

minimum prcxluct weight. The parison . diameœr must also be 

controlled, not only because it contr ibutes to the product 

thickness uniformity but also for ~~o additional reasons. 

First, its "lay fIat" width (~efined as half the perimeter of 
) 

the par ison) should not exceed the mold diame te r s inc e this 

will interfere with mold closing. Second, if 

prcxluct has a handle the diameter of ~on 
the blown 

should be 

large enough to accomodate it, since handle pinch off occurs 

before any appreciable radial str~tching of the parison. 

Therefore a thorough understanding of the p~rison formation 

is necessary to control and optimize the extrusion blow 

m~lding process. 

_ Parison swell is influenced by system parameters such as 
,'<-

. die design, extrusion ve10city and temparature and by the 
! 

-
,/ rheologicaJ,. properties of the polymer ie resin. Most of the 

work done on swel1 has been carried out using capi11ary and 

s1i t dies. Relative1y little research is done on dies of 

complex geometry. Typica1 die designs used in industry . 
inc1ude dies with cylindirica11y para1lel annu1ar gaps and 

, 
dies having eonverging and diverging channe1s (Hoechst 

Plastics, 1976; Tadmor and qogos, 1979) .
, .!, 

Dies ibavlng 

converg lng or diverg ing channels . are preferred sine e ,these 

geometrles facilitate parison prograrmning,' a "procedure widely 

1 
i 

". 
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used in industry to adjust the thickness , , distr ibution along 

the' length of the parison. This is achi'eved by varying the 

die gap as a function ot time as extrusion speéd is held 

constant. Another method of parison programming is achieved 

by varying the material flow rate as a function of time while 

keeping the die gap constant. These techniques, although 

sophisticated, still require costly tr ial and error 

procedures to obtain the r ight thickness distr ibution in the' 

parison. 

From the above discussion we can conclude that the study 

of parison behavior is, essential to gain a bette r 

undet'standing of the process. Also the evaluation of resins 

for possible use in a blow molding process would be ~reatly 

facilitated if the phenomenon were weIl understood, and 

correla tions could be established 1 between rheological 

properties and parison behavior. 

1.2 SeoEe and Objec tives of the Presen t Work 

In Most general te rms, this study is aimed at 

undeFstanding parison behavior in the extrusion blow molding 

process. 

The specifie objectives of the present work • can be 

summarized as follows: 
1 

1. To study the relatio,n between parison 
1 • 

behav 10r and 

,die .. design, extrusion ve10city and the rheological properties 

1 
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Qf the resin under well controlled experimental conditions. 

" 2. To develop a simple lumped"~parameter model to preflic't: 

par iso~ àime~sions. 

1.3 Organization of t'hesis 

~ 
The organization of the thesis is as follows: In Chapter 

0;; 

~ 

2 the resins used are descriped and their rh eolog ical 

characterization is presented. In Chapters 3 and 4 previous 
"" 

experimeptal and theoretical w0rk done on swell and sag are -revie~d. The experimental methods employed to study sag and 
• 

" -
swell are described and the results obtained are presented 

and discussed in Chapter 5. 
, . ~ 

In Chap!:~r 6 the ,d,ér1vation and 

performance ot' the proposed model are describe'd: " Finall~ lin . 

Chapter 7, the conclusions of· 0 the present 
, , 

reconmendations for ,future work are p;e~ented. 

i#IfI 
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.. 
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wotk jJ. 
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CHAPTÈR 2 

RHEOLOGICAL PROPERTIES OF THE MS IN S USED 
J 

parison behaviour in the extrusion 
' ... 

• blow molding process" 

is governed by the process variables as wel~ as the 

.. rheological properties of the resin. Therefore, a· complete 

rheological characterization is essential to be able to 

uooerstand the parison behaviour. 

This chapter ,is d-evoted to a deScr.~ption of '. the 

... d mate r ~als use and their rneological- 'properties. 

fo~lowing properties were measured. 
:. . 

a) Molecular weight distribution 
, . 

The 

b) Viscome tr ic functions viscosity, n (i') and first 

normal stress difference, N 1 (y) 

c) Linear viscoelastic functions ( cQmplex viscosity, 

'* 11 (w) , ~nd storage modulus, G' '(w) ) 

2.1 Desciption of the Resins 
• ! 

Three hiqh density ~olyethy1ene r~sins were used in 
o 

the present study. These are: 
• "Q 

a) Resin 22A, "S-clair 59A"'. Made by DuPont of Canada • . ' 
b) Resin 27, "DMDJ 5140"." Mage by Union iCarbide of 

'. Canada. 
.. 

c) Resin 29, "Dow, 8006p·. r Made by Dow Càna(ia .. 

. . 
__ L. __ 
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The ,nurnbers used to identify the resins refer to McGi11 

Polymer engineering Laboratories stock numbers. AlI three 
/, 

re-sins were d,esigned for use in the blow rnolding industry in 
." (; 

the produc tion of bottles for non-stress _cracking liquids 

such as v inegar and bleach: 1. e. they are all competing for 

the sarne market. 

Resin 27 is manufactured by use of a gas phase 

polymerization. Catalyst is fed into a fluidized bed reactor 

where it contacts with the ethylene gas, and a fluid bed of 

polymer partic le s is formed. Resins 2 2A a-nd 2 9 are 

manufactured v ia li solution phase polymer ization prdCess. 

Modified Ziegler type catalyst is used in the manufacture of 

both resins. AlI the resins are homopolymers. 
" 

In industry, blow molding resins are specified in terms 

of the~r solid density and melt index. Melt index is the 

amount of polymer (in grams) extruded in 10 minutes under_ 

spec if i-ed cond i t ions. These specificatiops are given under 

the conditi?n "E" of \,be test ASTM01238 Values of melt , 

index and density supplied by the resin manuractur~rs fo'r the 

f" mate rials used in this studyar-e l.isted in Table 2.l. ... 
, Inspection of the table shows that aIl threè resins have 

similar values o~'density and melt index. This reflects the 

fact that they are in tended for the same end use 
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TlBLE 2.1 Various Properties of thè Resins 

Resin 

.Resin 22A' 

Re sin· ,27 

) 

ReS:ln 29 

.-

) 

, , 
t 

. Density 
·(g/cm~r 

0.960 

: 0.962 

0.960 

ft 

. Mel t Inde:k M 
Cg/lO min) w 

-1 '1. 

0.70 119057 

0.72 107615 

0.80 104'411 

_\ J Pt a • • "FI!1",~ ...... - "" ----. 

" 

.. 

t 

" 

M 
n Mz 

, 
1...-

11660 444330 

15'147 370015 

16329 327030 

~ ,--" _.~ --. ---- .. -..- --

MJtMn 

10.2 

6.8 

6.4 

r' , 
~~ __ i 

'} 

, ' 

l 

'\ 
1 

f , , 

·1 
f 

00 
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2.2 Molecular Characterization 

A polymer is a large molecule built up by the repetition -, 

of small simple chemical units. Since the polymerization 

process is subject to a multitude of random events, it is 

quite improbable that aIl the chain molecules in a poiymer 

sample would have the same length'. Rather there exists a 

distr ibution of molecular weights, which may be narrow or 

quite broad. As with any distr ibuted quantity., the 

n molecular weight n is characterized in terms of sorne 

average value and one or more moments of distribtÎtion. 

.Two average rnolecular weights are c0l1lrnonly' .used, 
, , ~ 

.' depending on how the contributions of sample chàins having 

the 9arne length are taken into account ·statistically.' These .... 

are the number average rnolecular weight, Mn and' the weight 
'. 

average molecular weight, Mw These are defined by the, 

following equations:' 
,r .V 

2.2.1 
" 

, . 
MWZ ( 1: W i Mi) / ( .. 1: w i) =' ( t N i M 1> / ( 1: Ni Mi) 2.2.2 

where Ni denotes the ·number ôf moles of the fraction hav~n9' ~, 

,'Jlio,lecular weig'ht Mi' and, w i i9 the mass of the" i' th fraction. ' 

The number average molecular weight is particularly se'nsitive . 

to spec ie s at the Iowe r end of ~e molecular w~~CJht;. ' 

f~ , 

1 

" , 

. 
, 

, , 
l 
1 

1 
i 

t , 

," 

, " 

..... 't 
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-distribution, whereas Mw is influenced by the pr:esènce of 

higher 
\ 

molecular we ight species. Othèr average molecular· 

we ights are also defined, such as the "z aVérage" and "z+l 

average" molecu1ar weights. These are very sensitive to'" the 

presence of small fractions of h~gh molec ula r ,w~ ig h t 

ma te r fal. The, ratiq Mw'Mn. is called the polydispersity 

index. The re~ationship MwlMn~l holds for aIl polymers, with 

the equali ty represen ting a "monodispersed" sample, in which 

aIl the chains havé the same molecula r w~ight: r The' 

polydispersity index is used as a measure ef the breadth of 

the molecular weight distr ibution. TwO l?olymer's havin.g ~ 

significantly different molecular weight distributions can, 

have similar average moleculqr w~ights. Therefore" it is' 

better to consider the entire molecu1ar distributiçm curve,. 

r~ ther than the averages. 

The molecular weight of polymers can be determined by 

chemical' or physical, methods • These' meth~:xfs are described 

. elsewhere (Billmeyer, 1971) •. 

Molecular weight determinat'ions of th,e resins used' in 

the present study were carr ied out by Dr. D. Axelson at the 

Kingston Research Center of DuPont Canada Inc. • A DuPont 

830 Liquid Choromatograph was employe'd togeth~r ~ith a Wilkes 

,Infrared Detecter. The reported values of molecular weight 

avèrages and thé polydispersity index are presen ted ,in Table 

2.1. The -, standard devia tions of number and weight -average 

.' 

, 
l, 

, 
, 1 

, L 
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,rnolecular weights are between'±50.o-l000 and that for the 
. 

'z-~verage 'moleculat wé;Ï:ght i,s, around ±10000. It is seen from 

Table 2.1' that .~~sins 27 and 2,9 have very', similar vqlues of 

'the 'polydi'spersity index, Mw and Mn. 

and polydispersity index than the 

Resin 22A has h.igher Mw 

other two resins. The .... 

"" moieèula·r weight distr iqution curves for the resins are g'iveri 
.... ' .' 

, J. n Append ix Al. 

, , 

2; 3 Viscometr ~c Fuœtion's. 

\ ' 

A viscometric'f~ow' is a f10w i~ which the deformation 
./0 , ,~, 

which translates and 
" 

as ~een, in a corotat'ing frame Ca frame 
, ... 

, rotates' .not deform 
1 

a fluid element) is 

indl~-tinguishable 'from sitnp'le shear. Sirnpie' shear is a 

unidiJ::ec tion~l ,~lQW wi.th 'a ,linear 'vèlocity gradi~n t., If th.e 
, . , 

velocJ.ty is c~nstan,t, with 'time, the motion is 'called steady 

simple shear. In a ,s teady simple', shear, the stress and the 

stra in are ,constant in spac~. 'l'he' three', physi~a11y 

, ,measu~'ab~e' quantit'ies of the 'flow. 
, . 

. a re shear, ,5 tress, T 12 ' and 
1 ~ ,~ • 

1 ·two,.no~ma1: str~ss differences, (Tll -T22~ and' <:r22-,T'3~). , lt is 
1 r - - \ # 

, 0 

of these ma terial functions conunon prac'tice to report values 
\, ' 

in terms of the 'follow'ing ra tio·k: 
, ' 

, " 

, Tl' ('y) =·T', ) y , 
, , ' 12 

'2.3.1 

. ' 

.... :, 

...... 

' .. , . 
" . .. . .- , . -/ 

" 

. . 

, 
.,' 

j , 
J 

, 

! 

',' 
1 , 

1 
, .1' 

j: 
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2.3.3 

These are called viscometr ie funetions and are 

functions of shear rate. Viscometric functions are usually 

measured by use of cone and plate flow and, capillary flow. 

Due t'o the neglect of inertia terms in the derivation of. the 

rh~ome tr ic equations for cone and pla te flow, the uSt;! of this i 

. flow i5 limi ted to rela tively low shear ra te s. 

shear rates, capillary flow is 'used, although only 'the' 1 
! 

V'iseosity" can be reliaoly determined in this case. 

f"lows 'will be' discussed below., 

2.3.1 Co ne' and l>late"'FIQw . , 

These 

Gone and' pl~ te flow is used to measu re 'the viséome tr ic 

and linear viscoe~astic ma~erial functions. ' ,In this type of 

.flow, ,th~ sample is sheared between a cone and a pla te, one of 

whlch' 1s rotating. The flow i9 actually , rather complex and , , , 

certain assumptions have to be made in' order to be able to 

use ' the cone-pla,te ' g.eometry ~or measuring " ,rheological 

properties_~ 'These assumptions 
r-

foflows: are as 

1. "Inertia" effeets are small, sa tha1t . the 

second-order terms 'in the equation of motion are neg\ligible. 

.!' 
i 

, 
1 

, 
i 
1 

1 
i " 

2. The cone angle i~ very small sI? that certain, ,l' 

1· 

~pproximate tr igonometr ic rela tionships, can be used to 

s impli,fy' eq~atiohs'. . [ 

.. " 
, , 
, --" .~'--

-:' ,.,. ·l'· .. 
.- -. ~ 

. 
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3-. Edge effècts are negligible, .i.e., t'he free' surface 

of the liquid, is spherical\ with a radius of curvaturé equal 

to the cone radius and ·the flow is uniform right up to this 

surface. 

4 • Surface' tension forces acting on free surface 
" 

are negligible. \ 

With these assumptions, the flow is approximately 

viscometric .. and the shear rate, and hence the shear stress, 

is uniform throughout the gap. The following equations are 
, 

thus obtained for the shear ra te, i, the viscosity, n and the 

first normal stress difference,. N1 : 

" 

--~--= 
2.3.4 

n,cr) .. 3 M/27rR
2 "f. -2.3.5 

= 2 FI 7rR
2 2.3 .. 6 

......... .., "~~---....... 
• 

where C2 is the rotational speed, eo' ois' the cone angle, R is 
..# 

the radius of the cone and the pla te, M is the torque 

required to rota te the çone and F is the total normal force 

on the pla te. Thus, the measuremen ts of the torque and the 

total normal force as functions of ro'tational speed oan be 

used to determine the viscosity and the first normal stress 

difference as functions of shear rate. The de tailed-

'. ' 

., 
1 , , 
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derivation of these -equations is given elsewhere (Walters, 

1975) ", 

An important considera tion in the application of this 

f low 9 ecmé try to ,measure the rheologieal properties is the 

(extent to which the above assumptions are valid in practical 

situations and the limita tions they impose on the opera ting 
, 

conditions. Viscous héatinjJ, seeondary flows, shear , rate 

nonuniformi ty and the deforma tion of the shape of the free 

surface can be minimized by the proper selection of eone 

ang le and radius and'" by opera ting a t low shèar ra te s. As 

CCi)ne angle decreases, the errors mentioned -above deerease but 

. ,the érrorffâu-e--~ometrical no~~idealities (auch as the .~ 

,deviations in the flow geomet~y from that of a
o 

perfeetly 
, .,. . ' 

sha"ped, . aligned and positioned cone and pla te) will ine rease. 

Extreme cau-tion shouId" be exereised at shear rates between 1 

and 1.Q s-l and especially at shear rates above 10 s-l {DealYt 

1982). The sources of error in cone and pla te geometty.'have 

been described in detail by Dealy (1982) and Walters (1975). 

2.3 .-2 Capillary 'Flow 

In the previous section we saw that cone and pla te flow 

can be conveniently used to measure 'viscometric functions 

provided the var ious poten tial sources of error are kept 

und~r control. Many of these error sources are related to 

the shear ra te and regardle ss of the pree au tions taken to 

1 

1 
i 

, , 

1 

1 

or 
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minimize these error s, there is, . for any given liquid, a 

maximum sh1ar ra te a t which reliable. results can be obtained. 
\ 

At the, pre\sen t tirne on1y ~api1lary and sli t rheometers are 

, suttable f~ measurement of viscosity at high shear 
1 

1 rates. 

Capillary flow' is a shear flow which can be ea8ily 

generated in a labor'atory. The sample ls forced from a 
'"" . 

cylindrical reservoir through the capil1ary by applying 

pressure above the reservoir fluide The steady shear flbw 

velocity profile develops over a certain entrance length. In . . 
the succeeding fully developed flow region, the streamlin'es' 

are a1ways parallel to t~e axis of the tube, but the velocity 
"

pro-file depends on the nature of the flu id. Unless a 

sp~ ifie cons~itutive equation is known to be valid for.., the 

fluid, as in the case of a Newtonian or a power law fluid, 
.... ft .". >1 

special computationai techniques are required; , It can be 

shawn tha t the sh ear s tre ss arid shear ,rate' at th, tube wall', 

. re~ective.:1-Yl are g!ven by the fol1owing 
~, 

expressions (Dea1y, ,1982)' : .. 

" 

"Cw=- tAPR) /2L 2.~.7 1 

,--
, , ' . " 

Yw= YA (3/4.f (1/4) {c;11n 'YA/dln'tw» 
~ , 

....,...--f} ___ " _4 _____ .. ~ i 

2.343 
, 
J 

, 1 
.: 

whe}:e. A P ïs the' ~xial. pressuJ:~ . 9radian~ i~ â -tube -of radius 

/ .1 
[, 
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" 

, .. 

, , 

, , 

j 

Rand length L; i'A=4Q/7rR~. 

is the volumetr ie flQw" ra te. 

16 

is the apparen t shear ra te, and Q 
:t-

In the derivation of the above 

equations the ,flow is assumed to be steàdy, isothermal, 

unidiree tional and synunetriea).., and end effects are 
<1.-

in brackets in equation 2.3.8 is known neglected. The term 
" 

as the Rabinowitseh êorr'ection' factor for the shear rate, and 

it represents 
fi! 

the dévia tion from Newtonian behavior. 

Measuring AP and Q in a ser~es of experiments will enable 

. the shear viscosity to be determined. In actual practice, , 
, 

the driving pressure in the barrel, Pd' is measure.d and the 

o piessure at the outlet is taken to be the ambi'ent pressure. 

Sinee ~ polym~,r'melts Pd is nearly always much larger than 

the ambient pressure, the 'pressure drop /:;p in equation 2.3.7 

\ _ ls ~ae.Plaqê~ by P~. However, this is clearly not th~ 'wall 

~ressure drop Ehat one would observe for fully develop~d 'flow 

\ in' a -' ca~llcrry of length L. In the entrance region of the 

capillary the fluid' undergoes a change in velocity 

d'istr ibution and the wall shear stress is la~ger than for the 

ça~e of fully de~oped flow, 
r ' 

causing a,larger wall pressure 

-gràdi~nt. ~e e~cess pressure drop thus caused is called the 

" entrance pWssure drop". A:t the exit of the capillary the 
, 

. velocity profile 'of the, (luid May change (in anticipation ~f 

the disappearence of the conf ining wall) leading to a larger 

pressure drop than that in a fully developed flow. The typer 

of ,pressure distribution observed' for :cap'illa~ flow of 



o 

patterns in the entrance and the exit regions are not known 

precise1y, seme emprica1 methods have been proposed to get 
J 

around 'this problem. Bagley (1957) proposed to use an end 

correction, e, defined by the following equation. 

The product of e':, and R ia the length of capillary for which 

the ~re ssure dr?p in "fu1ly developed flow is equal to the 

excess pressure drop resu1ting from end effects. 

Baqley (1957) c~,rried Ol).t a series of experiments with 

capillaries of different L/R. ratios and a straight line was 

obtained when /).P was platted versus L/R, apparen t shear rate 

being the parameter. This line' cuts the L/R axis at -e. 
\ 

- ,---- (Nete-that e is a function of -shear' rate).. The appearance of 

such a graph is sketched ,in Figure 2.2. Curvature of the 

lines on a '''Bagley p,lot", often obser~ed at large values of 

L/R, may be due'to viscous heating and pressu~e dependence of 

vi~cosity. - In such cases the value of e should be obtained 
. ~. 

by extrapola ting the stra ight portion of the curve. In arder 
-

to' obtain the true viscosity from capillary f10w the 
, ... 

fol~o~ing procedure sho~d be ·used. 

1. For capi1larl~s with different ,L/R ratios, llP and 'A" 
• . 

YA are mèasured. 

. '. 
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fully developed. 
flow region' 

entrance 
length 
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Figura 2.1 
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~vall Pressure Distribution 
for Capill~ry Flow 
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Fiqure'2.2 Baqley Plots for Differént . 
Sh~ar Rate~ , ~ 
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2. The end correction term~: is obta~for each shear 

ra te ~using Bagley plots. 

3. The true value 

o $'~ 
<ii;J 

of shear 
c{jJ 

calcula ted by use of equation 2.3.9. 

stress at the wal~ is 

4. The Rabinowitsch 'correc tion is used to obtain the 

true shear rate at the wall u~in\, equation 2.3.8. 

5. The viscosity is calcul"ated using the following 

rela tion: 

In capillary flow viscous 

can.he trouble sdme s ince these 

molten polymer. The â!haly"s is 

ra ther complex and no simple 

2.3 .10 ~ 

, 
~ea~ing and pressure effe~ts 

affect· the viscosity of ~hè 
of these two 

formulae are 

p~omena 

~vai1able 

is 

to 

estima ~them. To reduce such effects, it is bette r to use a 

capillary of smaller diameter and 
,. 

intermediate L/R ra tio~ . 

The sources of error in capilla ry flow are discussed in 

detail in the book' by Dealy (1982). 

2.3.3 Experimental Equiplllent 
- ---------- ,,----

Cone and plate flow was generated by use of. a 
0 

Rheome tr ic s Mechanical Spec trome te r (Model RMS-60 5) • The 

spec trome te r ls furnished with a- forced· ~r convection oven 

to heat the sample to the .desired temperature. '" A pla tinum 
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resis tance thermocouple located in the oven is used to , 

provide temperature stability to 0.5 0 C .. The torque and 
!:l 

, normal force were measured bl' a TC-2000 ttl'ansducer having a 

very low compliance. To reduce the baseline drif.t an oi1 

circulation system is used to thermostat the tra9sducer. The 

stra in, torque 'and normal force sig nals are fed to the 

cen tral processor where they are used together w ith sample 

geometry to compute the viscosity and flrst normal stress ~'-- .. 

diffe renc e. Further ,information on the Mechanica1 

Spec trome te r can be found e1sewhere (Rheometr ies' Manua1, 

1.980) • 
~ 

The cone and plate fixtures had the following 
, 

dimen sions: 

Radiu~ (R) =12.5 ImU. 

Cone angle =0.04 radian 

Gap =0.05 mm. 
. 

A sma11 portion of' .the apex '0 f the cone_ .has been , 

removed. The amobnt remo:ved is 0 .05 nun~ This necessita~'s 
.. 

__ the,. s~tting of tbi~ gap in the experimental procedure. 

For each 'speed two measu remen'ts of the force were 
\ 

·t~ken,: one ~hen "the cone was rota t ing in' the cl~wise 
-', 

f -
direc ?tion, the other in the counte rclockwise direction. The 1 

twC) 'values were' tnen averag~d. 
;, . ' 

The capilla~ flow ~e sts, were "per~ormed in a constant 
. ' 

flow rate capillary viscometer manufac,tured by. the Instron 
> ' - ,'~ 

Corporati?n. This sys~em consists of a hardened stain~ess 

\r 
" 
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steel barre.l with~"; -an acc'urately ground 9.525 nun inside , 

diame,ter, mounted on a special support assembly underneath 

the moving crosshead of the Instron te ster. A hardened 
~ ~ 

plunger, which is also accura tely ground to fit the inside of 

the barrel is driven by the moving crosshead of the machine. 

The crosshead can b e dr iv en a t speeds in the range of 0.5- 50 

cm/min. The force on the sample is de tec ted by a s tra in . 

gauge load .~ell (type CFM). The capillary i8 inserted in the 

bottom of' 

clarnping nut. 

the barrel 
.J 

Th-e~barrel and 

and is 'neld in place w ith a 

the. capilla ry are heated 'using 

a 3-zone hea ting system in the extrus ion barrel. Tempera tu re 

control is provided w ith a" Speedomax H " c,urren t adjusting 

" type controller, and the system i8 capable of maintaining the 

teinpera ture ~within tO .SoC of the set poin t. Further 
J • -

information cin Instron Capillary Rheometer is given elsewhere 

(Instron Manual, 

ra tios of 5, 10, 

1976) • 

20 and 

Fou r cap i lIa ry , 
40 were used. 

dies 

The 

having 

dies Had 

Llo 
1 

a 

diamete r of ]. .321 l1li11. Bagley p'lots were prepared by plotting 

the me·asured force value as a function of L/O for each shear 

ra te. OW! to the curvature of the Unes at Llo = ~O, the 

Bagley correction terrn was obtained by extrapolating the 

atraight portion of the curve, i. e., ,using values"-a·t-. LlO = 5, 

10 and 20. It was observed that Bagley's correction became 
" 

significant for values of apparent shear rate equ~l to ~OO 

8-
1 _ and above. Therefore, Bagley's correction was not use4 

- , 

___ ~t ___ ~ _ 

!. 

l 
-1 
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for apparent- shear rates below 100 -1 
S • The 'viscoéity values 

. 
we re calcula ted following the procedure desèribed in section 

" 

2.3.2. Measurements were carried out at 1700C for aIl the, 

resins and the range of shear rate used was approximately 

2-2000 s-l. However at high shear ra tes (exact value of which 

depends on the resin) n0 . reliable vi~cosity da ta could be' t,.' 

obtained dué to the onset of melt instabilities such as melt 

fracture. 

2.3.4 Results 

The viscosity shear rate curves for the three resins"' 

are shawn in Figure 2.3. Da ta in the shear ra te range of 

0.06-1. 6 s-l are obtaine~om the Mechanical Spectrometer , ----...,..,... 

whereas the rest of the data ,are obtained from the capillary 
Q 

rheomete r. At low shear' rate values the viscosity function 

did not show a Newtonian reg ion, so tha t the zer:o shear 

viscosity could not be determined. Figure' 2.3 shows that all-

the resins have similar viscosity curves. Resin 29 has the 

bighese--viscosity values at lower shear rate,s. At higher 

shear ra te s, Resin 22A has the lowest viscosity values and 
r 

Resins 27 and 29 have .nearly the Same ,values., : Melt fracture 

ICharacteristics of the resins were also similar:-' Melt 

fracture was observed at approximately 1000 s-l. 

First normal stress difference resuits are presen'ted in 

Figure 2.4. Data were obtained for shear' &tes between 
...- _:...--- - --_... . 

,1 ,.' 
, ,t' .. 

~ - , / 

,. "" -' - . - '';; ~. . . ., 
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li..- 0.06-1.6 S-l. At the Iower shear rat~s· studied Resin 29 has 

the highest; .. N1 v-.alues and Resin 22A the lowest. At higheÏ: 

Shear' rates the resins seem to have s imi lar values. It is 

widely accepted that first normal stress difference is a 

measure of elàsticity and t,hat the higher the value ~f N
1 

the 

more elas,tic the material. However ·at higp shear rates that 
. , 

are of rélevance in the actual blow molding process, , 

/ 

da-ta can be ob ta ined, , and the rela tionship between N1 and 

swell could not be studied. 

The values of viscosi~y and f ir,st normal s,tre,ss,:· 

difference are tabula ted in Appendix' A2 • 

• 

2.4 Linear Viscoelastic prOrf~es 
1 
1 

( -

Linear vis~oelasticity refers to'the behavior exhibited 

when a material i5 deformed in ' such â way tha't its structure 
, ... 

and the configuration of its molecules are""'RQ.t significantly -.... 

different from those çharacteristic of its eQ4libriUm frest 
~-~ 

state. Linear viscoelastic properties /are used as 
" ·fuooamental- physical measures of the nature of- the material. 

There ·are many types of experiments' one can 
" 

perform to 

determine the linear viscoelastic , , properties of, pôlymer ic , 

materials. Examples are stress growth, stress relaxation 

after cessation of steady shear, creep and" small amplitude 

oscilla tory shear. The material -functions obtained from 

these experiments are in'terrelated by weIl established 

• rI 
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ma themà t~oal , f~rmUlas. It 15 therefore necessary to , 

de·te~mine. only one. - materi~l function and the ot;:hers can" il) 

theory, be oaloulat~d. 

book by ~erry \l9lrO)". 

These methods a.re sununarized in the 

In the , * pre'sen t stu,dY, the 'comp1ex'v iscosity, n- , and 

storage modulus, G', -Weré determinèd:. 

" '2.4.1 Small Amplitude Osci1latory.Flow 

\ 
A sma11 amplitude osc'illatory shear flow can be 

achièved in a number ·of geometr ies. .One of these is the cone 

and pla te geometry. The -cané is alJ.owed to undergo 

sinuSoidalosci1lation, and the lower plate is kept fixed. 

The angular position of the cone, ~ , is 9 iven by: 

.'- ,-
4> = wt 2.4.1 

where e ampli tude ànd ~ the frequenoy of oscilla tion. 

If the amplitude of osci'llation i-s sufficiently small to 
. 

satisfy the linearity approximation, the, resulting torq~e on. 

the pla te, M, is 9 iven by: 

M :a Mas in( wt+ô) 2.4.2 
, 1 

where Mo is the' amplitude of the torque and ô is the phase . ~. ...". 

1a9 of the torque behind the position. Equation 2.4.2oan 
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a.lso be W'ritten in the 'fol1owing way: 

". 

2.4.3 

where the first term on the r igpt hand s·ide of the equation 
~ 

lS the in-phase (e1astic) component of the torque t~ the 

strain and the second term is the out-of-phase (vi~cous) 

component. 1 If the same assumptions described in section 

2.3.1 are applied, the dynamic viscosity and the dynamic 
, 

mooulus can be calcu1a ted by, the following equations: 
~ 1 

2.4.4' 

2.4 "~ 
" 

t'A. 

The dynamic viscosity, n' ,is an indication of the viscous 

aspects of the viscoelastic material and the storage modulus, 

,,<' G1
, is an indication of the elastic aspects. The "absolute 

* magnitudè O,f complex viscosity " , 11 , lS defined as fo11ows: 

w~ere nU=: G1jw. 

,f, ' 

, ' , , 
" 

-2.4.6 

'P , . 

i -t 
; ... 

'. 
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2.4.2 Experimental Eql:fip~ent and Re'sults 

IIi the present study, ,dynamtc ,data wère obtained by the 

use of cane and plate 'fixtures in the Rhepmetrics Mechanical 

S~trometer (see section 2.3.3). The dimensions of the cone 

and pla te· we re : 

Radius (R)-.- =12.5 J1Un. 

Cone angle =0.04' radian 

Gap=0.05 IlUD. 

Dynamic mechanical testing is accompli shed by 

controlling the amplitude and frequency of the sinusoidal 

deformation applied to the test sample and measuring the 

resulting torque. The strain and the torque are amplified 
. 

; and fed to the computer where they are used, together with 

sample geometry, to compute the dynamic viscosity and shear 

modulus. The computer cont,~ins a sampling sine wave 

correla tor which is used in dynamic mode to reject both 

harmonies and noise and to separate the viscous and elastie 

~omponen ts of the deforma tion force. 

Strain sweep experiments were carr ied out at several 

fre9ueneies to determine the linear viscoela,stic range of the 

mate rials used. The measurements of dynamic visq~,sity and 
'€J,\ 

storage modulus as functions of frequency were earr ied out at 

a value of strain which was found to give linear viscoelastie 

* behavior. The values of G' (w) and Tl (w) are shown in Figures 

2.5 and 2.6 and are tabulated in Appendix A2. The results 

, 
.\ 

'. 
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for aIl the resirts are similar. ThéSé data are usefuÎ' fD' 

determining the linear relaxation l:;ipectrum • . ' 

2 .. 4.3 Determination of. the Linear Relaxation Spectrum 

.. 
In the present study, . the linear relaxa tipn spectrum 

was obtained from the exper imen tally Ç{etermined storage 

modulus data. 
~ 

.~ 

The approximation procedures used to obtain spectra 

from exper imen tal function~ _ usua1ly , involve taking 

derivatives of the function eith,.e.J! graphically or by a 
. 

numerical differencing procedure. ~These methods are reviewed 

\ by Ferry (1980). In the present work, Tschoègl's second 

approximation formula was used. In log-log form this formula 

i5 (Tschoegl, 1971; Tschoegl, 1973) : r 
i 2 

Ho ( ~) =G' [ (d1ogG' /d10gw) -0 .. 5 (dlogG 1 /dlog w) 

,.- + (1/4.606) (d 2logG ' /d(logw)2)] 2.4.7 
, l À-

-w=if ~ 

The G1 
( w) data were first converted to a logarithmic 

form and then f itted by a fourth ordér polynomial.. The 

derivatives were then calcula ted analytically. and the 

spec~rum was obtained using equation 2.4.7. 

obtained ~re shawn inlJ. Table 2.2. 

The values 

In actual calculations a discrete 
cl 

,v' -t'a used . Jin p~ace of a continuous one. 

relaxa tion spectrum 

For example one can 
/ . 
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TABLE _ 2.~ L·ineàr Relaxa tian Spec trum 

1 
)f' 

"'. ; , , 

\ 

!,J' r 

Ào ( s) 

• 
0.100 

0.178 

0.316 

(f.562 

1.000 

1.780 

3.160 

5.621 

10'.000 

17.800 

'31.600 

56.210 

100.000 

ÀOk (s) 

0.31.6 

3.160 

31,!600-

" 

., 

, " 

... " _R' , 

" 

'. 

Hq (Pa) 

9403 

8666 

7364 

5962 

4692 

3626 

2761' 

2055 

1474 

997 

6iT 

334 

<, 
148 

: Gok (Pa) 

16956 

6357 

1420 

: j 

~ , 
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subdivide the 1nÀo axis into equal intervals, ~lnÀo' and take 

a discrete set of relaxation times ÀOk and corresponding 

values of Hoko Then: 

"2.4.8 

In order to check the procedure used, the storage 

modulus G' ( w) was bac k'calc ula ted using the discrete 
, 

relaxation spec trum obtained. For this purpose the fOllowing 

expr~ssion was used. 

2.4.9 

.. ' 

agreement between, the e;,çper imen taJ. data and. ,t' -
backcalcula ted values is' found to be gc::x::>d. 

In summary, a11 the resins had very simi lar behavior in 

térms of 'their viscometric and lineai viscoe1astic ,fu,nctionso ~ 

Resins 27 and 29 had very similar mo1ecul~r weight 

distr ibution . curve's whereas Resin 22A had a high~r 

weight-average molecular we.ight and polydispersity index than 

t:he ~ther two. Since the actual blow rcol.ding process i~volv~s 
.c) 

high shear rat~s, if the rheological.characterization of the 

resins cou1d be carr ied out at these shear. r~ tes, J:he 

";. 1 ' 



0, 

.. 1 ~ _ .. ~ 

~_.~ :::-. --,--:.: 

, .... ~ .1<- t 1 

-. 'J ~_" 
, , ~ ~ 
~' t, 

,,' 

;, 

• 

eV,aluation ~ of uthe 

4' -_~2--,--~_~~~ -__ . ___ ~ ~~":r---' ___ , ~~~ __ ~ __ ---tt_-." ... ., _____ .. ~ 
" , 

34, 

'-

. .... 
resins would be impr'oved. !'lso, 

elongational properties ,of the res;ns p1ay an ,:impor tan t ,r ol.e 
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CHAPTER 3 

PREVIOU S EXPERIMENTAL WORK ON SAG AND SWELL 

/' 

At the exit of a capillary, sli t or' die 

, ' 

1 

of any Shape, 

an emerging stream of polymerie liquid ufidergoes a 

Substantial change in cross-sec tional area from that of the 
1 

called n die swell ,n. If the 

flowing. This phenomen~n i8 

cl:}annel is noncircula/, then 

channel in which it has been 

~ + 

the extruda te w iU also undergo 
iJ J 

a change of shape. Die swell 

can occur even in the case of Newtonian liquids at low 

, Reynolds number s (M!ddleman, 1917), 'put the effec ts are much 
/' 

more pronounced in the case of visco~lastic liquids. From 
v 

the structu'ral point of view, it i8 'believed that die swell 

occurs as a result of a disor ien tation of the molecules that 
\ 

, have been or ien ted w ithin the. capillary b7i. the shear and/or 

elongational flow fields. From the". -rheological point of' 

~view, on the other ,hand, it is believed that die swell oceurs . , ' 

as a result of the recovery of the elastic deforma tion . 

impQsed in the ,die. The Jwelling of viscoelastic fluids ia 

connected with a sudden recovery of stored elastic energy and 

a sltbseq'li~t slow relaxation. 

Die swell i8 a ve'ty complex phenomenon which depends on 
é . , 

die des ig n (the geome try. ,and dimens:Lol18 of the die, the 

design of the die en tranc e)' , telllperatur~, extrusio~ vé16ci.ty~ 

l, 
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and the rneological characteristics of the polymère 

( 

Understanding swell ls imPortant sin(i!e it is one of' the 

key phenomena which -govern parison behavior in extrusion blow 

molding process. Due to the eomplexity of the problem, Most 
,-

of the work done on swell is experimental. A limited number 

of theoretieal results have been reported. These include 

calculations based von the theory of rubber elastici,ty and, 

more --r.ecently, finite 'element methods. In this ehapter, 

experimental contributions will be reviewed, and their 

contr ibutions and 1imi ta tions will be highlighted. 

3.1 Methôds o'f Measuring Swell 
J 

.c 

It s~~ld be emphasized that the results obtained by . 

different workers should be analyzed,carefully due to the 

different experimental techniques employed. When the melt 

emerges from the die, there is a.rapid swelling which oceurs 

almost immediatelYi then the mater}al continues to swell at a 

lo'wer .rate for sorne period of time. For this reason the 

results are depandent on the method of measurement. 

White and Roman (1976) compared C?apillary swel1 values

of HOPE obtained using four different techniq~es. These were 
, G 

the follow ing: . , 
• J 

~-

1. The frozen ext.rudate diameter was measured using a 
• 0 

m~c rome te r • 

2~ Direct photographs ,of the ext,rudate we~e take~ ,as it 
~. f 
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/ 

a.me:cged from the capillary. 

3. The S7lidified ex~rudates were annealed 

a t tempe:ca tures above the melting or glass 

in hot 

silicone oil 

transition temperature until they reached constant diameter. 

The extruda tes were ,then removed and measured with' a 

mic rome te r. 

4. The melt was extruded in to a ba th °of . .' s lllcon dil 

which was a t the sarne tempera'l'ture as 
,; , 

the extrusion 
, , 

tempera ture. Photographs of ehe extruda tes in the bath were 

taken between 5-10 minutes after the extrudate emersed from 

the capillary. 

AlI these methods gave substantially different results. 

The first two methods represent extrudates with frozen-in 

residual stresses, while the last two represent completely 

recovered samples. Also, unless the melt is extruded into 'a 

medium which has ,nearly the\same density as the meltt 'it is 

subj~cted to sagging which càuses a decrease in the cross 
J 

sectional area (actually, the density of the medium should be 

sliqhtly less than the melt 50 that th~ parison flows 

smoothly (Garcia-Rejon, 1979))., The third method has another 

problem associated with it; it tends to flatten the extrudate 
" 

on one side due to the procedure used in annealing. Swel~_ 

to increase' in the order of listing, -i.e., the 

lowest swell value was obtained with the J;rozen extrudate and 

highest value was obtained with the fourth method. A 

S 
1 
l 
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correction factor for density variation with temperature is 

necessary when mea~uring the diarneter of frozen extruda tes. 
1 .,. 

/ - -.( ~ \ 

Utracki et &1.. (1~75) designed a thermosta ting chaJnb.er 
" 

to' measure capillary die swell. The extruda téS were ~truded 

direct1y into silicone' mixture having the same density as 
. 

the melt -and the sarne temperature a,s the extrusion 

tempera tu re. Thus the gravitational effects were eliminated. , 
The sample s we re' allowed to relax comple te ly and then their 

photographs were t'aken through a side window on the chamber. 

, 

Dealy and Garcia-Rejon (1980) used the same technique 

ta study the t ime dependency of swe1l. Capilla~y and annular', 

dies were used. In the case of annular dies, the 

transparency of the parison in the oil enabled them to' 

measure directly both the thickness and the diameter of the ~ 

par ison. _--------------

.-----------------------In the expèrime!).ta-l-----studies that have been done on 
~-----

,commercial b10w molding machines, the most commonly ernployed 

techn,iq1.le for the characterization of polymer swell behavior 

is the parison pinch':off technique, which was developed by 

Sheptak and Beyer (1965). They designed a special multiple 

pinch-off device, consisting of a ser ies of thirteen blades, 

whic~ pinched a parison into twelve 2.54 cm segments and held 
" 

tnem until the parison solidified. Cu tt ing and we ig hing the 

segments gave the weight distribution of the material in the 

pa~ison. Parison weight swell was defined 1:0 be : 

" 

j 
--------------~'"~.~"--~--.................. ~~, •.. ~:2~j .............. ------.·~-~~.~~J 
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wnere Wi is th~ weight of a parison segment with length' L ànd 

Do and Di are the outside and inside- diameters of the di~, 

respectively. The width of the pinch-ed-off parison segment, 

W, was assumed to represent one-half of the circumference of 

the parison before pinch-off, and the diameter swell was 
, 1 

obtained to be: 

1 

B l = 2W/ trDo 3.1.2 
'. 

Sheptak and Beyer employed 
'. 

a photog raphie technique in 

conjunc tion with, the pinch-off mold for p~rposes of 

calibra tion. Theré are certain disadv an tages associa ted with 

the' parison pinch-off technique: the data obtained are 
,1 

. not conti)llr'0us in time, the measuremen ts involve error s due 

to sui?sequent shrinkage or dis'tortion of specimens, anct...there -1 

is an uncertain ty in ,estimation of the exact time of 

pinch-off • .. 
, 

Kalyon (1980) used cinema tography togethèr with a , 

pinch-off mold to eliminate~\ th1e above difficulties. The 

diameter swell values obtained from the two techniques were 

found to 9 ive differen t results. The thickness distr ibution 

was calcula t'ed using the weight distr ibution obtained from 

th'e pinch-off technique and the diameter swe11 obtained from . 
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, '. 

-cinema tog raphy .~. This was compared wi·th . the thickness 
, ~~~ 

~. ~ 

distribution calculated on the, basis of pinch-off experiments 
1 

, alQne, ,and a 
/ 

sub.stan tial d isc repancy was noted. It was 

concluded that the 'Use of cinematography along""wi'th pinch-off 

me~surements is essential to obtain reliable results. 

There i6 also a commercial instrument designed to 
," 

measure die swell (Dealy, 1982). It is called the Monsanto 

Au toma tic Die Swe-ll De.tector and is based on the use of a 
1 

sweeping laser beam to measure the extruda te profile. 

3.2 Results of Previous Studies on Swell and Sag 

Due to its relative simplicity, capillary die swell has 

received the Most attention from t-he melt rheologists. In 

the case of . capillary extruda te there is no change of shape 

sa that the swell can be described in, terms of the extrudate 

diameter alone. The n die swell ratio ", B i9 defined as the 

ratio of the diameter of the extrudate, Op' divided by that 

of the die or capillary, D. 

3.2.1 

For a given die entry shape, this ratio is a function of, wall 

shear rate Yw' the L/D ra tio, L being the length of the die, 
. 

and the time elapsed after exiting the die. There is a 

general agreemen t in the li tara ture as to the effects of 
! . 

• • 
"-' ,,~ ... " ~ 1 -
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- " 
, . 

these parameters on die swe11. Die swell dec reases with 

decreasing wall shear ra te and with increasing L/D ratio,_ 

approach ing a constant value' a t valu es of L/O often' around 

30. The resu1ts for capillary die swell have been reviewed 
. 

elsewhere (Han, 1976; Leblanc, 1981; Vlach'opoulos, 1981a). 

Relatively few studies related to the ,die swell 'of 

viscoelastic liquids flowing betweeri infinitely wide parallel 

rectangular' plates (s'lit) are reported in literature. 

Theore tic ally, swell ~s expected to be in one direc tion only,. 
~ ts .... 

since the pla tes are assumed to be infinitely wide, and the. 

swell is defined- as the ratio of the thickness of _ the 

extruda te to the thickness of the die (h/H) . However, this 

is not üsually the case, and the extruda te swells in two, 

_ d..irec tions. 

A comparative study of die 'swell and 

slit dies has been cafried out by Huang and White (1979, 

1980). HDPE and pp resins were used. The extrudate swe11 

ratio (h/H) of the polyme r eme rg ing fr om the 5 li t die was . 

measured at the center of the cross sectiotl, where the swel1 1 

was greatest. The ratio was found to be an increasing 

function of shear rate for both geometries. Swell froItl the 

slit die (h/H) was observed to be higher than capillary swel1 

and was found to increase more rapidly with extrusion rate. 

Values of 7-8 were obtained for the slit die and 3-4 for the 

capillary die. The influence Ç?~ die entry geometry on swell 

,. 

-- -------- -~------------------
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was studied by changing the entrance angle at a constant L/D 

or LIH ratio. Swe11 wa s found to dec rease with dec reasing 

entrance angle. Although the cross section of the extrudate 

obtained from the ~li t die shows swell in both direc tions, 

on1y thickness swell was considered. 

In a subsequent pa,per, .White and Huang (1981) studied 

swe1l from a rectangular and a trapezoida1- 'die. In both 

cases swell was measured at the centerline 'of the eJf'trudate. 

In the case of the rec tangular die both the thickness and the 

width swell were rneasured. The swell values thus obtained 

were found to be very close to the values obtained from the 

slit die in the previo,us ,'study (Huang and White, 1979). 

Huang et al. (19'82) compared die swell from a conical 

capillary and a convergineg slit die using LDPÈ. Both the . 
thickness and width swell values were obtained for the slit 

die, and measurernents were taken at the centerline of the 

extruda te. The thickness swell was found to be much greater 

than the width swell, a"nd the ca'pillary swell va~ues fell 

between these two. They als0 observed that for the capil1ary 

and slit dies used, the same area swell was obtained . 

Chee and Rudin (1990) studied the flow behavior of a 

polystyrene and a polyethy lene melt during extrus ion through 
D 

successive capillaries arranged to produce converging and 

diverging flow patterns. For the polyethylene melt, with a 

given orifice pair, the diverging flow arrangement produced a 

-- - ---- -~-- - - ~ - ~ 
... #~ ~ _ t_ .. _'1-"" 

, ... -~ 
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sma11er swe1l value than the converging flow ,sequence when 

both values we re measu red a t a fixed shear ra te in the .. second 

die of the sequenc e. This wa s a ttr ibuted to the effec t of 

the contrac tion ra tic, def ined as the ra tio of the diarne te r 

of the reservoir to . that of the die. Especially at lower 

shear ra,tes an inc rease in contraction ratio inc reased die 

swe11. 

Suto and Fujimura (1980) also studied the effect 

converging slit channels formed by arrang ing in ser ies 

several slit dies with different gaps. HDPE resin was used.-, 

The swe1l ratio was found to depend on1y on the final die . 

However Chee and Rudin (1980) observed a higher swel1 for the 

converging die havinga lower L/D ratio in the first die, the 

second die ·being the sarne. 

3.2.1 Extrudate Swell From Annular Dies 

Most of the work done on annula r dies ha s been carr ied 

out' by industrial research tearns using conunercial blow 

rnolding machines (Sheptak and Beyer, 1965; Terenzi et al., 

1968; Clifford, 1969; Wilson et al., 1970; Cancio et al., 

1970; Chao and Wu, 1971; Henze and Wu, 1973; B10wer and=-

Standish, 1973; Worth and Parnaby, 1974). The parison 

behavior in these tests are described in terms of swe11 and 

sage 

Sheptak and Beyer (1965) obtained pure swe1l data from 

.... t'T2 fY 
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. 
1;he bottom of the par ison, assuming the f irst extruded 

segment to be free of drawdown effects since no 'weight is 

acting below it. The drawdown contt ibution was then obtained 

by ~ubtracting the pure swell contr ibution to the inc remen tal 

weight from the experimental incremental weight. 

Chao and Wu (1971) also assumed that the bottom portion 

of the parison is free from drawdown effects and that it 
r 

represents the contribution of pure swell. The top segment 

was considered foincorporate the combined effects 'of sag and 

swell. The net effect of drawdown was obtained by 

subtracting the weight of the bottom element from that of the 
<Ob 

top elemen t. 

Wilson et al. (1970) were the first researchers to 

study" the effect of die design variables on parison swe1l 

characteristics. A commercial blow mOlding machine was used 

in conjunc tion with a pinch-off mold to obtain da ta for 

several. HDPE resins. The diameter swell and weight swell 

values were obtained using thé following equations: 

B 1 = (Dp/Do-l) 100 3.2.2 

,o. ~B2 .. = (WAIWT-l) 10 0 3.2.3 

where Op and Do are the diameter of the parison and the outer 

diameter of the die 'respectively, WA i5 the actua1 parison 

1 
1 
i 

lJ 
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weight per unit 1-ength \'nd WT is the theoretica1 weight per 

unit length. Three differen t die geome tr ies were used. 

These were ~ straight die, a 30 0 diverging die and a 30° 

converging die. The diameter swe11 and weight swell ratios 

were found to increase in going from the diverging die ta the 

straight .die to the converging die. The increase in swe11 in' 

changing from the diverging die to the straight die or 

converging die was,. found to be 6% and '30% respectively. 

Henze and Wu (1973) pfesented the first attempt to 

relate diameter swe1l ratio, 'B1 . and weight- swell ratio, Bw. 

The experimental set-up consisted of a cOJ1ltlercial blow 

molding machine and a 30° diverging die. 

pinch-off' technique was used to obtain diameter 

swell da ta. The following rela tion was proposed: 
1 

() 

The parison 
(-, 
and weïght 

.3.2.4 

Using the experimental data they obtained, the value of "a" 

was found to be 0.25. The exponent a, i5 an indication of 

the anisotropy of the deformation in the circwdferential and 

radiil directions. A value of a = 0.5 corresponds to the 

isotropie case. 

Ga rcia-Re jon (1979 ) also a ttempted to find 

correla tion between the diame ter swell ra tio and area swell 

ra tio using ~modified version of the equation proposed by 

.. JI 
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Henze and Wu (1973). 

3.2.5 

A. straight annular die was used and the diameter swell ratio, -

B}, and thickness swel1 ratio, B2' were obtained· from 

complete1y relaxed samples extruded into an isotherma1 oi1 

.bath. Using the e_xperiméntal,. .... data, values of a = 0.38 and a 

= 0.52 were • found for the HDPE resins and for the 

po1ypropylene resin respectively. \The su-aight die seems to 

give resu1ts which are e10ser to the isotropie case than the 
,~ 

diverging die used by Henze and Wu (1973) • It was concluded 

that the ,rela tionship bet'W'een diameter swel1 and thickness 

swe1l at a given shear rate Çlepends on the die geometry. 

Miller (1975) tried to deve10p a correla tion between the 

rheologica1 propertie,s of the resin and its ~we11 behavior. ' 

HDPE resins were used. Rheo1ogica1 characterization was 

obtained by measur ing the shear viscosity~ dynamic fune tions 

like dynamic viscosity, storage modulus and comp1ex 

viscosity, and mo1ecu1ar weight distr ibution. 
\ 

The diameter 

and weight swell values were obtained from b10w mo1ded 

bottles obtained at pr~set operating conditions. 

conditions were determin~d by use of a particular 

These 
'l, 

b10w , 

mo1din.g resin. Large differences in swe11ing behavior were 

found but these differences could not be exp1ained in the 

---~--- ---~-~-_. __ .... - . l 
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light of the di~ferences in the rheolog ical properti~s. 

Garcia-Rejon (1979) also characterized the HDPE and the 

pp resin used in his study. 'Both shear {viscosity, first 

normal stress difference, dynamic da ta) and elongation~l 

(elongational viscosity, stress growth 1 ln uniaxial 

elongation) properties were meas4i'ed, but no qualitative 

correlation could be found between the swell and the above 

men tioned rheolbgical properties. 

Garcia-Rejon (1979) used a 'long 
\ . 

annular die of 

cylindric al geome,try to analyze the effect of sag and swell 
'J 

on par~son behavior. Three HOPE and one pp resin were, used .• 

Pure swell and the combined effect of sa~ 
o 

and swell were 

studied separa tely. To obtain the pure swell values the 
'l: 

parisons were extruded into an isothermal oil bath having 

n~flrly the sarne density as the melt. Thickness and diameter 

swe Il valu es were rneasured siIlUll~aneousl? (the .-parlson was 

transparen t inside the oil) as functions of tirne. 
CL 

Both swell 

ra'tio~ we re found to be~ composed of 'a quick recovery period 

accounting nearly 80% of the total swell 
... 

poten tl.al and' a 

delayed recovery period at the end of which the' ultimate 

swell value was obtai'hed. For the HOPE 'resins the diameter 
'/ 

swell was found to be greater than the thickness swell. The 
'1:\ 
opposite result was obtained with the polypropylene. The 

combined effect of sag and swell was studied by extruding the 

parison' directly into an isothermal air aven. It was found 

'. 
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" that the sag contr ibution could be corre1ated with the stress 

'growth fune tion in uni~xial elongation. 
_ v 

This ·f indi,ng apPrears 

'to be the first quantitative indication of the role played by 
.' , 

the extensional .fl.ow proper~ tes in parison behavior. 

3.3 Effect of Molecula r Weight on Swell 

o 1;, 

Several researcherso have studied the relation between 

capillaryJdie swell and molecular parameters. 

Graessley etaI. (1970) used r: polystyrenes with' 

(~ different mOlecular'weights. Swell da ta were obtained by , 
~ 

measutfing th,~ diameter: of the hardened extruda tes with ~ 
o 

micrometer. Polydisper!:5ity was found to be the primary 

molecula'r variable 'affecting die swelC Samples with higher 

weights and broadar molecular Weigh~ distr ibutions"; 
"-

higher swell value-s. MOreover, the narrow dlstribution 

es displayed a~~_constant swelling ov~r·.a widr:-;ange ot: 

stresses than samples w~th 'broader . dis~ions. 
~ ~ 

A rela tion between die swell and mole'cular parame te rs was 

developed asl;uming swell to be due to the release of elastic 
, 

energy stored in the fluid inside the ,c-apillary. The 

-following equ'ation was obtained: , 

" 

1 
f 

= (J'" ,'t_2/2G >[0 o W' s 1 
- "'. J 

, , .0 

, " .... 
,0. 

, \ 

3.3.1 ' 
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• 
- ~, ~ 
whe~ ~ is' ,the dimensionless radial. position, Jo is the shear 

compliance, ~s is the modulus~ of elasticity and :rw is -the 

shear stress at the wall. The term in the parentheses 

accounts .for the ve10city and stress distribution across the 

capi).lary~ Measurements on concentrated solutions and mél.ts 

of- PS .showed that J,o cÇ>uld be obtained from the follwing 

expre ss ion: 

Q, 

3.3.2 

where Mw is the we ight average molecular weight and J R i$ the 

steady state shear compliance given b~ the fOllowing equation 

,,~o 

o 
.3.3.,3, 

and RZ+l are the average molecular weights defined as 

the ra tios of the moments of the molec ula r weight 

distr ibution. The experimental data and predictions of 

equation 3.3 .1 were fourid to be in good agreemen t. 

It ls apparen t from equations 3.3.2 and 3.3.3 thë\t an 

increase mo1ecul.ar weight distr ibution 

increase o the shear 'compliance Jo. For 

molecular we ights exceeding several. hundred thousand (as in 

the case of polymer melts) the additive factor of 1 in the 

, , 
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denominator of ,equation 3.3.2 may be neglected and Jo beocomes 

independent of Mw and depends only on the distr ibution of 
. 

molecul.ar we ight. Since swell ls direc,tly proportional to Jo 

through equation 3.3.1, an increase in molecular weight 
. 

distribution will also increase swell values. The results of 

Graessley etaI. (1970) ar~ . in a9 reemen t w i th 
,0 • 

the above .. 
argumen·t. However, sine e the theor ies on die 'swell based on 

, ' 

el.ast,ic solid analyeis are successful ~nly in certain cases, 
. ' 

one must be cautious in making' a generalization • 
• 

The work done by Vlachopoulos and Alam (1972a) with PS 

melts confirms the results obtained by Graessley et al. 

(1970). They also observed that the broad~r the mo'lecular 

we ight d:j.str ibution, the larger the extruda te swell. 

'Mendelson and Finger '(1975)" atternpted to determine the 

die swel.l behavior . of HOPE, comparing sarnples with <\ifferent 
.. 

mole~ular 'l'hese samples were either ( 

prepared by frac tiona tion,. removing or addoing c.onq;;onen t 

molecular species', or by small scal~ batch polyrnerization 

wherein one or another molecular pararneter was held constant 

while other parameters' were modified. Contrary to the 
~ 

results previously ~obtainea, swell was seen ta deciease ,with 

.i nc re as ing A~ and with broa'den ing molecular weight 

distribution over the entire rqnge of shear rates uSed. 

, Mendelson and "Finger (1975) pointed out the impa.rtanc,e of 
," 

consider ing overall molecular distr ibution curves ratner than 

• .J 

'., 
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.' 

specifie; mpments or combinations of moments. 

Shroff and Shida (1977) studied the swe11 of HOPE, pp 

and PS samp1es. FQr aIl the samples, swell was found to 

decrease with increasing molecu1ar weight. Contradictoty 
" 

results weFe obtained regarding the effect of molecular 

we ight· distr ibution: for sorne HOPE resins swell inc ièased 

.. with MWO whereas fo~ some others the value decreased. This 

was explained by the effect of vi.scosity of the polymer. 

They claimed~ that swe11 increased with broadening MWD when 

such br~dening also caused a. reduçtion in. viscosity. 

Racin and Bogue (1979) studied several PS samples with 

different molecular structures. As in the previous s,tudies 

carr ied out with PS, ~well was found to increase markedly 

with broadening MWD and increasing ~. Alsd, the low shear , 

'asymptote for the die swell was fo~nd· to depend significantly 
, 

on MWD. 

We can conclude that the relation between die swe1l and 

;nolecular parame'ters fs not very weIl understood. This is 

partly due 
" " to the difflGulty 

:, 
in ob.taining mola.cular Weight 

da'ta. The pr.ecislon with which the MWD can he measured is 

limited. ln particular, the.higher moments, Mz and Mz+
1

can 
< J 

nôt be accurately determined since these are very sensitive 

ta the presence of small fractions of higher molecular weight 

material. Also two polymers having significantly different 

molecular distr ibutions can have similar average 

l , 
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() 
molecular weights. Therefore, it is better te consider the 

entire molecular distribution curve rather than the averages. 

AlI the work discussed in this chapter contr ibuted in 

\ one way or another to our understanding of parison behayior. 

Ho~ever, experimental data for dies similar to those used in 

industry seem to be missing and the relation between die 

Î geome try and swell is net clearly understood. AIso, 

noniso thermal effects and effects of sag on swell have not 
~. 

been s tudied in detai!. Future work should be focused on 

these points to develop a better understanding of the parison 

forma tion stage in blow mold ing process • 

. . 
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CHAPTER 4 

• 

.• METHODS FOR PREDtCTING SWELL 

4.1 Modela Based on the Theory of Rubber E1asticity 
; 

, " 

'l'here seems to be a genera~ agreement that pie swel,l is 

àn e1astic recoi1. phenomenon. Several theor ies based' on 

e1ast;ic salid ana1.ysis have been proposed in the .1iterature 

to predict die swell. These theor les have in comnory the fact 

that die swell is rela ted to the recoverable shear strain, 

SRI define~ as: 

4.1.1 

where "30 is the steady state shear compliance. Since this 

equation is based' on linear viscoelasticity it éannot be 

reli,ed upon except a t low shear ra te s, but i t i s often 

observed tha t i t continues to fit da ta even a t higher shear 

r a te s ( De al y, 198 2) • It has been shown (Stra tton and 

Butcher, 1971) that SR can be ca1culated from normal stress 

measurements in the limiting l.ow shear rate region where the 

viscosity is Newtonian and the first normal stress difference, 

. .2. . 
NI var l.es as y. For thl.s particular case we have: 

4.1" 2 
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:In deriving die swell relations based on elastic solid , 
analysis, geometric assumptions are made to relate, the 

unconstrained recoil tha t oceurs in extruda te swetl to the 

constrained recoil that oceurs in ereep recovery. 

Nakajima and Shida (1966) considered extruda te swe1ling 

to be similar to the behavior of idea1 rubber under 

isotherrna1 conditions. They hypothesized a process in which 
.J' 

the swollen extruda te is pu11ed 1engthwise until its diam~·t.e-.r 

is equal to the diaJTIeter of the capillary. The tensile 

strain is then taken as a guantita tive express ion for the 

recoverab1e strain in the flow. 

Nakajima (1974) later extended this work. He defined a 

time constant À, which relates strain, 5 R to shear rate by 

the following re1a tion: 

4.1.3 

From the previous s-tudy of Nakajima and Sh~da (1966) strain 

was rela ted to the swell by: 

4.1. 4 
" 

To ca1eulate swell, strain must be evaluated. Therefore, 

three t irne constants were introduced. Empr ical correla tions 

we re used ta rela te the t ime constants to the me1t index of 
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the resin.' However, it is well known that melt index alone 

is not sufficient to characterize resins in terms of swe1l. 

The mode1 does not have a practical application s ince the 1 

parameters cannot be related rheological 1 to measu rable 

propert ies. 

Bagley and Duffey (1970) followed essen tially the 

analys i5 of Nakaj ima and Shida (1966) but used a 'One-apnstan t 
{) 

" stored energy function. The fOllowing rela tion was obtained: 

4.1. 5 
.. 

Another relation was obtalned us ing th.e 'strain energy 

function in shear inside the capillary. 

t. 
4.1. 6 

The two equations .were found to give similar results for 

large values. of 5well. The expe.r imen tal da ta did not 

correla te very weIl with the above equations. 

Locati (1976) proposed a model assuming tha t the 

def9rmation undergone by the melt entering the capillaryJfrom 
/( 

,the reservoir is essentia1ly elastic and the deformation 

within the capillary is essentia11y viscous. The basic ideas 

proposed by Nakajima and Shida (1966) were reworked and the . 
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f~1.1owin9 equation was obtained: ' j 

4.1. 7 

where B is the capillary die swell, l1 Pe the en trance 

pressure, G is an elastic modul~!S, ~ the transit time in the 

capillary and l; is a chardc te r is t iè 
1 

relaxa tion time. 
1 

Experimen ts were carr ied out! with HOPE resin~ and the 
i 

extruda te s were annealed in s i~icone oi·l afte r extrus ion. The 

loss modulus (G") was 
1 

taken /0 be the elastic modulus and 

was obtained using a shift factor. It was concluded that if 
1 

Z; could be defined in a bette r way, the model would be 

complete. 

Mendelson et al. (~97l) also assumed that the 

viscoelastic liquid can be treated in terms', of the solid 

state rubber behavior described by Treloar (1958) .. They 

àeveloped 3 models, two" of wh ich are applicable to dies 

having sinall L/D ratios since it was assumed tha t the 
~ 

'9xtrudate had undergone perfectly elastic recovery from I~a 

homogeneous tensile de"formation. In the third approach the 

recoverable energy stored in simple shear and recovered in 

tensile contraction was considered. Th is approach is weIl 

suited for dies having high L/D ratios, where entrance 

effects are ne<.lli9ib, The results were the same as those 

1 
• 1 
• J 

1 
1 

1 

1 

1 

1 
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obtai~ed by Bagley and Duffey (1970). 

Tanner (1970) developed a model based on 'unconstrained 

elastic recovery from Poiseuille- f1ow. The flow at the exit 

was approximated by a sudden strain which takes the fluid 

from the viseometr ie stress state ~nside the tube 

instantaneously to the zero stress sta te (atmospher ic 

pressure) outside the tube. Inertia forces in the sample 

were cOlllB.1etely negleeted. As a constitutive equation the 

K-BKZ model (Bernste in et al., 1963) was used. For a 

material with a single re1ax'ation time the relation was found 

to be: 

1 2 6 
SR = ~ (B -1) 4.1.8 

In order to aceount for the Newtonian die swe11 the above 

equation wa s rearranged and the te rm 0.1 . wa s added. 

B = '(1+S~/2) 1/6 + 0.1 4.1.9 

D 

The model predie tions were eompared w ith sorne exper imen tal 

data and results were found to be satisfactory. 
o 

Huang and White (1979, 1980, 1981) extended Tanner's 

approach (1970) to different die geometries. For slit dies, 

die swell (defined as the ra,tio of the thickness of the 

extruda te to the thickness of the die) was found to be given 

j 
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1 
1 

by the following relatio&· ~(Huang and White, 1979): 
1 

4.1.10 

To evaluate the recoverable strain, an empirical equation 

relating normal stresses to molecular parameters was used. 

Squation 4.1.10 predic ts Ithe s'weIl from the s li t die to be 

larger than the capillary swell and to inc rease more rapidly 
- ' 

with extrus ion ra te. Their experimental results obtained 

from capi11ary a'nd slit dies supported these predictions. 

In a subsequent study Huang and White (1980) applied 

the unconst:,ra ined r~covery theory of Tanner (1970) to the 

> problem of,die swell from short dies. The flow in the entry 

region was considered to be elongational in character and 
IÂ~~ 

shear flow contr ibutions were considered to be small. The 

models we re found to predic t the quali ta tive trend of the 

experimental data taken from short capillary and slit dies, 

but quantita tive predic tions were poor. They also applied 

this theory to rec tangular and trapezoidal dies (White and 

Huang, 1981). Although the model underestimated swell, the 

predicted extruda te· shape was consistent with th~ observed 

shape. 

Cogswell (1970) derived expressions for capillary swell 

and annular area swell considering the unconstrained elastic 

recovery of the material caused by shear .f1oW' in the die. 



o 
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The material was assumed to fo110w Hooke's law in 

folldWing relations were obtained: 

Capi11ary: 

B
2 

= (2/3)SRI (l+l/si) 3/2 -l/si 1 

" Annular: 

B182 = 0.5' 1 (l+S;) 1/2 + (l/SR) ln [(SR + (l+S;) 1/2] 1 

The 

4.1. Il 

4.1.12 

Garcia-Rejon (1979)' combined the above two equations to 

e1iminate 5R. Thus a re1a tion between annu1ar area swell and 

capillary area swe11 based on a theoretiea1 mode1 ,.was 

obbained. Good agreemen t was found between the predictions 

of the resu1ting equation and the exper imen tal resu1ts for 
1 

the HOPE resins used in that study. However for the PP resin 

the r~su1ts were poor. • 0 

" Theor ies based on rubber elasticity have been reviewe~ 

by Vlaehopoulos et· al. (1972b) and by Utraeki et al. (1-975,). 

The theories discussed above neg1ect velocity and stress 

field rearrangements at the end of the die. The work earried 

out by Whipp1e and Hi Il (1978) showed tha t pronounced 

nonlinearities in the ve10city profile can exist at the die 

exit and that what happens is gross1y different from what is 

assumed to oeeur in e1astic like f1uid theor ies. Another 

prob1em that is associated with these' theories is that 

< 
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recovery (swel.l) is assumed to be instantaneous whereas in 

reali ty recovery is time dependen t, and only some" part- of it . 
takes place instantaneously. Finaliy , in order to'be able to 

" use these theor ies, sepera te, me asuremen ts of NIa t the same t>~ 

shear ra te as in the die are required. In most cases the 

values of NI are available pnly. at. quite low shear rates, and 

-----" the equations relatil1~ NI to molecu1ar parameters - ,aré 

el"!lpirical and do not have 
. 
a g~neral validty. Therefore, ,we 

can say tha t rela tion~ based on èla stic-soiid ,analys is are 

only partially successful .and that they do- not constitute a 

fundamental theory in the sense that for given material 

• properties die swe11 cannot be predicted in advance. 

'4.2 Mode ls Based on Nume rie al Me thod s 

Newtonian fluïds also exhibit die swell. The value of 

capillary die" swe11 for themvaries' on1y from 1.12 at low 

shear rat:.es (Batche1or et al., 1973; Hor sfa1l, 19.13; 

Midd1eman 'and Gavis, 1961; Tanner, 1913; Reddy anq Tanner, .. 

1978) to 0.87 at high rates (Midd1eman, 1977). POlymer' me1ts 

exhibit the same low shear rate swe11 value in the Newtonian"' " 

plateau region (Batchelor et al., 1973) 01 Theories on die 

swe11 based on e1astic solid ana1ysis cannot exp1ain this 

behavior. In recen t years, severa1 studies were carr ied out 

to eva1uate die swe11 of Newtoniart and viscoe1astic f1uids by 

means of the finite e1emrm t method. 



o 

\ 

... ' . 

'\' 

,0 

61 cJ-

Q 

r , 

Tanner (1.97.3) and Ni,cKe11 et a1.. ~ (1974) solved the' 

dynamic and continuity equations for a Newtonian fluid in the .. 
v 

y:U neighborhood of the capillel<ry exi1;-' by a nuItierical technique. 

In the li mi t of. low Reynolds number ~hey ol;>tained a ~He swell 

of 1..13 which is in good agreément with the exp~rimentaI 

value. 
, 

The swel1. °value of 0.87, 'valid at high Reynolds-

nuinbers, can 'be predicted by theory using a simple 

'1 combination of mass and momentum balances fMiddlem~n, 1977). 

T,hus the Newtonian f10w problem is wel1.' understoo~, and the 

theory is' in good agreement' with the data at botp low and ... , 

high Reynolds numbers. 

The numerical caleu:ta'ti0'l of die swe'll of . a " 

viseoelast ic flu id has been considered on1y r~e en tly by 

sev~ ra 1 au thor s (Chang et al., 1979: Coleman, 
" 

1981: Crochet' . 
and Keunings, 

. 

1980,,1981, 1982ai Reddy 
/-' 

and Tanner, 1978) .' 

On1y ,limited sueeess has been achieved at 'the present time, 

sinee the G.fllculations extend over a very limj.ted range of 

'e'lastic ~orces. 

Crochet and Keunings (1980, 19,81) carried out a series 

of stûdies to calcula te the die swell of a' v'iscoelastic fluid 

extruded from d ifferen t die geomett ies. They used an upper 

convected Maxwell fluid with a single relaxation tlme. This 

modël was selected sinee it prediets satisfaetory qualitative 

behavior in terms of only two material constants. It is, 

" 
" 

, , 

l 

1 

,\ 
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• 
assumed tha"~ the upstream velocity field correSponds to- a 

fully dèveJ:-oped ,Iviscome~tr ic flow and ,'t.ha t the contact forces 

Manish on,the free surfaces. The work ia limited to creeping 

viscoelastic flow, and the finite element method of 

calculation is used., Several dif,ferent die geometries were 

. studied; capillary, slit, straight annular, converging and 

~diverging annular die-s. Results could be obtained up to ÀY-w= 

1 0 :75,. where" À is. the relaxa tio" t ime . and Yw is the shear ra te J 

.--'> • • 

at the wall,. ~~ is "dimensionle ss number ~ À "Y'w' is a measu re 

of elasticity .... - the results for', capillary die swell (Crochet 

and Keunings, . 1980) were compared with the p:r:edictions of 

Tanner's (1970) model based on elastic solid analysis ,a~d 

good agreemen t w.q s found. 

The converging and diverging dies on which their 

calcula tions were based were the ones 'designed and used for 

th e pre ~en t s tu dy. . Crochet and Keunings (1981) 

" 
carr ied out 

their num~rical analysis for these dies for creeping flow of 

a Newtonian, a power la\\! and a Maxwell fluid. :rhe effect of 

shear-thinning was found :,to cause the outer and inner radii 

o~ the ,parison to approach the corresponding radii of the die 

lips. Elasticity . enhanced swelling, and higher 

obtain'ed. than for Newtonian al)d po\te r la w flu ids. However, 

i-their predictions are pot in agreement with the éxperimental ~ 

~ da ta obtained in the presen t study. Exper {men taily, hig her 

qiameter swell values are obtained for a converging die, 

, 

.. 

. , 
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whereas the!r cLcUla tions predict -the reverse. T~is will be . 
discussed in sec tion 5.3.3. The case of annular dies is more 

c;omplicated' sinc e it' requires the s irnul taneous calcula tion of, 

two free surfaces. Values of die swell were calculated on , , 

"the assumption that the flow is fu Il'y developed a few 

qiameters above thé 

length 
:;;;:

upon swell, 

exit. To study the 

L/D ra tios l!anging 

effect ~f capillary 

from 0 to l were 

'" investigated (Crochet and Keunings, 1981). Similar swell , . 
values were obtained with aIL the J./D ratios studied. 

, ' 
In a subsequent paper Crochet and Keunings (l982a) used 

-.,. " ~ 

the Oldroyd three constant model ra ther than Maxwell mOdel. 

Tne Oldr~yd three constant model introduces a retarda tion 
" , , 

tirne and reduces' to the Max\>fell fluid for viscometric flows. 

They observed that the add'ition of q. retardation time has a 
, 

cons iderable impac t upo~ the .quality of the fin i te elemen t 
- -

caictilation of die swell and that higher elasticity (values 

of ÀYw = 4) could he accomodated. Capillary and slit die 

swell values were calculated and compared with Tanner's 

_,(1970) elastic-solid theory predictions. Good agreement was 

obtained • Cap"illary die swell predictions were aiso in 

. 'agreement with the experimental data Qbtained by V1achopoulos 

et al. (1,981) and by Racin and Bogue (1979). 

\ Reddy and Tanner (1978) studied the swelling of a sheet 
/ - _~l~ 

of fluid modelled~/-tbe second order fluid "equation. Finite . " 0
, ., 

," ~' '" element çomputer methode 'were utilized. ~o comp~rison witît----
'l' ,~, , 
• b • 1 

\ 1 j, 

" ' , " 

• 0 

\ 
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experimenta1' data was given. 

'Coleman (1981) calcu1ated slit die swe11 

fluid using a finite e1ement method different f 

by Crochet and Keunings (19'80). He was 

convergence up to ÀYw,= 1.25-, wh'ich is higher than the maximum 

'value reached by Crochet ànd Keunings (1980) using the same i' 

• constitutive equation. Simt1ar swe1l values were obtained in 

these two s tudie s. 

Chang et al. (1979) also applied the finite element 

method to the calcula tion of sli t and capilla ry die swell of 
.. "e.:~"j 

a generalized Maxwell fluid and obtained higher swell values 

than other s. 

AlI of the models described above share the same 

convergence failu re of the numerical me th'od when the ela·stic 
o 

contr ibutions, measured by a dimensionless number, Àyw ' 

exceed a certain critica.l value. Several researchers 

(Crochet and Keunings, 1982p; Mende1so~ et al., 1982; Tanner, 

1982) are carr.ying out studies to understand the reasons of 
c 

f~ilure and to improve the method. 

,Mendelson et al. (1982) studied finite element 

'calcula tions 'with Maxwell and second order flu id models and 

concluded tha t excess ive approxima tion error in the stress 
~ 

field' causes the fa:llure of the calculations for both models. 

Better approximatioms for the stress field could be obtained 
1 

by using a 'refinedmesh, ~ut auch calculationa would be ve~ 
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cost1y~ 

Crochet and Keunings (1982b) compared dïfferent finite 

e1ement technIques and studied the effect of mesh refinement. 

They concluded that the maximum value of Àtw a110wing 

convergence is highly dependen t on me$h refinemen t. Tanner 

(1982) derived sorne stability criterion expressions and 

emphasized that mesh refinement' affects convergence. 

In summary we can say that the numerical simulation of 

die swell is not of practical use for the time being since 

the calcula tions are t ime consuming and costly and the models 

cannot be extended to cases where ela.stic effects are 

dominant due to conv~rgence prob1ems. However, this approach 

is novel and studies '~re continuing to -improve it. 

Winter and Fischer (1981) studied thé melt strain 

history" in extrusion dies and its influence on extrudate 

swell. The influence of die geometry was demonstra ted on 

three diverging annular dies and one annulus of constant 

cross section. AlI the dies had the same exit geometry. An 

extension of the Lodge-type single integral constitutive 
" 

equation was used with a time and strain dependent memory 

function. The k inema tics were locally approximated by steady 
... 

isothermal shear flow and the integral constituitve equation 
'1 ." 

was solved numerically. For the stra ight annular die the 

radial and circumferen tial swells were fou'nd to be equal. No 

cOJll)ar~on with experimental data was given. In ,a subsequent 
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studY"Fischer (1981) studied five div~r9in9 dies, three- of 

,which were ,the ones used i~ the previous study (Winter and 
--. . 

Fischer, 1981). The same method as in the previous st\dY 

employed to evaluate the swell. Only the results -!rom 

was 

one 

die were compared with experimental data. The predicted and, 

measured values for thickness swell were' in agreement, but" 

the model overpredicted diameter swell. The advantage of 

this model is that i t does not require the long cc;>mputa tion 

times implicit in the use of finite element inethods which use 

a simple material function and a high precision in 

calculating the flow history of the material. However, there 

is not enough comparison between model predictions and 

exper imen tal da ta to prove the reliab i lty of the proposed 

model. 

AlI of the models discussed above assume isothermal 

cond i t ions. However, in the actual case, due to the' 

generation of heat by viscous dissipation, the viscosity of 

the melt is reduced and the flow patterns a~e more complex 

than in the iso thermal case. 

Phuoc and Tanner (1980) investigated the flow of a' 

Newtonian fluid having a tempera ture dependen t viscosity in, 

extrusion problems. A finite element method was used, and it 

was found that" the extruda te expansion up to 70% of the die 

diameter was obtained due to temperature effects • 

In sUDDDary, the work reviewed in this chapter
d 
sho,~s that 

, -, 

1 
1 

1 
! 
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no satis(actory theory bas been developed sc far which can 

predict swell from basic rheological properties . 
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-. CHAPTER 5 

'. 
~XPERIMENTAL STUDY OF SAG AND SWELL 

S.l'Introduction 

. It, was pointed out in Chapte~ l that the central 

problem in extrus ion blow mold ing is to control the geome try 

of the par ison a t the moment of in fla tion so tha t the 

required mechanical properties can be achieved with minimum " 

consumption of the resin. Parison geometry can be described 

in terms of the length and the distributions of outside 

d iame te rand thickness. Two phenonema act 'to cause a 

variation with time of the parison cross section from the 

moment it is formed at the die lips. These are extrudate. 

swell and sag or drawdown. Wbereas swell is an unconstrained 

recoil process, sag is a ' low-strain-rate e~tensional ~low 

driven by the force of g.oravity. Swell is a function of time 

and sag depends both on time and on position along the length 

çf the parison. Most of the swell oocurs in a short perioq of 

time as the extrudate moves away from the die, w~ile sag is 

quite small at the beginning and becomes prominent only after 

the parison bas reached a significant length or has 'been 

han9ing freely for sorne time. These two phenomena are 

coupled and Act simultaneously. 

Parison behavior depends on system parameters such as' 
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die design, extrusion velocity, temperature and ori thè resin 

being proces,~ed. 

In order to gain a better understanding of swell and 

sag and to study their relative importance in parison 

formation, it,is necessary èo develop experimental techniques 

and equipment that will allow the uncoupling of these two 

phenomena. In the present study, the techniques developed by 

Dealy and Garcia-Rejon (1980) were used to study pure swell 

and the combined effect of sag and swell separa tely. 

Therefore, two different types of experiments were carried out: 

1. Pure swell experiments. These experiments were 

carried out to study the swelling characteristics of the 

parison in the absence of gravitational forces. The parison 

was directly extruded into an 011 bath which was at the same 

temperature as the extrusion températu~e and had nearly the 

same density as the melt. 

2. Combined effect of sag and swell. In these 

'experim~nts the cornbined effect of sag and swell was~studied 

by extruding the parison into an air oven instead of an oil 

b~th., The air oven was at the extrusion temperature. 

',- ~'~ ," 
In the present é'tudy~ thrêe high density polyethy~ene 

resins and four different annular dies .. were used. Parisons 

\ 



j 

r CJ 
j 
1 

1 

f, 

(j) 

," 

," 

. ' 

70 

were extruded at ,different èxtrusion velocities. AlI the 
, 

'exper iments were 'carr ied out under isothermal conditions to . -~ -
eliminate uncertain ties as to" tempera ture. 

In this chapter, the die geometries and experimental 

. appara tus used will be de scr ibed. c, Then the r,esults will be 

presented and discussed. 

5.2 Dese ['iption of the Die s 

Die design is one o~ the most important parameters that 

govern parison behavior, since the swellin9~characteristies 

of the par ison depend largely on die design. 
"- . 
Most of the work done on swell 50 far has been 

concentra ted "on capillary and sli t dies and relatively little 

wor~ has been done on 'annular dies. -In order to gain a 
tf 

better understanding of the effect of die' design on parison 

behavior, four annular die geometries were designed and used 

in the present study. These are: a straight die, a 

d~verging die, a 20° converging die and a 10° cOQverging die 

with q taper~ gap. 

The dies are made of hardened ~ta'inless 
4 

steel and 

consist of three pieces: an outer cylinder,. an inner core and 

a head piece. This is illustrated in Figure 5.1. The inner 

core is scre~ed to the head piece. To have a smooth fl.ow at 

the entrance region, the ,head piece ~ ia designed to have four 

orifices through which the melt flows, and the inner core is 

,.~if' 
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streamlined an the top. In order to keep the inner and ~uter 

pieces concentr ic, there are three guiding pins on the inner 

piece. AlI ,four dies are sufficient1y long (L/H>30) sa that 

the effec't of entrance reg ion is eliminated, and the par ison 

behav ior is:, unaffecte-d by the 1ength of the die and by the 

presenc~ of the guiding pins. 

The cross sections of the straight die and the 

"diverging die are sketched in Figure 5.2. 'The straight die 

consists of. two concentric cy1inders with the fo11owing 

dimensions: 

Outside diameter = 12.7 mm 

Annular gap = 1.587S mm 

Total length,= 95~25 mm 

'" The diverging die starts with a smal1er inner and outer 

d.iameter. Then both the outer and inner pieces diverge with 

A 1 f 20°. an ang e a The outer' and inner walls are a1ways 

parallel. Th~s die is designed in such a way that, at the 

exit ,itf has exactly the same geome'try, i. e. 1 the same annular 

gap and outside diameter, as the straight die. Also in the 

upper section of the die, the die gap is the same as in the 

straight die. The dimensions of this die are: 

Outside diameter in the upper section = 6.3S
4

mm 

Annular gap in the upper section !\1.5875 mm 

Outside diameter at tb)e exit = 12.7 mm 

Annular gap at the e~t = 1.5875 mm 
/ 

" ", 
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Figure 5.2 Cross-sections of the Straiqht and the Diverging' Die 
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, Total length = 69".850 mm 

I,.ength of the diverging section,::= 8.731 mm 
'" \ 0 Angle of divergence = 20 

The cross sections of the two converging dies, are shawn 

in Figure 5.3. The 20° converging die starts with tl:te~ sarne 

dirn~nsions (outside diarneter and the annu,lar gap) as the 

straight die. Then, both the 1nner and outer pieces converge 

with an angle of 20°. As in the previo~s dies, the inner and 

oUter walls are always paralle1. At the exit, this die has a 

different outer and inner diarneter than ~he other two dies, 

but the annu1ar gap is the sarne. The dimensions of the 20° 

converging die are listed be1ow.· 

Outside diameter in the upper section = l2.7 mm 

A~nu1ar gap 'in the upper section = 1.5875 mm 

Ou ts ide d iame te rat the ex i t = 6.35 mm 

Annulàr gap at the exit = 1.5875 mm 

Total 1ength = 69.850 mm 

Length of the converging section = 8.731 mm 

Angle of convergence ==. 20° 

The 10° " converging die was obtained by removing the 

° inner core of the 20 converging die and replacing it with a 

pieoe converging with art angle of 50, unlike th, other ~ 
,.Jo 

\ 
are not ,1' , dies used in this study, the inner and outer wa11s 

of the l die. Rather, they are· 
f 

of ~onvergence, then the inner 
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2~ Converging Die 10° Converging Die· 
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Figure 5.3 -Cross-sections of the two Converging Dies 
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annular gap 
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" 
upper pa~t ,.of the die is not 

1.5875 mm. At the exit thif die was,exactly "the same 

geometry as the 20° 'converging die. 
, 

Its dimensions are as 
.. 

follows: 
"-

Outside diameter in the upper/section..= '~ 

Annular gap in the upper section = 3.223 mm 

" ~ " Ou te ide diameter at the exit = 6~35 mm 
~ 10, .. 

Annular gap at the exit = 1.5.875 mm 
1 ... 

Total -leng,th = 69.850 mm 

Length of the converg ing sect~on = 8.731 mm 

=~--~ 10° , 
• 

20° 
. 

Angle of convergence wall Qu'ter wall 
;;' 

Tn the construction of the d,ies, the sharp ·corner,s in 

the diverg ing and converging sections were smoothed and the 

" çritical dim~nsions were manufactured with an accuracy ~f" 
." ,', 

± 0.0025 mm. 

5.3 Pure Swe Il Exper imen ts d, 

in The aim of pure swell exper iments was to study swell 
• 

aJ.l 
o 

the absence of sage Exp~r iments were 'carr ~ed" c;>u't \,ith 
. . 

th·ree resins for the straight die" divex-ging. die and the 2'() 0 

, 
The 10° converging die' was used only with. ..J , ", c,onverging , die. 

22A and 27. AlI the expe~imen ~ were done a t'a 

oonstant temperature of 170 Oc and' pariso~s 'w~re - exfruded at 
1 

, . 
• 

. ' 

" 
", 

i 

( 1 
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. 
six different extrusion velocities. 

Two independent sweli ratios can be defined in the case 

of an annula.r extrudate. We have chosen ta present our 

cesults in tecms of the diameter swell, BI' and the thickness 

swell, B2 • Diameter swell is defined as the ratio of the 

outer di~meter of the pacison (D p ) to that of the die at the 

exit (Do) and the thickness swel~ is defined as the ratIo of 

the thickness of the parison (h p ) to the annular gap at the 

die ex i t (ho). 

5.3.1 

5.3.2 

This is aiso shown in Figure 5.4. Another ratio often used 

in Industry, is the weight swell, Bw' defined as the catio of 

the weight of a parison of length L to the weight of the same 

length of samp1e having the inner and outer diameters of the 

die lips. In the case of isotherrna1 extrusion, the weight 

swell should be equal to the area swell. If the die gap is 

rather sma11 compared to its radius, the annular die can be 

approx ima ted as a slit and the area s\'Tell will be 

approximately equal to the product B
1

B2 • 

5.3.3 
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Diameter Swell (BI) = 

Thickness Swell (B 2 ) = 

Flgure 5.4 Swell Ratios for an Annular Extrudate 
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5.3.1 Experimental Apparatus 

The experimental apparatus used to measure parison 

swell consists of the following pieces of equipment: 

1. Instron Capillary Rheometer 

2. Thermosta ting chamber 

3. Photographi.c and auxiliary equipment 

An Instron Universal Testimg Instrument (Floor model, 

TT-CM-L) was used in conjunction with an Instron capillary 

rheometer (type MCR) to extrudate the polymer at different 

crosshead speeds ranging from 0.5 cm/min to 50 cm/min. The 

Instron capillary rheometer was briefly described in section 

2.3.3 and a more detailed description can be found elsewhere 

(Instron Manual, 1976). A new barrel, having twice the inner 

diameter of the original Instron barrel, was designed to 

accomodate the d~es described in section 5.2. The new barrel 

has an inside diameter of 19.05 mm. Other features of the 

barrel are the same as the original one. The die is inserted 

in the barrel and held in place by means of a clamping nu t. 

The dies and the clamping nut are designed in such a way that 

the tip of the die is vis ible, enabling one te observe the 

parison as it starts to form a t the die lips. This was not 
/ 

poss ible w ith the or ig inal barrel-d ie assembly. 

The thermos ta ting chamber was or ig inally designed by 

Uttacki et al. (1975 ) and la ter used by Dealy and 
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Garcia-Rejon (1980). It consists of a section of stain1ess 

s t;ee l pipe vil th an inne r d iame te r of 15 cm and a 
,) 

length of 

25 cm, to which a bottom plate has been welded. An immersion 

heater (750 W, 115 V) is welded ta the bottom of the plate. 

One side of the body of the thermostating chamber has a 

double window mounted in it, through which the parison can be 

seen. On both sides of the chamber (at 90° from the front 

w indow) there are circular windows made of Pyrex glass 

through which the inside of the chamber is illuminated by 2 

halogen lamps of variable intensity (75 W,' l2V). These lamps 

are located in special housings attached to the side windows. 

Their intensity is controlled by two variable transformers. 

The chamber is insulated with layers of asbestos paper and an 

outer layer, of heavy asbestos tape painted with heat 

resistant ename1. The chamber is mounted on rails attached 

to the base of the Instron testing machine. The chamber can 

be easily moved forward and backward. 

The heating medium in the thermostating bath was Dow 

Corning 1 s Silicone Fluid (Dow Corning Fluid 200, 200 cs), and 

a proportional temperature controller (Fenwall 524) was used 

to adjust the temperature ta the desir§tt value. The cover 

plate of the thermostating chamber was free to rotate and had 

two holes for pyrex tubes of diameter 50.8 mm into which the 

polymer was extruded. A me tal pla te pain ted black, was 

attached to the caver plate and acted as a background for 



81 

photographie purposes. A cross sectional v iew of the 

thermostating chamber 1S given in Figure 5.5. Further 

details on the design of the chamber can be obtained 

elselvhere (Garcla~Rejon, 1979). 

The test tubes are filled with a mixture of Silicone oil 

(Dow Corning ~luid 200, 2 cs and 5 cs). Theoretically, the 

density of the silicone oil mixture should be the same as that 

of the melt to _eliminate gravitational effects. However, it 

wasl' observed that 
,1 

(Garcia-Rejon, 1979) in order for the 

polymer to flow smoothly without distortion, the density of 

the silicone oil mixture should be slightly less than the 

density of the melt. In the present study, the density of 

the oil mixture was adjusted using a trial and error 

procedure and observing the bouyancy of a piece of polymer 

me'lt in mixtures of different compositions. The composition 

of the mixture was approximately 40% 2 cs and 60% 5 cs 

silicon oil. The temperature inside the glass tubes was 

monitored by a type J thermoc'ouple. The temperature.,was read 

directly with a digital thermometer (Fluke 2l00A). The 

temperature gradient between the top and the bottom of the 

tube was less than 1°C. 

A 35 mm SLR camera (Nikon F) was used to take the 

pictures of the parison. The camera was equipped with a 

motor drive and it was mounted on a tripod so that the depth 

of field for each shot was the same. A 50 mm macro lens was 
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used so that the camera could be placed very close to the 

thermosta ting charnber. Th us the dimensions of the par ison 

could be deterrnined more accurately. 

5.3 .2 Exper imen tal 'l'echnique 

In pure sv/eU experiments, the diameter and thickness 

of the parison Irlere rneasureà. Since swell is a function of 

time, material elements èxtruded first will swell more. Thus 

the dimensions of the parison Irlill not be uniform along its 

length. Aiso the leading end pOlt:ion of the parison has a 
o 

different shape than the rest of the parison. This is 

because the extrusion starts from rest and the ma ter ial 

initially near the die exit experiences a different strain 

history than the rest of the material in the parison. 

Ther-efore the swell depends on where the measuremen t is made 

along the length of the par ison. To identify a position for 

data rneasurement, the parison was marked with carbon black 

part icle s ejec ted from a sy r inge. This was important at the 

lowe st extrusion veloci t ies. For hig her extrusion 

velocities, due to the short times involved, the parison was 

uniform (excluding the end portion), and it was not necessary 

to put a mark on the parison. 

Also, a t low ex trusion speeds the end of the par ison 

was cut off by a hot wire cutter after 
l" 

steady state was 

obta ined. The hot wire cutter consists ·Jf a casing with two 



• 84 

rads, bet\veen ,which a thin wire is streched. The wire is 
1 

heated by the application of voltage across the rads. The 

system cuts through the parison with minimum disturbance. At 

higher extrusion velacities, the end portion could not be cut 

off due to time limitations. In such cases, this portion of 

the par ison wa s ig nored in tak ing the measu remen ts. 

The experimental procedure can be surnmar ized as 

fo llo\-/s: 

At the beginning of each experiment, the thermostating 

chamber and the barrel-die assembly was heated ta the desired 
< 

temperature. Once the temperature was stable at the desired 

level, the extrusion was started. ~1hen the force reading 
. 

r eached s teady sta te, the parison was cut with the hot wire 

cutter. Then the parison was marked with the carbon black 

part ie le s and a t the same t ime, t was set equal to zero. 

Immedia tely the ,chamber was slid forward ta its preset 

position so that the ,extrudate flowed directly into the glass 
'1 

tubes. To check the cansistency of this method, different 

marks were put on the same parison and the results obtained 

fram these points were camp ared. Good agreement was found 
" 

between these results. 
\ 

Photographs started to be taken at predetermined time 

intervals at the moment when the parison was seen through the 

window of the thermostating chamber. Extrusion was stopped 

after a predetermined mass had been extruded. At the 
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beginning, photographs were taken at short time intervals. 

They continued to be taken, at longer intervals, until the 

dimensions of the parison did not change I-Iith time. The 

parison extruded in the ail was transparent 50 that both the 

outer dlameter and thickness could be measured .. At the end 

of each run, the picture of a standard ruler inserted in the 

oil filled test tube of the thermostating chamber was taken 

for calibra tion purposes. 

measurements, pictures of a 

par ison in the oil f illed te st 

To ver if Y the 

standard placed 

thickness 

inside the 

tubes were taken and compared 

wlth the pictures of the same standard in the oil filled test 

tubes. The two me thods gave the same results. 

The negative of the developed film (llford HP5, 400 

ASA) was analyzed using a Reichert microscope with an 

accuracy of ± 0.0012 mm to obtain the diameter and.thickness 

of the parison as functions of time. Diameter and thickness 

swell values were than calculated using equations 5.3.1 and 

5.3.2. 

The front window of the therrnosta ting chamber does not 

extend aIl the way up to the die outlet. Therefore, sorne 

time passes 

tubes. This 

before the parison can be seen inside the test 

does not pose a prob lem in the case of h ig h 

extrusion velocities where extrusion is fast, but in the case 

of low extrusion velocities data cannot be obtained at short 

t imes. To obtain short time data, pictures of the parison 
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extruded directly into air were taken for a period of 5 

seconds. In this time interval the effects of gravit y and 

nonisothermal conditions are assumed to be negligible. Only 

diameter s\'lell values can be obtained from these experiments, 

hm>lever, since the parison is not transparent \'lhen extruded 

in to air. 

5.3.3 Results and Discussion 

The t ime dependen t thickness and diame ter swell values 

obtained from pure swell experiments for each die geometry, 

resin and extrusion velocity are given in Tables A3.l-33 in 

Appendix A3. It was rnentioned prev iously tha t the 

experiments were done at 170 oC. The straight die, the 

diverging die and the 2(f converging die were employeâ with 

aIl the three resins and,'the 10° converging die was, used with 

only Resins 22A and 27. Six different extrusion rates were 

used with each die-resin eombination. Using the shear rate 

at the wé..ll as a measure of extrusion rate has been the 

general custom. Due to the difficulties associated with 

calcula ting the shear ra te a t the wall in the complex 

geometries used in this study, we used volumetrie flow rate 

as a measure of extrusion rate. 

/l'he time dependency of diameter and thickness swell can 

be studled by plotting the data in Tables A3.1-33. Such 

graphs for Resin 27 extruded fr~~ the 10° cOnVergin~:'~'die are 
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shown in Figures 5.6 and 5.7 where diarneter and thickness 

swell values are plotted as functions of tirne, volumetrie 

flo", rate being the pararneter. Figure 5.6 shows that nearly 

60-80% of the diarneter swelloccurs in a relatively short 

" per iod of t ime afte r the par ison is formed. The swelling 

then continues at a deeelerating rate until a constant value 

i5 reached at around 7-8 minutes. This constan t value of 

svlell is terrned the "equilibrium diameter s\'lell" and denotes 

a completely recovered parison. Similar observations were 

made for the time dependency of thickness swell . Most of 

the thickness swell occurs at ,a relatively short time after 

the parison exits from the die, and a constant value, termed 

the "e~uilibrium thickness swell" is reached after 5-7 

minu te 5 have elapsed. The sarne obse rvations we re made for 

all the resins and die geometries used in this study. 

Garcia-Rejon (1979) also reports similar behavior for 

the HDPE and pp resins extruded from a straight annular die. 

He considered the swell mechanism ta be composed of an 

instantaneous and a secondary slow recovery region and 

propased the following empr ic al r ela tian: 

5.3.4 

where Bioo and Bio are the swells at equilibrium and zero time 

respectivelyand the quantity i';, is a characteristic time. 
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The subscript i can take values of l or 2 to denote diameter 

or thickness swell. This equation was found to fit data 

reasonably wellover the entire time interval, but gave 

slightly higher values at very short times. Equation 5.3.4 

vIas also applied to the present experimental results and fits 

the data quite weIl except in the first few seconds where 

slightly higher values are predicted. The values of Bioo ' Bio 

and Çl ob'tained for sorne of the data are given in Tables 6.1 

and 6.2 of Chapter 6. 

The time dependency of post-extrusion swell has aiso 

been studied by Cotten (1979) using a rubber compound and a 

capillary die. A laser beam wa s used to record the swell. 

He concluded that almost half of the ultimate swelling occurs 

in less than 0.2 'seconds which is followed by a much slowe r 

relaxa tion to reach the final equilibr ium value. The 

follow ing empr ical rela tion was proposed for the slow 

recovery reg ion. 

B 5.3.5 

where Bco is the equilibr ium sweli and k and n are emprical 

constants. This equation is similar to the first term of the 

eguation proposed by Garcia-Rejon (equation 5.3.,4). 

In the present study,' no data were obtained at times 

smaller than l second, but it was observed tha t 60-80% of 

'J 

, 
f 

/ ... f. 
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swe 11 occur s w ithin the fir st few seconds. 

The reproducibilityof the experimental results was 

checked using Resin 29 and the 20° converging die at a 

volume tr ie flO\" rate of 0.950 Six sepera te 

experiments were done under these conditions, and diarneter 

and thickness swell values were obtained as functions of 

tirne. The average and the standard deviation of the data are 

calculated and are given in Tables 5.1 and 5.2. The 

reproduc ib ili ty was deemed to be acceptable. 

As was mentiorïed earlier, diame ter and thickness swell 

values for lower extrusion speeds could not be obtained at 

short times due to the design of the isothermal " ail bath. 

The number of miss ing da ta depended on the extrus ion speed. 

To obtain the short-time data, parisons were extruded 

directly into aH and were monitored for 5 seconds. During 

this per iod, nonisothermal e ffec ts and drawdown we re assumed 

to be negligible. At higher extrusion rates, data could also 
, 

be obtàlned) fr om the isotht:rmal 0 il ba th exper imen ts enabling 

one to check the consis tency of the two me thods. This is 

shown in Figure 5.8, where the diameter swell obtained by 

extruding directly into air is plotted as a function of time 

in the short tirne range for various extrusion velocities. 

The available data obtained from the isothermal oil bath 

exper imen ts are also plotted on the s arne 9 raph. Inspection 

of this figure show that data obtained by the two methods are 
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TABLE 5.1 Mean Values and Standard Deviation for 

Measu remen ts of Diame te r Swe Il 

(Resin 27, 20° Converging Die, Q=O .950 cm 3/s) 

Time ( s) *Bl Std. Dev. " 

2 1. 8 2 0.0196 

5 1. 97 0.0256 

7 2. a 2 0.0176 

10 2.12 0.0261 

30 2.32 0.020 4 

60 2.45 o .0147 

90 2.51 0.0237 

120 2.57 0.0194 

150 2.62 0.0160 

225 2.71 0.0172 
4 

300 2.75 0.0049 

360 2.77 o .0052 

480 2.81 0.0172 

540 2.81 ~ 0.0172 

600 2.81 0.0172 

'* mean of 6 replicate measu rernen ts 

_< _ - ______ - _ _ f 
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TABLE 5.2 Mean Values and Standard Deviation for 

Meausurements of Thickness Swe11 

(Resin 27, 20° Converging Die, Q=O .950 cm
3
/s) 

Time ( s) >"B 
2 Std. Dev. 

2 1.22 0.0163 

5 1. 29 0.0175 

7 1.3l 0.0207 

10 1.34 0.0197 

30 1.44 ,0.0194 

60 1. 55 0.0163 

90 1. 63 0.0138 

120 1. 67 o .0167 

150 1. 7 2 0.0223 

225 1. 79 0.0176 

300 1. 8 5 0.0109 

360 1.89 o .0049 

420 1. 9 2 0.0075 

480 1.96 0.0155 

540 1.96 0.0155 

600 1.96 0.0155 

* mean of 6 replicate measu remen ts 
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in good ag reernen t. In the cases where very short tirne data 

could only be taken by direc t extrusion ,method, the data 

obtairied by this method and data obtained at higher times 

from regular experiments follow a smooth curve. Thus, we can 

say that by directlyextruding into air, short time data 

could be taken satisfactbrily. However, s ince the par isons 

extruded into air .were not transparent, thickness swell could 

not be obtained by this method. Thus short tirne thickness 

swell data are available only for those resins extruded at 

the two highest extrusion velQcities. 

Inspection of the transient 'swell results permits sorne 

general conclusions to be drawn. It is 'observed that the 

exact relation between swell and tirne depends on the resin 

and die geome try. In general, diameter swell increases more 

rapidly in the straight die and in the diverging die than in 

the two converging dies. Also, in sorne cases the same 

equilibr ium swell value can be attained but the transient 

swell functions may be quite different. For example Resins 

22A and 29 show the same equilibrium diameter swell values 

when extruded from the 'straight die at volumetrie flow rates 

of 0.95 cm 3js and 2.375 cm3 js (Tables A3.3 and A3.9) but , 

their transient diameter swell functions are quite different . 
. 

In other cases, both the transien t and equilibr ium swell 

values are th~ sames This was observed for Resin 27 where 

- practically the same diameter swell function was obtained 
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from the 10 0 and 20 0 
• d . t 1 t' fl t converg ~ng ~es a vo ume r lC ow ra es 

of 0.095 ern3/s and 0.95 cm 3 js (Tables A3.22, A3.31 and A3.24, 

A3.33) • 

Tt is apparent that in brder to compele tely 

character ize the sweIIing behavior of a resin, both 
~~~ 

equilibriu~=Jlnd transiênt da~ must be available. 

extrusiô;;' of thè\\ par and t,e subsequent clamping and 

The 

l 
1 \ 

bIovl i the bl(r' pro ess aIl takes place in a 

short period of t}1he, s that the material does not have time 

mold ing 

/ 

/ 
toA'ts equili rium value. Therefore, in the blow 

'~,/? 
,,( • 1. 
ro~s, lt/IS the transient sweli which is of 

relevanc • Equilibr ium swell da ta are usefui to study the 

various parameters 'such as die geometry, extrusion 

ra te, and 50 on. 

Effect of 
) . 

Ole DesIgn 

From the 
1 

structural point of v iew, 

considered to occur as a result of a 

die swe11 can be 

d isor ien ta tion of 

macromoleeules which have been oriented at the die entrance 

", and vdthin the die by the elongational and/or shear fields. 

'\, The e~fy~~~ geometry on equilibrium diameter and 

thi~~-411 for ea~ resin used is shown in Figures 5.9 

to 5.14, where equilibri m diameter and thickness swell are 

plotted as fune tions volume tr ic flow rate. Each data 

poin t in the constant swell value 
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obta ined from a single exper imental rune 

The results indicate that for all the resins used, the 

diverging die gave the lowest equilibrium diameter swell 
t 

values. Higher diameter swell values viere obtained with the 

straight die than with the diverging die,.but the highest 

diameter swell values viere obtained with the 20° converging 

die. The pereen t inc rease in equilibr ium diameter swell in 

going from the diverging die to the straight die and from the 

straight die to the 20° eonverging die depends on the resin 

and extrusion rate, but it ean be said that an average 

inerease of 30% is observed between the di,v erg ing and the 

straight d~e and an average inc rease of 50-60 % is observed 

between the stra ight die and the 20° converg ing die. The 

results concerning the effect of die geometry on diameter 

swell ar:e quali ta tively in agreement w ith the results of 

Wilson et al. (1970). They reported the increase in swell in' 
\ 

changing from a diverging die to a straight die or 
L 

a 

converging die to be 6% and 30% respectively for the resins 
,-

and die geome tr ie s used in their s tudy" (see sec tion 3.2.1) 

Exper'iments with the 10 ° converg ing die were carr ied 

out with the two resins, Resins 22A and' 27. For both of 

thèse resins the diameter ,swell values obtained from the 10° 

converging die were found to be very similar to the ones 

obta.ihed from the 20° converging die. As desc r ibed in 

section 5..2, the two converging dies had the same outer 

'" 1 
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'\ 

shell, and the 10° converging die was obtained by replacing 

the mandrel of the 20° converging die with one having the 
L 

same dimensions at the exit but converging with an angle of 

10°. The results indicate that changing only the mandrel il'} 

this manner does not have a strong effect on the diameter 

swell. 

The effect of die design on equilibriurn thickness swell 

i8 shovm in Figures 5.10, 5.12 and 5.14. For Re sin 27 and 

29, the equilib r ium thickness swe Il values for the s tra ig ht 

die, the diverging die and the 20° converging die were found 

to be quite similar. The extrusion rate dependence of 

equilibriurn thickness swell w~s different for different dies, 
\ 

but the differences for these three dies were relatively 

small compared to the differences in diameter swell values. 

For Resin 22A, the diverging die and the straight die were 

very similar, and the 20° converging die gave slightly higher 

values. A considerable change in equilibriurn thickness swell 

values was obtained with the 10
0 converging die. For the two 

resins studied with this die (Resins 22A and 27) a 

significant increase was observed in thickness swell. The 

10° converging die has a larger annular gap (3.223 mm) at the 
:; 

~ntrance than the other dies, and in the converging section 

the inner and outér walls are not parallel; the outer wall 

converges with an angle of 20 0 while the inner wall converges 

with an angle 
o 

of 10 • Thus the thickness i8 reduced to 

, " " 
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1.5875 mm at the die exit. 'This was the only die in which 

the walls were not parallel and in which the gap decreased 

along sorne portion of the die. 

The effect of die geometry on transient swell is the 

sarne as the effect of die geometry on equilibrium swell 

(Tables A3.l-33) The diverging die always gave the lowest 

d iame te r swe Il valu es. For aIl the resins at the lower 

extrusion velocities, practically no diameter swell was 

observed with this die (Tables A3.l0-l8). The two converging 

dies gave similar diameter swell' values, which were 

significantly higher than those obtained with the other dies. 

The thickness swell values from the lO~ converging die were 

substantially higher ovet the whole time range. 

It is apparent from the above discussion that die 

geometry has a strong influence ,on the swelling 

characteristics of the polymers. Different die geometries 

create different flow fields which tend to orient the 

molecules of the polymer melt in certain directions. Since 

swell is .. a reaction to the orientation imposed 'during the 

flow in the di~ wherein the molecules tend to regain their 

random configuration, it follows that polymer melts extruded 

from different die geometries will show di'fferent swelling 

behav ior. To develop a quantitative relation between die 

swell and die design by consideration of molecular 

orientation is a very difficult task, since it involves the 
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flow of a viscoelastic fluid in a c omp lex 9 eome try, and su ch 

a study i8 beyond the scope of the pre sen t work. As wa s 
'\ 

noted in sec tion 4.2, the atteItÎ.pts to p'redict die sWèll from 

annula r dies have been limi ted to, low shear ra tes due to 

convergence problems assoc ia ted with the numerical , 
r 

techniques. 'Even at such low shear rate's the'se attempts have 
" 

been mostly unsucceSS,ful. lé was mentioned in sect~on 4.2 

that Crochet and Keunings (1981) tried to predict diameter 

and t.oiékness swell resulting from the straight die, the 

divèrging die and the ·~Oo con,verging die used in the present 

study. Their predictions are not in ag reemen t with the 

present experimental re):>ults. They predict a higher diarqE;:ter 
l, 

swell valye. for "the diverg ing die than the converg ing die, 
~ 

whereas the rev~~se w~s ob~erved experimentally. 

If the rela tion between molecular or ierita tion and die 
• 1 

design could be understood, then it would be easier to make a 

quali ta tive correla tion between die geome try and swell. 

Recent work by Goettler et al. (1979) shows the effect of die 

design on orientation. Their work describes a process for 
1 

extruding short fiber reinforced rubber hose through special 

die geometries that produce the proper fiber or ientation for 

hase reinforcement. For this purpose, they designed four 

annular dies. It is observed that the presence of fibers, 

even nonre inforcing fille r s, supresses swell. Therefore in the 

\vork by Goettler et al. (1979) the f iber or ien ta tion imposed 

J 
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in the die is retained in the parison. The diés used in 

their study and the resulting fiber ;rientations a're 'shown in' 
" 

Figure 5.'15. In the sa ca1lad "conventional' die" the 

combination of the shear forces with the overall reductïon in 

cross sectiona1 are a occuring between the head of the 

extruder and and the die orifice cause the fibers to become 

aligned paral1el ta the axis of the extrudate. In the 

"exp~nding mandrel d!~"" the channel thickness is constant. 

When the rnateria1 is flowing over the expandin9 section, it 

is streched' circumferentia1ly, resulting in ~ predominantly 

h?OP or ien ta tian. In the extrerne case, aIl the fiber s will 
, 1 

be oriented in the circumferential direction.' 

In the obstructed flow die, after flowing over the dam 

çhe ,material expands radially to fill the- channel cross 

section. The fibers consequently turn, on end into a position 

lying essential1y across the wall of the hose and in the 

sxt~eme cas~ the resulting fiber orientation will be as shown 

: in- Figure 5 .. 15. The "combination die" is a hybrid design 

comb ining the types of flow expans ions in the above two die s, 
1 

and leading ta a three-dimensioanal Eiber distribution. 

It should be emphasized that the fiber or ientations 

shown in Figure 5.15 represent the extreme cases. Ac tu ally 

the degree of fiber orientation depends on vario~s factors 

su ch as the response characteristics of the fibers ta the 

flow and the ra tio of the area of "the outle t annulus of the 
, , 
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die to the minimum area at the point of constriction. 

In the present case, par ison swells upon exiting 

the die, and swell accurs as a reaction ta the molecular 

orientation in which the molecules tend ta regain their 

therrnodynamically p'referred s ta te, i. e. , randorn 

conf igura tion. The 20 0 diverg ing die of this s tudy resemble: s 

the expanding mandrel die used by Goettler et al. (1979). 

Thus the diverg ing die is expec ted to cau se a c ircumfe ren tial 

orientation of polymer molecules within the die. Once the 

polyrner exits the die, to regain their randarn configuration 
" 

the molecules will tend to orient mostly in the other two 

direc tions, namely the axial and radial directions. Thus a 

lower diameter swell is expected in this case. Of co@rse, 

the amount of swell will be determined by the degree and 
-, 

extent of the circumferentialorientation achieved in the 

die. Our experimental results confirm this, since the low'est 

diameter swell is obtained with the diverging die. In the 

straight die the rnolecules will tend to orient in the axial 

directio~ thus causing' a higher swell than the diverging die. 

The converging dies will cause further axial or ientation 

s ince the cross sectional area ....... is reduced constantly along 

the converg ing sec tian, and a greater diameter swell is 

expected. The experimental results confirm this hypothesis. 

The 10° converging die gave a distinctively different 

swell behavior than the other dies. This die was the only 

./ 
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lone in which the channel thickness changed s ignif icantly. 

Apparen tlY'I. a dec reasing channel th ickness enhanc es thickness 

o swell, since substantial1y higher thickness swel1 values were 

obtained with this die. In the obstructed flow die of 

Goettler et al. (1979) "contrary to the 10 0 converging die, 

,the chanriel thic kness wa s inc reased, and the polymer 

Allolecules were or ien,~èd in the radial direction. Upon 

exiting this die, the on1y directions the molecule~ can go 

for random configura tion are the circumfe ren tial and axial 

directions. By this argument a lower thickness swe11 might 

be expec ted . However, we have no experimental results to . 
cohfirm this argumen t. 

Although the above discussion shed sorne light on our 
J 

understanding of the effects of die georne try - on swell, more 

experimental work with different die geometries will be 

neeeded before a general correlation can be developed . 

.Effect of Resin 

The effec t of the resin on diame te r swell is shown in 

Figures 5.16,5.18, 5.20 and 5.22 where equilibrium diameter 

swell is plotted as a func tion of volume tr ic flow ra te. The 

results indicate that w~th aIl the die geometries used, Resin , 

22A gave the lowest diarneter swell and Resin 27 the highest. 

Resin 29 gave i~termediate values. 

The behavior of different resins in terms of thickness 
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swell is shawn in Figures 5.17,5.19, 5.21 and 5.23 where 
" 

equilibr ium thiekness swell is plotted as a fune tion of 

volumetrie flow rate. As in the ease of the diameter swell, 

Resin 22A ,gave the lOi-lest thickness swell values among the 

three resins. For the diverging and straight die, Resins 27 

and 29 gave similar values while for the 20° converging die 

the highest values were obtained with Resin 27. 

The ranking of the resins in terms of the magnitude of 

diameter swell was found to be the same for aU the die 

geometries and extrusion velocities used in this study. In 

the case of thickness swell, die design seemed ta affect the 

ranking of the two resins (Resin 27 and 29) slightly. 

The results indicate that Resin 22A has the lowest 

diameter and thiekness swell for aIl the dies and extrusion v 

ra tes. This resin has the hig hest we ight average molecula r 

we ight and the polydispersity index of the three resins. In 

the literature contradictory results are gi~en as to the 

effect of weight average molecular weight" and' molecular 

we ight distr ibution on swell. This was reviewed in section 

3.3. The present results are in agreement \'iith the results 

of Mendelson and Finger (1975). They observed tha t eapillary 
t _ 

die swell for HDPE deereased with increasing Mw and MWD. 
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Effect of extrusion velocity 

Previous work carr ied on swell indicate that as 

extrusion rate increases swell increases. Our experimental 

results are in ag reemen t with this general observation. 

Using shear rate at the wall as a measure of extrusion rate 

has been the general custom. due to the 

difficulties associated with caleulating the shear rate at 

the wall in the cornp1ex die 9 eome tr ie s used in the pre sen t 

study, we used volumetrie flow rate as a measure of extrusion 

ra te. 

Both .the transien t and equi libr ium swell values 

obtained in this study are increasing functions of volumetrie 

flow ra te. This can be seen in Figures 5.6, 5.7,5.9-5.14 

and 5.16-5.23. These figures indicate that the exact 

rela tion between swe11 and extrus ion veloei ty depends on" the 

resin and the die geornetry. 

Effect of tempera ture 

It i5 generally believed tha t the higher the 

temperature the lower the swe11ing, aIl other variables 

remaining the same. ~y considering that at constant shear 

" ra:te the viscosity dec reases with increasing temperature, an 
" , 

explanation can be suggested for the temperature effect on 

extrudate swe11. Simply stated, this is that the lower the 

. ""' 
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viseosity the lower the flow resistanee of the material and 

eonsequently lower the stress and associated e1astie strain 

that results from flow within the die. 

In the present study, experiments were usual1y carried 

out a t 170°C. However, to see the effeet of tempera ture on 

die s\tlell Resin 27 was aiso extruded at 150 Oc and 190 Oc 
o 

through the div erg ing die. The equilibrium diameter and 

thickness swell values at these three temperatures {ISO oC, 

are listed in Table 5.3. 'These results 

indicate that under the pres'ent experimentai conditions, die 

swel1 ;i5 net a s trong fune tien of tempera ture. Th is may be 

due to viscous heating whieh is inevitable in the proce~s in'g 

of high viseosity pelymers. At lower temperatures, the 

viseosity is increased causing a higher swell. However this 

ean be counterba1aneed by the enhaneed viseous hea ting ow ing 
\ 

to higher viscesities. To calculate quan titatively tne,.._ 

viseous heating of. a viseoelastie material flowing 
1 

in a die 

of eomplex 9 eome try is a diff icul t task and i t is beyond the 

scope of the present work. Similar results regarding the 

effect of temperature are reported by varieus researchers 

(Dutta and Ryan, 1982). 
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TABLE 5.3 Effec t of Tempera ture on Swe11 

(Resin 27, Diverg ing Die) 

Q 
3 

(cm /s) BI 

T = 1.50 I)C T = 170"C T = 190°C 

0.095 1. 24 1. 24 1. 21 

0.475 1.38 1. 32 1. 32 

2.375 1. 55 1.41 1. 4 0 

3 
Q (cm /s) B2 

T = l c;O"""OC T = 170 Oc T = 190°C 

0.095 1. 69 1.65 1. 70 

0.475 1.91 1.94 1. 9 3 

2.375 2.35 2.17 2.13 

~.-

;... Il, 'l', ' 
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Relation between diameter and thlckness swell 

For Resins 27 and 29 the equilibr ium thiekness swell 

was 9 reate r than the equilibr ium diame ter swell for aIl 

extrusion rates ~hen the straight die was employed. This was 

also true for Resin 22A at the highest extrusion rate. For 

other extrusion rates the reverse was the case. With the 
1 

diverg ing die all resins gave higher equilibr ium thiekness 

swell values J~han diame ter swell. In the case of the two 

converging dies., equilibrium diameter swell was always 

greate r than equilibr ium thickness swell. The r ela tion 

between diameter and thickness swells has been studied by 

several researehers. As was mentioned in section 3.2.1, 

Henze and Wu (1973) attempted to relate diameter swell ratio, 

B1' to the weight swell ratio,Bw' The following relation was 

proposed: 

B 1 5.3.6 

The exponent "a" in this equation i8 an indication of the 

anisotropy of deformation. In the isotropie case, when the 

deforma tion in the radial and cireumferen tial diree tions is 

the same, B 1 = B 2 " and "a" is equal to 0.5. For the 30° 

diverging die used by Henze and Wu (1913) the value of "a" 

was found ta be 0.25, indicating that the swelling was 

anisotropie w ith this die. 

.! 
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Gareia-Rejon (1979) used a simi1ar equation to that 

proposed by Henze and Wu (1973) to relate the diameter and 

thickness swell: 

a = A (BJ B2 ) 5.3.7 

where the second equality is obtained using equation 5.3.3 in 

which the annu1a-r die is approximated as a slit. Wi th the 

straight annular die used in that study regression ana1ysis 

gave for the HDPE resihs: 

2.56 
B w = Q. 66B 1 

.J 

\ 

5.3.8 

This resu1t indicates anisotropie swel1ing beh'avior, but" 

Garcia-Rejon's results were e10ser to the isotropie behavior 

than the results obtained with the 30° diverging die by Henze 

and Wu (1973). 

Figures 5.24-5.27 are plots of diameter swell versus 

weigh_t swell obtained in the present study for different die 

geometries. Each point in these figures corresponds to a 

sp ec if ie volume tr ic f Low r a te. The weight swell values were 

obtained from the following relation which is valid for 

isothermal extrusion and for the cases where the slit 

approxima tion is applicable. 
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5.3.9 

Bernhardt (1959) suggests that for values of Do/Di<3, the slit 

approxima tion is a reasonab1e one. For the straight and 

diverging dies, at the exit Do/Di:;:; 1.33, and for the two 

converg ing die s the ratio of DoID i a t the ex it is equal to 2. 

Also, aIl the experiments were carried out under isothermal 

- cond i t ions, therefore the use of equa tion 5 .3.9 is jus t if ied. 

The solid lines in Figures 5.24-5.27 denote the 

isotropie case. It can be seen that the straight die and the 

10° converging die are closer to the isotropie case th an the 

diverging and the ZOo converging die. The dotted line in 

Figure 5.25 represents the data obtained from the 30° 

diverging die of Henze and Wu (1973). The da ta obtained from 

the 20 0 d iverg ing die of th is s tudy fa Il cIo se to th is line. 

Garcia-Rejon (1979) reported that aIl the data obtained 

from three different HOPE' s fellon a single curve when Bl 

was plotted versus Bw. In the presentwork, the behavior of 

the three resins were similar but not identical. 

The values of parameters A and a of equation 5.3.7 were 

ealculated for each resin and die geometry by regression 
l'> 

analysis and are listed in Table 5.4. The isotropfG,1 case is 

represented by A = 1 and a = 0.5. 

One of the resins used in the present study, Resin 27 

\'las also used by Garcia-Rejon (1979). As was described in 
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section 3.2.1, he used the same methoo as in the present 

study to study the swe11 of extrudate from a straight annular 

die. The straight die used by Garcia-Rejon has dimensions 

different from those of the straight die used in this study, 

but the ratio of the outer diameter to the inner diameter is 

the same for both dies. In the'case of capillary dies, it 

has been found exper imen tally tha t onc e the capilla ry is long 
~~ 

enough (L/D?>30) sa that the entrance effects are eliminated, 

swell becomes independent of the dimensions of the die and 

depends on the shear rate in the die. 

The shear rate at the wall for the straight die was 

calculated assuming that the annulus can be approximated as a 

slit. The shear rate at the wall is given by the following 

rela tions: 

Yw = «2+b) /3»)' A 5 • 3 .10 

, 
5.3.11 

b = dlog YA /dlog T
w 

5 .3 .12 . 

Since the annular gap in the presen t die was less than 

Garcia-Rejon's die, 
l 

data obtained in the present study 

correspond to lower extrusion rates. Figure 5.28 shO\tfs the 

equilibrium area swell (B 1B2 )00 values obtained from the 
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\ 

j '~J 
1. ._ 

TABLE 5.4 Parameters "ail and "Ali of Equation 5.3.7 

20° 20° 10° 
Straigth Diverg ing Converging Converging 

Resin 22A a = 0.44 a = 0.40 a :: 0.58 a = 0.52 

A :: 1.07 A :: o .95 A :: 1.03 A = 1.00 -
Resin 27 a = 0.52 a :: 0.31 a :: 0.53 a = o .50 

A = 0.94 A = 0.99 A :: 1.13 A = 1.02 

Resin 29 
.S" 

0.29 0.29 0.48 i' a :: a :: a = 

A = 1.17 A = 0.96 A = 1.25 
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present work and from the work of Garcia-Rejon as functions 

of wall shear rate. The curves from the two studies are 

quite similar, although individual diameter and thickness 

swell values were different. 

In summary knowledge of transient and equilibrium swell 

is necessary to characterize the swelling properties of a 

resin. Also, the diameter swell and thickness swell act 

quite independently from each other, and their interrelation 

depends on the die design and the resin used. 

5.4 Cornbined effects of sag and swell 

In ~hese experiments the cornbined effect of sag and' 

swell was studied under isothermal conditions using the 

experimental techn~que developed by Dealy and Garcia-Rejon 

(1980). This type of experiment resembles more closely the 

parison formation stage in the accual blow molding process. 

5.4.1 Experimental Apparatus 

The same experimental set up that was used in the pure 

swell exper imen ts was employed in the sag and swell 

experiments with the exception of the thermostating chamber 

which was replaced by an isothermal air oven. 

The aven is" shown in Figure 5.29. It has a rectangulàr 

shape (25*30*20 cm3) with '~xterior walls made of wood and 

J 

" 
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l. Insulated Cover 5. Illumination window 

2. Ruler 6 . Heater 

3. Asbestos 7 . Fan 

4. Pyrex plates 8. Thermocouple 

"~ Figure 5 .29 Cross-sectional View of the Isothermal 
Air Oven 
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interior wa,lIs made of asbestos sheet. __ The oven has a front 

window made of pyrex glass. Two lateral circular windows 

located at right angles to the front one provide the openings 

for- the lamps tha t illumina te the inside of the oven. 

Variable intensity halogen lamps (75 W, 12 V) were used. A 

coil heater (660 W) wrapped around a ceramic core is used to 

heat the system.' It is located at the back of the oven and 

is connec ted to a proportional tempera ture contro11er 

(Fenwal1524). A small fan at the back of the oven enhances 

convec tion to main tain a uniform temperature. Three 

thermocouples monitor the tempera ture at three points along 

the center1ine of the oven. The top of the oven has a 

circular opening and a pair of sliding doors. This circular 

opening fits the external diarneter of the barrel in such a 

way that the tip of the die can be seen through the front 

window. The air oven is mounted on a pla tforrn which can be 

raised or lowered to be placed in the position for the 

exper irnen t. The whole assernbly is mounted on ra ils a ttached 

to the base of the Instron testing machine to permit a 

forward and backward movement. Further details about the air 

oven can be found elsewhere (Garcia-Rejon, 1979). 
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5.4.2 Experimental Technique 

The exper imen tal procedure can be summarized as 

follows: 

The tip of the die was cleaned and the air oven was 

raised so that the barrel could be placed in the circular 

opening at the top of the oven. The oven was then heated to 
1 

the extrusion temperature, and after the temperature became 

stable extrusion was started. A predetermined amount of 

material was extruded. A graduated metal ruler was placed in 

the oven in the same plane as the parison for calibration 

purposes. The experimental arrangement was such that the tip 

of the die could be seen through ,the front window. The 

pictures of the parison were taken from the start of 

extrusion (time zero) until the parison collapsed under its 

own weight. The photographs were taken at shorter time 

intervals in the extrusion stage and at longer intervals in 

the post-extrus ion 5 tage. A stop watch was employed to 

record the time. After developing the photographs it was 

possible to obtain the length of the parison directly from 

the negatives with a resolu tion of ±O.8 mm because of the 

presence in the field of view of the graduated metal ruler. 
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5.4.3 Experimental Resu~ts and Discussion 

The experiments were carried out using Resin 27 and 

three of the dies. Th~se were the straight die, ~he 

diverging die and the 20° converging die. The parisons were 

extruded at several extrusl<:>n rates, and aIl the experiments 

were done at 170oC·. The extrusion of each parison started 

from reste This simulates the intermittent extrusion blow 

molding process rather than the contin~ous proce~s.' To study 

the effect of parison we~9h~. on sag, two differe~t weights of 

parisons were ext"ruded from the straight die. AlI the da<ta 

obta ined in this type of eX,per imen ts are 9 iven in Table s 

A4.1-A4.6 in Appendix A4. 

A typical set of data is shown in Figure 5.30 where the 

length of the parison is plotted as a function of time. The 

data are presented in two sections due to the difference of 

time scales appropriate for the extrusion and post-extrusion 

stages. The first section represents the extrusion stage in 

which the length of the parison increases with time. The 

second section starts with the end of extrusion and continues 

into the post extrusion stage. The data indicate that just 

after the extrusion there is a period in which swell 

dominates over sag and the length of the parison decreases 

with time. Then gravitational effects start to dominate, and 

the length of the parison increases. Afte r sorne time the 

parison starts necldng at the tip of the die and eventually 
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collapses under its own weight. The e}Ç'per'irnental results 

showed that once the par ison starts necking the 

reproducibilityof the data becomes very poor. Therefore, 

the length versus time data are presented only up to the 

onset of necking. The onset of necking was found to depend 

on the die geometry and extrusion rate. 

The statistical analysis of the data, obtained by 4 

replicate rneasurements under the same conditions, is given in 

Table 5.5. 

In the blow mold ing process, of course, infla tion 

occurs very quickly afte r extrusion so tha t da ta a t long 

periods after extrusion do not correspond directly to a part 

of the conunercial process. However, in the produc tian of 

large containers, significant sag occurs during the formation 

of the parison. Since o~r experimental parisons were quite 

shor t, significant sag effects could only be studied by 

extending experiments to long times. 

Figures 5.31 and 5.32 show the effect of different 

weights of parison on· swell and sag. The sag effect is 

expected to become more dominant with increasing parison 

weight due to the increase of elongational stress. However, 

for the two differen t par ison we ig hts used in th is study, the 

results indicate that the length versus time curves can be 

brought closely 

effec t of the 

by norrnaliz lng on the basis of rnass. 
\ , 

The 

weight of the par ison b'ecame more dominant at 
------ . ..-J 
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TABLE 5.5 Mean Values and Standard Deviation foF' 

Measuremen ts of Par ison Length 

(Resin 27, Straight Die, Q=0.950 cm3/s 

. m=6. 8 g) 

Time ( s) L (cm) Std.Dev. 

3 e 2.21 0.140 

4 3.03 0.130 

5 4.02 0.180 

6 5.19 0.180 

7 5.98 0.180 

8 6.96 0.170 

9 7.72 0.120 

15 7.35 0.120 

20 7.22 , 0.160 

30 7.01 0.120 

45 6.91 0.075 

60 6.88 0.095 

" 75 6.88 0.095 

90 6.88 0.095 

120 6.96 0.043 

* mean value of 4,replicate measurements 

--, 
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longer tirnes in the post extrusion stage and neeking started 
f 
1 

at an earlier time with the heavier parison. 

The effeet of die geornetry on swell and sag is sho\'ln in 

Figures 5.33 and 5.34. The sarne amount of material was 
'.' 

extruded from eaeh die. The diverging die gave longer 

parisons th an the straight die and the decrease in the length 

of the parison was smaller in the diverging die. Th is was 

the expected result since the pure swell experiments showed 
ù 

that the swell from the diverging die was ,less th an that from 

the s tra ig ht die. The "0° 'd' 4 converg ~ng le gave the longest 

parisons sinee the same weight of mate,rial was' extruded and 

the e,ross sec tional area of th is die is smalle r than the 

other two dies. The decrease in the length of the parison in 

the post extrusion stage i5 the higheS; in the 20
0 convergin~ 

die. This is the die that produced the highest 5well in the , . 
pure swell experiments. The time for the onset of neeking 

was shortest with the 20 0 eonverging die. 

In summary, we can say that the parison length versus 

time da ta ind icate the combined effee t of sag and, SW~ Il on 

parison behavior. A simple lumped t?ararneter model ta predict 

the length of the parison was also developed in this study. 

This wi11 be presented in ,the following chapter. 

using 

In the presen t work, sorne exper imen ts were also don~ 

a conunercial .\::- extrusion blow molding machine ( Irnpco, 

'Ingersoll-Rand. B1,3) of Union Carbide df Canada Limited. 

1 
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o " 

These experiments were carr ied .out to see the effect of the 

resin on the final product produced using thè same processing 
) 

cond it ions. A converging die was used.The processing 

temperature was 205 oC. The die gap and the processing 

conditions were determined by a standard resin used by Union 

Carbide Limited. Resins 22A, 27 and 29 were then used to 
y 

produce bottles under these conditions. The properties of 

the bottles obtained from different resins were different. 

BottIes obtained from one resin had acceptable thickness 

dis tr ibution and surface propert ies whereas bottl:e s obtained 

from another resin had very thin walls and had streaks on the 

surface indicating flow instabilities. Th is is shawn in 

Figure S .34. The operating conditions are given below: 

Die gap: 0.66 mm 

Blow time: 10 s 

Cycle time: 19 s 

Screw speed: 125 rpm 

Screw bac~ pressure: 0.52 .HPa 

Blow ai:r: pressJure: 0.55 MPa 

o 

' . 
• ~ 0 

, 



, , 

147 

Figure 5.35 BottIes Obtained from, two Different Resins 
under the Same processing Conditions. 

ao Acceptable thickness cIi.stribution and surface properties 

b. Poor thickness distribution and surfpce irregulari tie~. 

q • 
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CHAPT ER 6 

PREDICTION OF PARISON DIMENSIONS 

6.1 In troduc tion 

In the present study, a simple lumped parameter model 

to predict the par ison dimensions i5 developed. 

The rnost crucial stage in the extrusion b,low molding is 
" 

the par ison forma tion stage. The par i80n dimens ions pr ior to 

mold closing play a cen tral Lole in controiling the in fla tion 

process and tJ;1us influence the quality and the 'thickness , 

distr ibution of the final product. 

The parison djmensions are determined by two distinct 

phenomena: swel1 and sage Swell depends on time and sag 

depends both on time and position along the length of the 

par i80 n. As a result, different materiai elements in the 

parison sag" and swel',i differently. For example,' ma ter ial 

elements extruded, first' will have the highest swell since 

they are exposed for longer tirnes and almost no sag sine e 

"there are almost no other material elements . hanging beneath 

them. The opposite happens for the elemen ts extruded la5t. 

Fu rthermore, sweli "and sag occur simultaneously. These 

render' the exact analys i5 of the problem very d ifficult. 

The goal of the present approach i5 to develop a model 

which needs only a few parameters that can be easily obtained 
o 
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and which is mathematically simple enough so that the 

computations 6an be carried out on a small computer. 

This chapter is devoted to the description of the 

model. Fir st, previous studies on predic ting parison 

dimensions are reviewed in section 6.2. The derivation of 

the model and the me thod s used in calcula tions are de sc r ibed 

in section 6.3. Finally, in sec tion 6.4, results are 

presen ted and discussed. 

6.2 Literature review 

Attempts at developing a quantitative analysis of the 

parison behavior prior to mold closing have been relatively 

few owing to the enormous complexity of the problem. 

Cogswell et al. (1971) developed the first overall 

analysis of the blow molding process. Their work wa s 

l?articularly invo1ved with the parison formation stage. They 

assumed the parison to be composed of sections identified by 

the time at which they were extruded. The t ime dependency of 
'. 

swe 11 wa s neg 1ec te d and i t wa s ass umed tha t e ach s egmen t 

swells instantaneously as it ernerges from the die. Thus the 

initial cross-sectional area of a section included aIl the 

poten tial swe lling. Then this swo1len segmen t started to 

sag, and 'this was taken to be both tirne and position 

dependent. Cogswell's (1970) equation was used to obtain the 

swell data (see section 4.1). The sag phenomenon was 
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analyzed in terms of the variation of strain wi'th time. The 

total strain was taken to be the sum of elastic and viscous 

componen ts. The values of the cross-sectional area, radius 

and length of parison ~ere calculated and compared with a 

single set of experimental data obtained by cine-photography 

and an extruded par ison. The predic tions were found to be 

sa tis fac tory. However, there is not enough experimental 

evidence ta back this model and no explana tion is given on 

how to obtain the rheological propert ies tha tare required in 

the mode!. 

Henze and Wu (1973) also attempted ta model the parison 

behavior. Their experimental data were obtained employing a 

par ison pinch-off mold. A 30° diverging die was used. 

Par isons with diff~ rent weights and diffe ren t mold close 

delay times were obtained. A mathematical model for weight 

ratio was presented that included parameters describing the 

swe 11 and dra wdown phenomena. These parame~ers are rate , 
'" constants for swell and sag and initial and ultimate weight 

ratios at zero loading. These were evaluated by curve 

fitting experimental weight ratio data. Then they tried to 

correlate the parameters thus obtained with each other and 

with the rheological properties of the resin. It was 

proposed tha t once these parame te rs \'lere obtained, we ight 

ra tio for each segmen t of parison could be calcula ted. Us ing 

an emprical relation between weight swell and diarneter swell 

___ f 
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proposed in the same study, the diameter swell can also be 

obtained. It was also proposed that an Iterative procedure 
, ' 

be used to predict the dimensions of the entire parison. , 
However, there is not enough evidence to validat.e this 

theory, since the mode1 equation and pararneters obtained from 

curve fitting have never been compared with different 

exper irnen tal da ta. 

Ajroldi (1978) in his analysis assurned sag and swel1 to 

be additive. He applied his analysis to individual parison 

segments and assurned that the stress acting on each section 

is in the linear viscoelastic range and that it does not 

change too much in tirne due to the variations in the 

cross-section. In this way, sag can be described in terms of" 

creep cornpliance. Swe11 was taken to be the recovery due to, 
1.: •. " j 

tensile deforrnation. For parison elements having the same', 

1e~gth, the following equation was obtained: 

6.2.1 

'. 

where wi('t) i5 the weight of the i'th sègrnent, w (t) is the 
r 

mass- ". that segment wou1d have in the absence of gravit y, g 

i5 the gràv i ty constan t, l is 

the density, J (t) is the creep 

the length of the pi11ow, p is 
. 

compliance and L: w. (t) is the 
1. 

total weight of other segments hanging be1ow. The wi(t) data 

were obtained by means of a parison pinch-off mold for 
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" 
.: 

different mold close delay t ime s. Using these data and 

equation 6.2.1, lnwi (t) was plotted ag ainst (2": w. ( t) ) /w. ( t) , 
l l 

to obtaïn area swell and creep comp1:"iance values from the 

intercept and s~ope. The area swell thus obtained was 

compared with area swell values obtained from Cogsweilis 

(1970) equation (see section 4.1). The agreement Wé\S poor. 
~j 

The creep comp1iance values were compar,ed with the values 

obtained from relaxation moduli. Different values were 

obtained, a1though they were of the same order of magnitude. 

Kamal et al. (1981) used an equation similar to that 

proposed by Ajroldi (1978) in reverse, Le., they used 

experimentally obtained swell data and creep compliance data 

to predict the approximate dimensions of the parison. For 

parison elements having the same weight, equation 6.2.1 

become S: 

InA~ (t) = InA' (t) -gJ(t) 0: wi (t) )/A~ (t) 6.2.2 

where A~ is the cross-sectional area of an element and AI (t) 

is the cross-sectional area in the absence of drawdown: The 

values of creep compliance reported by Plazek et al. (1979) 

for differen t HOPE resins were used. The swell da ta we re 

obtained from p inch-off experiments and cinema tographic 

techniques and the effect of sag on the swell data was 

neglected. The model prediction was compared with a single 
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set of exper imental data and found to be satisfactory. The 

swe11 data used in this study were questionab1e s ince a 

constant value was assumed to be reached at about 2 seconds 

whereas it is known tha t swell continues to inc rease for much 

longer periods of time (Dea1y and Garcia-Rejon, 1980; Ka1yon, 

1980) • 
>'f.~ 

~.... l Garcia-Rejon (1979) , also proposed a mode1 to predict 

the 1ength of the parison. In his approach the par ison was 

considered as a whole rather than being considered to be made 

up of individua1 elements. 't'h e extrus ion and post-ex trus ion 

stages were treated seperately. During the extrusion stage 

sag was neglected. The effect of drawdown was considered in 

the post extrusion stage, where i t was assumed to be 

equivalent to stress growth in uniaxia1 extension, with the 

initial 1ength taken to be the 1ength at the moment extrusion 

ended. The stress due to the weight of the parison was taken 

to be concen tra ted a t the top of the par ison. The effec ts of 

sag and swell were rconsidered to be additive. The following 

equations were thus obtained: 

t~t 
e 

L (t) 
P 

=' 
av t e e 1 

+ Lp (te? { t 
l-pgL (t )J 

pet 
e 

6.2.3 

+ - 1 } 6.2.4 
dt/nT (t) 
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whére a. is a geometrie parameter, Ve is the extrusion 

is the are a swe Il fu nc tian, t is the 
e 

extrusion time, Lp (t) is the length of the parison at the 

end of extrusion, and 1); (t) is the stress growth function in 

uniaxial extension. Experimentally obtained stress growth 

fu nc tion for a st rai n r a te 0 f O. 0 a 6 7 s-l were used. 

Experimental area swell data was used in the model equations. 

The model predictions were compared with exper imental data 

for different resins at various extrusion veloe ities. 

Satisfactory results were obtained for sorne cases. The 

present model is an extension of that of Garcia-Rejon. 

Dutta and Ryan (1982) also attempted to develop a model 

capable of predic ting par ison d imens ions. They mode11ed sag 

and swell phenomena separate1y. The pure swell behavior was 

modelled using exponentia1 functions with experimentally 

de termined constants. To model pure drawdown, corota tional 

Maxwell model was emp1oyed. These two seperate effects were 
" 

then 1inearly combined to obtain the ac tu al par ison 

dimensions. Du tta and Ryan (1982) compared the model 

predictions with experimental data obtained by employing 

pinch-off mold technique 'in conjunc tion with photog raphy. 

The quantitative agreement between model predictions and 

experimenta1 results were found to be poor. 

J 
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6.3 Model Deve10pmen t 

6.3.1 Mathematica1 Derivation 

The parison formation stage is a very comp1ex 

phenomenon. Bath sag and swe11 not on1y depend on time, but 

a1so on deforma t'ion history. Fu rthermore, nei ther a re the 

deforma tians invo1ved suff ic ien tly sma11 nor the deforma tion 

rates sufficient1y low so that the process can be described 

in terms of 1inear viscoelastic ity. It is evident that a 

r igorous analysis of par ison developmen t repre sen ts a 

formidable problem. Such an analys is wou1d require a 

difficu1t and questionab1e choice among the various nonlinear 

viscoe1a stic theor ie sand . would invo1ve time consuming 

comgutations invo1ving finite difference or finite element 

techniques. In the present study, in order to avoid 

e1abora te numer ica1 computa tion a simple lumped parame ter 

mode1 has been deve10ped, which can be solved using a 

microcomputer. 

In the present model, the parison is considered to be 

made up of uniform e1ements ,each having the same mass bein.g 

tha t amount of resin extruded if a fixed t ime in te rval, tl t. 

This is shown schema tica11ir ,in Figure 6.1. This approach of 

considering the parison to be made up of individual e1ements 

a110ws us to account for the position dependency of swe11 and 

time and position dependency of s~. 
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Figure 6.1 Schematic Diagram of parison Elements 
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The tlme interval, LIt, is selected in such a way that 

an integral number of elements is obtained at the f)nd of 

extrus ion. Thus, for times equa1 to or greate r than 

extrusion time, the t;ota1 number of elements that are formed, l, 'lJ-'> 

N, is 9 iven by the following equation: 

N = telllt ; t~t~ 6.3.1 

For times smaller than the extrusion time, N denotes the 

number of e1ements that are fully extruded and it is given by 

the next in te'ger below t/ ôt. The element that is being 

curr~ntly extruded is denoted by N+l. 

We begin our analysis with a single rnass balance 

between the barrel and the par ison: 

6.3 .2 

where Mb and M are the mass flow ra te in the barrel and the 

mass flow rate of the parison respectively. The experiments 

were carried out under isothermal conditions 50 that the 

tempera ture in the barrel was the same as the tempe;r;a ture of 

the parison and if we assume the effect of pressure on the 

density of the polymer to be negligible equation 6.3.2 

becomes: 



Q = Qb 6.3.3 

or 
~, 

Q = Abve 6.3.4 

where Q is tHe volumetrie flow rate of the parison, Qb is the 

volumetr ic flow ra te in the barrel, Ab i8 the cross-sec tional 

area of the barrel, and v e is the extrusion velocity in the 

barrel. 

In order to justify the assumption concerning the 

effect of pressure on density, the density of the parison and 

the density of the melt in the die were calculated using 

equations developed for HOPE by LeVan (1972). It is found 

that even for the highest extruSi.~n rate used, the difference 

for the two values i5 1. 6%. Therefore, the effec t of 

pressure on density can be neglected. 

Next we assume that within an elemen t the cross-section 

is uniform. Th is a5sumpt ion i5 obviously invalid in the case 

of the element which is at the die exit., Thus,eq'uation 6.3.4 

bec 'orne s !\ 

1T ( R 
2 

( t) - R ~ (t» dL. (t) = 
op l.p l. 

,6.3.5 

" 
In the above equation Rop(t) , Rip{t) and Rb are the outer 

and inner radii of the of the par ison and radius of the 

barrel respectively and dL i (t) is the' differen tial length of 

_. - --'1 
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1 

/ 
parison formed during the time if1;l:ervàl dt. If both s'id,es of 

equation 6.3.5 are divided' by the quantity 

1 fallowinq expression is obtained: 

V d dt , 
dLi(t) =----------~--~----------

{ (R;p (~) -Rfp (t),) 1 (R;d-R~d) } 

~ 

" 

6.3.6 

where Rodand Rid de'note the outer: and inner radii at the die 
02 2 2 

exit and vd (= RbV e ';(Rod-RidU is the velocity at' the die 

exit. 

The quantities Rop(t) and Rip (t) are determined by, t,he 

comb ined effec t>, of sag and swell and if their values are 

known or can be predicted, the length of the ,par ison cfin be 
/ 

obtained from equation 6.3.6. Eviden tly if there were no sag 

and no swell, the parison would retain the dimensions at the 
\. 

die exit so that the denominator of equation 6.3 ~6 would be 

unit y and the differential parison 1ength would 'be: 

/ 6.3.7 

Equation 6.3.6 can be applieti to each parison element. 

Ta develop the model" the extrusion and post-extrusion stages 

of an element are considered 5eperately. 
l' 

Ta find the length of an element that i5 being 
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currently extruded, it is assurned that an element does not 

sag during its extrusion. Thus the terms R (t) 
~'- _ op and R. (t) 

~p , 

0' de pend only on swell, and they can be-~'~alculated using the 

following relations: 

ROp (t) = ROdBl (t) 

Rip(t) = RodBl(t)-,(Rod-Rid)B2(t) 

w , 6.3.8a 

6.3.8b 

.. 

,\ 

B1 (~) and B2 Ct) are the diameter a,nd thickness swell ratio-s--

as qetore and the above equations can be substituted into 
:, 

~quation 6.3.6 to oQ}ain the length' of the element that is 

curreritly being extrudêd. 'If the s li t app,rox ima tion c an be 

.,made, the denominator -of equation fi. 3.6 becornes equal to the 
> -

area s~ell ratio Bl (t)5
2 

(t), and the equation becomes: 

\ 
t/~~ 

J 
V dt' d L. (t),: (t)= 

1. ~+1 B (t')B (t') 
1 2 

6.3.9 

Nllt 

.. 
Noting that nearly 70% of the total swell occurs very 

quickly, we simplify equation 6.3.9 by using constant average" 
1 

values, of Bl and B2 evaluated at llt::/2. Thus: 

v d Ct.-NAt) 
\ 

~-------~i+l (t) ::: --------
Bl (ât/2)B2 {llt/2) 

6.3.10 
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The calculations are carried with the experimentally abtained 
~--

diameter and thickness swell values, since so far there 

exists no reliable carrela,tion be tween the rhealog ical 

properties of the resin' qnd' the 
, .., t 

swell functions. Th~ 

experimental diaméter and thickness swell' data are fitted 

with the following equations proposed by Garcia-Rejon (1979): 

~-

, -t/Z; 
BI (t) = BI <Xl - (B l <Xl - B 10 ) e l 6.3.Ua 

-t/Z; B2 (t) - B2",- (B 2'" -B 20) e 2 6 .3 .Ub 

where l,;l' l,;2 are the characteristic times for dia'meter and 

thickness swell, Blco and B 200 are the equilibrium diameter and 

D thickness swell values and BIo -:nd B20 are the diameter and 

thickness swell values resp-ec,tively carrespanding to zero 

otime. These functions are capable af fitting the rapid 

initial swelling and the equilibrium value at longer times. 

The equatians gave a very good fit with the experimental 

data. However, at very short 
." ~ -

times, '>:';1:.'e., le ss than 5 
,'; , 

seconds the 'equations gave slightly higher values than thase 

observed experimentally. -The da ta are f itted for the time 1 

range used in the calculations, and the constants in these 

equations are given in Tables 6.1 and 6.2. 

Ta find the length of an element that i9 already 

extruded we consider both swell and sage To model the 
, 1 

1 
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TABLE 6.1 Pararneters of Equation 6.3 .Ua for 

Resin 27 

~i9~t Die 

Q (cm3 /s) 

0.095 

0.238 

0.475 

0.950 

2.375 

Diverg ing Die 

0.475 

0.950 

B10 

1.25 

1.29 

1. 33 

1.35 

1.38 

1. 02 

1. 05 

20° Converging Die 

0.475 

0.950 

1. 92 

2.10 

) 

( 
\ 

B 1ro 

1.66 

1.70 

1.74 

1.76 

1.94 

1.31 

1.38 

2.81 

2.70 

1;1 (1/5) 

132 

109 

57 

69 

103 

160 

162 

110 

45 
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TABLE &.:2 Parameters of Equation 6.3 .11b for 

Resin 27 

Straight Die 

Q 
3 

(cm /5) 

0.095 

0.238 

0.475 

0.950 

2.375 

Diverging Die 

o .475 

0.950 

820 

1.17 

1,24 

1.43 

1.48 

1.56 

1.40 

1.47 

20 0 Converging Die 

0.475 

0.950 

1.29 

1.31 

B2 °o 

1.84 

1.86 

1.92 

1.97 

2.10 

1.97 

2.15 

1.92 

1.81 

Z; 2 (l/s) 

26B 

21B 

211 

129 

154 

150 

185 

143 

55 

, , 
i -, 
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proeess we assume that sag and swe11 are uncoup1ed and oeeur 

independen t1y of e aeh other. For eaeh e1ernen t, the t ime 

e1apsed sinee its forma tion is differen t and is 9 iven by the 

fo11owing formula: 

t. = t-i~t 
J. 

6.3.12 

where t. denotes 
]. 

the time during which an element is 

subjeeted to the effeets of drawdown. 

To model sag it is assurned that sag is the uniaxial 

extension of a hypothetieal unswol1en element: To this end 

we define z. to be the length of this hypothetieal elemerrt. 
]. 

The time dependent extensional strain 

given by the fo11owing definition: 

~ . ( t .) = (1/2;.) (dz. / dt. ) 
]. ]. ].].]. 

ra te, é:. (t.> , 
]. ]. 

is thus 

6.3.13 

Note that in the case of no sag z. is 9 iven by equation 6.3.7 
J. 

and thus the initial value of z. is: 

t. = a 
J. 

]. 

6.3.14 

T'he length of a fully extruded elemen t can thus be obtained 

by anology with equation 6 .• 3.10. 

, , 
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z· (t. ) 
1. 1. 

L. (t) = ----------
1. BI (ti +ilt/2) B2 (t i +dt/2) 

6.3.15 

The average net stretching stress due to gravit y in the 

unswo1len e1ement can be obtained by dividing the total 

weight hanging beneath the element by its cross-sectiona1 

area. Each element has the same weight, which can be 

determined from a mass balance between the e1ement and the' 

barrel, SQ that: 
""-J 

-
Lzz-Lrr = Li = pAbve ilt g(i-1)/Ai 6.3.16 

where L. is the 
1. 

stress, 9 is the gravit y constant and AI is 
i 

the area of the hypothetical u nswollen elemen t. . A ~ c an also 
1. 

be found from continuity. Assuming constant density: 

6.3.17 

Combining equations 6.3.16 and 6.3.,17, the stress is found to 

be: 

<' 

L. = pg ( i -1 ) z . 
1. 1. 

6.3.18 

Finally for the relation between stress and strain 

severa1 p-ossibilities were considered. In sorne of the 
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previous work done on rnod~lling parison behavior, the 

phenomenon of sag was assumed to be re1ated to creep 

compliance (Ajro!di, 1973; Kamal et al., 1981) ."' However, the 

inherElnt assumption in this approach, that the stress is 

constant, is not valid sinee the cross-sectional area of the 

par ison :ls chang ing w ith t ime. Also, creep cornpliance da ta 

are qifficult to obtain in the laboratory. Garcia-Rejon 

(1979) assumed sag to be equivalent to stress growth in 

uniaxial extension. He considered severa1 choices: us ing a 

constant elongationa1 viscosity, using a stress growth 
+ 

function, T\r (tf predicted by linear viscoelas~ic theory, 
+ 

us ing ll:r (t, Ë) as predic ted by à non-1inear model like the one 

of Acierno et al. (1976), and using the experimental1y 

determined stress g,rowth functiÇ)n at a specifie strain rate. 

Experimentally obtained stresS growth data at a constant 
I! e, 

stra in ra te of 0.0067 s-lg av e the best predic tions. 

In the present work, the possibility of, using-stress 

growth function as the relation between stress and strain 

ra te was also examined. The strain rate was taken to be 

position dependent a10ng the length of the parison but was 

constant for each e1ement. The strain rates involved were 

found to be in the order of magnitude of 10-3 • Lodge' s 

Rubber-1ike liquid model (Lodgl~, 1974) was used to evaluate 

the values of the stress growth function, and an average 

value of strain rate was found by trial and error for each 
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element. Then, instead of u~ing the stress growth function, 

the possibility of using a constitutive equation in uniaxial 

extension was considered. The strzlÎn ra te was taken to be 

both position and time dependent qnd was integrated over the\,-, 
l' 

past history. Lodge' s rubber-like liquid model (Lodg e, 1974) \.) 

was used as the constitutive equation. The results indicate 

that using this method gave better predictions of parison 

length compared to those obtained by using the s,tress growth 
, 

function. Therefore, this me thod wa s p,referred. The 

predictions of these two models will be compared in section 

6.4. 

Lodge 1 s Rubber-like liquid model was selected as the 

'< constitutive equation s ince it is a fairly simple model which 

does not need elabora te computa tions ye t it sa tis fies the 

principle of material objectivity. Al though the model has 

sorne' limitations and deficiencies, it is found ta be a good 

model for transient elongational flows at low extension rates 

and a t shor t t ime s (Bird et al., 1979; Chang and Lodg e, 1972; 

Lodg e, 19741:" S ince corranerc iai process ing invaives ra ther 

shor t tirnes from the s tart of extrus ion to infla tion and 

since the strain rates assaciated with sag, are law, Lodge's 

rubber-like liquid model suffices for our purposes. 

,t 

,'_ .' .. ' ____ ~ t 
.,. ~~ .. ~--
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The genera1 form of Lodg e 1 s rubber-1ike 1iquid model is 

(Lodge, 1974; Bird et aL, 1979): 

with 

t 

T = f M(t-t'n(ldt' 
-CIO 

exp(-(t-tf)/À ) , ok 

6.3.19 

6.3.20 

where t 1 denè\es the past times, M( t-t 1) is the memory 
') 

functiôn, !!-1 is ~the Finger tensor, and Gok and ÀOk are the 

relaxation modulus and the relaxation time respectively. 

Applying this model to the present case where the parlson 

elements are subjected to a time dependent strain rate, 

Ê i (ti ), for ti?O, the fo1low lng. equation ls obta ined: 

-t.JÀ 
rGoke 1 ok) Ti = ( 

2 z. (t. ) 
(1 1 

2 z. (0) 
1 

z. (0) 
].. ) 

z. (t.) 
].. 1 

-(s.-t')h. k z. (t') e 0,) ( __ 1 __ __ 

o 
z. (t. ) 

].. 1 

2 z. (t . ) 
1 1 ) dt 1 

z~ (t 1 ) 
1 

6.3.21 

where Z1' (0), z. (t.), z. (t.') are the values of z. at time 
]..].. ]..].. 1 

zero, at ti,me' t. and at some past time t.1 respectively. ';l'he 
1 ].. 

derivation of equation 6.3.21 ia given in detail in Appendix 

AS. 

-'-- ~ 
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Equations 6.3.18 and 6.3.21 can be used te obtain the 

value of zi for each elemen t a t the de sired t ime. The value 

of zi thus obtained is then substitu ted in equatien 6.3.15 ta 

ob tain the length of the elemen t. Finally the aetual length 

of the parlson at any' time t ls obtained by summing up these 

individual contr ibutions. Thus, the length of the parison 

for times smaller than extrusion time is given by the 

following equation: 

v d (t-N~t) N 

L(t) :: + I: Li (t) 

BI (flt/2)B 2 (flt/2) i=l 

t~t e 6.3.22a 

For times greater than the extrusion time, we have: 

N 
L (t) =2: Li (t) 

i=l 

In th~ experirnents 
f 

swell were studied, 

t>t e 

in which the cornbined effects 

6.3.22b 

of sag and 

it was observed that when o the length of 

the parison was plotted as a function of time the values did 

not pass through the origi'n.~ Rather, a zer' length 'is 

observed for a time which is larger than zero. This 

phenomena, . which is not uncbmmon in '.. ' . lntermltten t extruslon, 

is due to the compression of the melt before enough pressure 

has been built up to make it flow. This causes, a time lag, 
" 

and the real extrusion timeliS le ss than the cale ula ted one. 
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The value of the time lag, t c ' can be obtained by 

extrapolating experimental L(t) data to L=O. The value of te 

increases with deereasing extrusion veloeity and amounts to 

about 3-13% of the extrusion time for the lowest and highest 

extrusion veloeities used. So the time, t, appearing in the 

model equations should be cor rec ted for 
~ 

Accordingly equations 6.3.22 become: 

Vd(t~NÂt) N 

L(t*") =---------+ ~L. (t) 
Bl (flt/2)B2 (flt/2) i=l ~ 

* N 
L(t) =L:Li(t) 

i=l 

* where t is given by 

* t = t + tc 

i t>t 
e 

t~t e 

this ,effect. 

6.3.23a 

6.3.23b 

6.3.24 

The model performance is described in terms of the 

length of the parison, since it is the rnost easily measured 

quantity. However, the ultimate aim of such a model is to 

predict the cross-sec tional area and thiekness distr ibution 

as weIl as the length. The present'model can be extended to 

satisfy these demands. The cross-,.sectional area of an 
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elernent can be obtained through a rnass balance: 

6.3.25 

To deterrnine the apprèxirnate distribution of diameter and 

thickness swell in the parison, it can be assurned that the 

ratio of swell ratios for the parison is equal to that for ~ 

the parison extruded into oil: 

Bli Bl (ti ) 6.3 .26 
--= 

Equation 6.3.25 assumes that the a~ea swell does not change 

aiong the elemen t' length. However there is a sIDall section 

at the tip of the parison which has different dimensions than 

the rest of the extruda te. This is caused by the fact tha t, 

since the extrusion stars from rest, the rnaterial near to the 

die exit will experience little shear and thus does not have 

the same strain history as the rest of the ma terial in the 
, . 

par ison. Fortuna teIy, this port ion is only a small frac tion . 

of the parison length and it becomes the discarded tail flash 

of the bottle in the process. Also just at the tip of the 

'" die; the cross-sectional area is not constant along the 

length of the element, because 'of the difference of 

dimensions between the die exit and the parison. However, 
" 
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this portion also is no t, significant in the act;ual process. 

The basic assumptions made in the der ivatian, of the 

model can be summarized as fol1ows: 

1. The par ison i s assumed ta be made up of indiv idua1 

elemen ~s,> each having the same mass and each extruded in the . 
sarne tirne interval, llt. The cross-section~ü area is taken to 

be uniform within an elernent. 

2. It is assurned that an element does not sag while it 

is being extruded~ 

3. Sag and swell are assurned to be uncoupled. 

4. Sag is assurned to be the uniaxial extension of a 

hyp0t:hetical unswollen elemen t. 

6.3.2 Model calcula,tions 

, 
In order to be able to calcula te the length of the 

parison, the swell functions and the hypothetical length, 

Zi(ti) must be evaluated. 

It was mentioned in the previous sec t ion tha t 

exper imen tally obtained swell fu ne tions are used' w ith the 

model equations. The exper irnen tal diameter and thickness 

swell data are fitted using eq.uations 6.3.11 (sèe Tables 6.1 

and 6.2). 

To obtain the value of zi (ti ), equations 6.3.18 and 

6.3.21. must be 
<1 

s~lved sirnul.taneously. A tr ial and error 

procedure is us~d for this purpose. First an initial 
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1/ 

estlmate of z. (t.) i5 made and the value of the stress T. i5 

......---~t~ined from ~ ~uation 6.3.21. Th is value is then u5e~ t~.-. 
calcuiate zi (ti ) "throughequation 6 .3.18. This procedure i5, 

li 

'1 

repeated until the difference ~ betwer the tr ial value and 
h 

çalculated value is'very small. ,The calculations are car"ried 

out using Wegste in 1 s me thod for convergence 
." 

'i; 

(Franks, 1972). ' 

This method is based on a projection teç .. 9ni~nerebY the 

next tr ial value .is determihed from the projection of the 

latest ,two trial values. The c,onvergence i5:: aChieve"d 

rapidly. 
• '« 

Discrete relaxation spectrum data' obtained from the 

storage modulus (see section 2.4.3) are used in equation 

6.3.21. These values are 9 iven in Table -2.2. EquatioÏ'l 
,<. 

6.3.21 is integrated numerically s,ince the function z. (t.). is 
~ ~ 

not known a. pr ior 1. A compos ite in tegra tion formula is u sed ; 

'whereby the in teg ra tion in te rv al (fi -0) is subdiv id~d' i~ to 

smaller intervals of .6.8 and the , tr~pezium! rule ts, applied to 

each small interval (Carnahan et al., 1969). The small time , 

in terval for in tegra tion M, is taken to be an integer 

frac tion of bot for conv inienc e. Se lection of t.e affects the 

final results. Too large a boa gives a less accur,te result 

whereas too sma!l a M increases computa t.ion t ime. "Howêv'er, 

there is an ,optimum value' of stepsize" in a numerical 

inte,gration beyond which the results obtained become less 

sensit ive to the selection of the ~ teps~zt;l. For t~e presen t 

'" .. 

( , 

, 
1 • 

" 
~ 
,-1 
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mode~, the optimum value for 68 is obtained by trying severa1 

values. 

A small computer (PET Commodore 2001) was used to so1v.s-J 

model equations. The computer program (in Basic) is given in 

Appendix A6. The procedure used in the calcula tions is 

outlined below: .. 
1. The time incr~ments 6t and 68 ar,e se~ected. 

2. For any time t* , the actual time t is evaluated 

using equation 6.3.24. 

3. The number of elements that are ful1y extrudeà (N) 

iB 'ca1c!Jla ted. ) 

4. For each 'e1ement i (i- l, ... ,N) ~ / : . 

a. ~ is calculated from equation 6.3 .12' ~....--, : 

b. zi (q) is obtained from equations 6.3.18 and 

6.3.21 

c. Diameter and thickness ~well values ~re obtained 

from equations '6.3 .lla and 6.3 .llb. 

d. The ~ength of the element, Li (t) is ca1culated 

uSing equation" 6.3 .15. 

5. If t ~ ta, tKe length of the elemen t tha t is 

currently being extruded is cal~ulated from equation 6.3.10. 

6. The actual length of 'the parison i5 obtained 

fro~ equation 6.3.23. 

* 7. Steps 3-6 are repeated for a new time t • 

. _.h~.J". ___ _ 

, 

1 
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.. 

Since equation 6.3. 21 requ~res the knowledge of tlle value' of 

z· (t.) at past times, it is best to start the calculations 
,~ ~ 

. * . w~th t belng equal to (tc + M) and increase the time with an 

iqc remen t equal to ôe. 

6.4 Results and Discussion 

The resulta obtained from the model equations are now 

compared with the experimental data. The model predictions 

and experimen'tal dala are tabulated in .. Tables A4.1-A4.6 in 

Appendix A4 and plotted in Figures 6.2-6.13. 

Figur~ 6.2-6.9 show both the exper.imental and 

predicted parison lengths for thè straight die. Results are 

presented for two parison weights and four extrus ion 

velocities for each parison weight. The experimental data 

and model predictions are found to be in .good agreement, 

,especially in the extrusion stage and at short times in the 

post-extrusion stage. ~ These are the important time scales in 

a cODIRe rcial blow mold ing opera tion. However, at longer 
, 

times in the post-extrusion stage, the model predictions are 

higher thàn the experimen tal data indicating that the model 

predicts a larger and faster swell than is observed. The 

model performance at longer times' is better for ,lower 

ex trus ion ra te s. 

The performance'\of the model for the diverging die is 
, \ 

\ 

shown in Figures 6.10 and 6.11 for two extrusion rates. As 
\. 

--~---.-:.,.-------~~~,-.. _,-.~ ._---
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in the case of the straight die~ the model predictions and 

da ta a re fou 00 ta" b e in good ag reemen tin the ex trus ion s tag e 

and at \horter times in the post-extrusio'h stage. At longer 
; 

times the prediptions are higher than the experimental data. 

For the 20° converging die, it was observed that the 

model predie tions are very poor in the post-extrusion stage. 
~ :...----. 

This is shawn in Figures 6.12 and 6.13. The failure of the 

model for tM 20°. converg ing die 

the assumptions of the model. 

is thought to result from 
1 

The large diameter, swell 

obtained with this die renders invalid the assumptions tha t 

" sag and swell are uncoupled and tha t sag is equiv alen t to 

uniaxial extension. In the actual case, of course, the two 

phenomena oeeur s imultaneously and are. eoupled. In unïaxial 

extensional flow r there is a tendeney of Molecules ta be 

or ien ted in the ax ial d irec tion. Swell, . on the other hand, 

is caused by a hoop orientation whereby the molecules tend to 
t' 

. ' 
'he or ien ted in the circumferen tial d irec ti6n. Therefore, the 

k .;' J 
, .. )assumptions- tha t\ sag and swell aIe unc:oupled and tha t sag is 

." . 

Îequivalent te uniaxial extension e~uses the model' te over 

predict sag at longer times in the straight and diverging 

dies and leads to unacceptably large errors in the case of 

the 20° converging die where large values of swell are 

observed. To improve the predictions, sag and swell would 

-have to be modelled as coupled 

require elabora te calcula tions and 

phenomena. , Thi.s would 

a simple lumped parameter 

l , 

\ 

1 

1 
!' 
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.. 

model would no longer be va1id. Furthermore, it is not 

certain tha t such a sophisticated analysis wou1d be 

successfu1 since as was mentioned in section 4.2 current ,work 

, attempting to mode1 swe11 alone has not been successful to 

... 
\ 

date. 

Figure 6.14 shows parison behav ior in the 

post-extrusion stage under differen t cond itions. If there. 

wère no sag, the length of the parison wou1d decrease 

continuously at a decelerating rate until the equilibrium 

swe11 value is obtained. This is represented by curve (1) 

of Figure 6.14. Curve (2) represents the case of no swell, 
~ 

and in this case the length of the parison in the 
. 

post-extrusion stage will increase until it collapses. In 

the actual case the parison swells and sags simultaneou8ly 

and this is shown by curve (3). The prediction of parison 

length depends on how the sag contr ibution 'i8 modelled. In 
- .... 

the present model several alternatives were considered for 

the rela tion between elongational stress and strain. It was 

mentioned in section 6.3.1 that the possibility of using 

, str~ss growth fuootion in uniaxial elongation (at a constant 

strain 'rate) was examined. 
";.1' ' 

Lodge's rubber-like 1iquid model:: 

was used to evaluate the values of the stress growth function 

,at a particular strain rate. An average value of strain 
... 

rate was obtained for each element by trial and error. The 

predicted values of parison length using - this method are 

.' . 

1 
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shawn in Figure 6.15. Also plotted on :;the same graph are the 

values of parison length obtained using Lodg el s rubber-like 

liquid model for uniax ial extension in which the stràin ra te . 

was taken to be both pdsition and time-dependent and was 

integrated over the past history. The results show that the 

lattér methoQ give~etter predictions and therefore this 

method was the rest of the cale ula tions. 

The on spectrum (Gok' Àok ) used in Lodgels 

rubber-like modei was obtained from linear 

viscoelastie exp' iments. However, it is weIl known that the 
~ 

deformations the melt experience during its flow in the die 

alter its eharacteristics. Therefore, the possibility to 
, 

account for such effects was also considered. For this 

purpose the model . developed by Acierno et al. (1976) was 

uSed. This model has the distinctive feature of having 

relaxation times' and moduli that depend upon the existing 

structure kLe., strain history) with only one adjustable 

parameter. The model is a modified version of the convected 

Maxwell model, and it takes into account how. the structure of. 

the ma~rial changes with time when the material is' deformed • 
.. 

This idea is represen ted by the concegt of an entaglement 

~ensity that varies with time. 

relaxation spectrum (G k and ~k) is 

The structure-dependent 

given by the following 

. , 

• ! 
1 

-' , , 

! 
t 



~ :/:< ~u 

1" 

" 
l' 
1 ',1 

: ~ :~. ~ ~ 1 

: l' f _ l' 

"J 

-\ ~ ..... - l 
"'i~. ,~ 

• 1 < ... ~ 
i _ :" ~ _ 

'''..\-

li 

, ' , 

~,-' , 

0' 

o. f 

l, . _., 'e:z ~.'H""';."I§. au 4441! _ , , .., 1> :li!!II4!a!~II" 11!!.~il!i ~iffll! ,... 1 __ ~ ___ ~_ H~ ~ _",'"",,41 .. ,_ ... ,,, .... '~ .'- .. ~:ts:\J.ll44,S%4AtPt(eal t. or' li. ,{ ~.: .. ~ 

~ .. 0 ,~ 
,~ 

J 
:t 
,1 
~ 

10 

J 
, , , 

t 

.. 

-. , , -. -. • , -. , 

o o o o o 

o 

• 

.. 

o 

i 
i 
" '" il 

, 'J 

i - ,.~ g ë 
iJ .~ 

J. 
,1 

'~ i~~ -'" 
, 'l~:' 
~} i 

, '/ 

- ~ 

:' l,' ,~ 

,> ~ 

~ 

,J 

f ,: 

r 

., 

--'l 

;-- >1 .:~ ~ ~ ~ ~ 
~ '..1. 1 ~ e 

'J' 
" . ' 

.' 

; J 

,l, 

,~ 

,-' JI 
J. 

.'. 

i\", 

~>... "': ~ J' 

<~\l:c ~~~> 
I~l ~:~I' .-;. 
. , 
, , . 
". 

.... h 

, j 

'-T" • 

1-

'~ 

. " 

1 , " 

e 1-' u 

~ 6'" 
~ c: 
al' t-
H 

, 
-tl 

.. 0 

~, 4 o ~ tfJ 
(Il 
·ri 
J.f 
Ils 1- ~ 
Po. 

i 
2 1-

'0 

~ 
0 

.rO 1 ,- Il 

.0 2 .4 6 

(y 

€ 

• 

1 I- I 

8 99 20 

i) 
~ ~ 

Il. experimen'tal 
o prediction using 

strain rate 

o pred1ction using 
grml1th function ' 

1 1 

40 60 80 

o 
6 6 -

~ 

-
-
-

time-dependent~ 

the stress 

l 

100 
Time (s) 

1 

120 

j 'Fi~rê 6.14 EfEect of the Relation Between Stress and Strain on 
nodel Prediction ( Resin 27, Straight Die, ID: 6.8 g, 
Q =0.950 cm3Js ) 

,; 
" 

• , l' 

/' 7 ,'_':.~ __ 

) •• x th 7' 1 nzr ttt? .. ,n .. ' ,~-~~ ......... .-.... __ ._ ..................... ~~'r .. .. l, .......... ~ ..... . 

~i-

, 
1 

:r; 
:i 
:i 
il 
'l l, 
'1 
lA 
'1 , 

1--' ~f 
l, 

\0 
~ IV 

~. 
:1 

~ 
~t 
If 

1; 

ii f: 
Il 
! ~ 

l ,~ 

j 

of il, 
" 

1" 1; 
1-' 

" 

.. ""-'N"~~l,..t~,[~J""I~··,I.:;JiM~4'''''1:J·;;'... ~ 1 

~ 



, 

l 
• 1 

> !-;T 
: _ J. 

c!f/' , 
""--J 

~;j . 

• 

" _""' ..... ·.".~~_..--... ......--.. ~,_'~~*l~"'J<_4_~~~~_....,.... .... r~l:' ... I/r' ....... ~~ .... _~ .. __ ""'_,.......,..-..-voq,..~ .. "',.,-~_..,,~~ , ..... ~";r ..... 1r.,·t-rit-·th"(·,,~ "-.,. -.,.-'" 

( ) 

-: 

-0,' 

193 

.. 
equations: 

6.4 .• 1 

6.4 .2 

where the scalar quantity ~ is a structural parameter that 

describès how far the existing ~ucture is from equilibr ium 

<"k = l ,is the equilibr ium s ta te) • When the model equations 

are applied to steady shear flow the fol.l.owing equatio,ns are 

obtainèd for the viscosity and' first normal stress difference 

(Acierno et al., 1916 l': 

nk = G À x.2 •
4 

ok ok JI;: ( 6.4.3 

-6.4.5 . 

. . 
6.4 .6 , 

where a' ia the adjustable model parame ter. The value of 

"lia III can be calculaœd using the above equations and the 

experimental. n , NI data by trial ël'nd error procedure. This 

procedure fa described in detail by Tsang (1981). -#' In the 
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present study the value of na 1 ft was found to be 1 using 

Tsan91 s (1981) procedu re. The values of xk were th en 

calcula ted from equation 6.4.6 for each shear ra te in the 

die. The structure dependent relaxation spec trum wa s 

calcula ted us in9 equations 6.4.1 and 6.4.2. However, using 

the structure-dependent relaxation spectrum did _not improve 

thè-predictioh of parison leng'th. 

not used' in the calcula tions. 

Therefore this method was 

To 1 suftmlarize, a simple lumped-parameter model to 

predict the dimensions of the parison is developed and the 

capabi1ities and limita tions qf the model' are studied. 

P r e,v iou s repor ts of, parison models have included t~ery few 

with 
.. 

compar isons exper il!!..en t, whereas the present model is . 1 
tested using differen t die geometr ies, parison weights and 

extrusion velocities. The model' preÇiic,ts parison len9;th with , 

acceptable accuracy except in the case of the converging die • 
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'éHAPTER 7 

CONCLUSIONS ANQ R8COMMENDATIONS 

7.1. Conclusions 

In this ,section, the conclusions described in the 

previous chapters are sununarized and presented in the same 

order in whiçn they are presen ted in the main body of the 

thesis. 

7 .1.1 Co nc-lusfons regard ing the pure swe Il ,exper imen ts 
<t __ .-

1. Near1y 60-80% of bath, the diameter swell and 

t-fl'ickness swell. occùrs in a short period of time. after the 

par ison is farmed, but the equilibr ium S'weIl value, ls' reached 

on1y after 5-8 minutes have elapsed. TVe exact rela tian 

between swell and time depends on the resin and die geometry. 

2. Both' diameter and thickness swells are increaalng 
o • 

func:tions of shear ra te, but the exact 

and shear rate depends an the resin an 

3.' Diameter' swell at a ,given flo,", increase~ as die, , , 
,shape is altered in the fol.lowihg' arder: diverging, straight'i_ 

converging. 
,- , . 

4., A reduc tian in channel thickness al.ong the 'le,ngth o,f 

the die enhances thickness ~well.. 

, , 
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5. Changing the mandrel of the die, ,while keeping the 

outer annular shell the same does not have a significant 

effect on diameter 'swell, i.e., diameter swell and thickness 

swell behave quite independen~ly of each other." 

6. The relation between die geometry and swell can be 
, 

explained in te rms of the tendency of the molec ules, which 

have been or iented in the die, to return to a random 

\ configura tion .. 

7. The ranking of the resins in t~ms of the magnitude 

oF diameter swell was found to be the same for aIL the die 

geometries and extrusion rates used in this~study. 

8. The differences of behavior of resinsin terms of 

swe Il c anno t be explained in terms of the tradi t ional 

rheological preperties (e. g. shear viscosity, fi.rst normal 

Stress difference and linear viscoelastic properties). 
1 ,<' 

g,. Swell;: was found to dec rease w ith increasing weight 
.Y 

average, molecular weight and 'broadening' molecular weight 

distr ibution. { 

la. The relation between d~amete l' swel1 and thickness 

swel1 depends ~trongly on die design: 
, ~ 

Il. ' Th e d iame te r swe Il and th-le k ness swe Il valu eS are 

not equal, inQicating that the swel1i'ng i8 not iso~tropic. 

The ~_traight die and the 100 conv~rging die give results 

c10ser to the isotropiè case than the diverging 

conv.er~ing dies. 
. 1. 

1 
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1 

12. The area swells evaluated at the sarne wall shear 

rate for two g.eometrically similar straight annular dies were 

near~y the same, but individua~ thickness and diameter swell 

values were quite di~ferent for the two cases. 
-, 1 

7 .1.2 Conc~usions regarding swell cOmbined with sag 

1. The sag phenomenon can be mode1led as a low strain 
. 

ra te uniaxial extensional deforma ~ion in which the strain 

rate is a fuœtion of time and posit~n along: the length of 

the parison, as long as the diameter swe1l ls not too large. 

2. The model predicts parison lengths w ith acc~ptable 

aècuracy for different parison weiqhts and extrusion rates 
~ 

eX,cept in the case of the converging die, for which the 

dlameter swell is quite ~arge .. 

7.2 Recommendations 

1". The isothermal ail bath has to be modified to study 

very ,:=,hort-time swell phenomena. 

2. A die similar ta the obstructed flow die of Goettler 

et la1. (1979)! in which the channel thickness is increased, 

should be used to have a better understanding of the rela tion 

betwsen die desig n and' thickness swell. 

3.. Dies w ith differen t angle s of divergence and 

convergence shoul.d be used. 
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4. Seperate experiments should be carried out to- study 

the or ientation caused by the particular dies which are used 

to obtain swell da ta. 

7.3 Or ig inal Contr ibutions 
4 • 

1. The-time-dependency of diameter and thickness swel'l 

~ determined. 
-

2. The effects of die design, resin propertiês and 

extrusion rate on swell lIleI"edetermined. 

3. The effec t of die geometry on' swell is explained 
~ 

qualitatively in terms of the orientation of the Molecules 

caused by differen t die geometr ies . 

. 4. A simple lumped-parameter model was developed to 

predict the length of the parison. The model uses swell da ta 

and storage modulus 'which can easily be obtained in the .. 
labora tory and the equations are simple enough to be solved 

using a desk computer. The applicabilty and limitations of 
\ 

th e pr oposed mod e 1 were determined using different die 

geometries, extrusion rates and parison weights. 
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NOMENCLATURE 

a Exponen t in equation 5.3.7 

a' Acierno model adjusta.qle parameter 

A . Parameter of eqilation 5.3.7 

Cross-sec tional are a of the barrel 

Cross-sectional area of the die at the exit 

Cross-sectional area of the i'th element 

Ai Cross-sectional area of the unswollen element 

B CapillaÏy die swell 

BA Area swell 
r , 

B~ Weight swell 

Diamete r swell 

(B 2 ' -Thickness swell 

, 8
10 Instantaneous diameter swell 

~20 Iristantaneous thickness swell 

-8
1 00 

B200 

Equilibr ium d iamete r swell 

Equilibrium thickness swell 

o Diameter of capillary 

Outside diameter of the parison 
~. ... ' ., 

Outside diameter of the die at the exit 

Inside diameter of the die at the exit 

e End correction (equation 2.3.9) 

F Force -
~ ~', - , r 

- 1"_ 

G' Storage modulus 
. .': ' - :/, 
- ~ ;~ 

, ! 

~J::: ) ,.-
~- .-"- _. 

- ->; '~.,... '" -

: ~ ~~ ~~~ _~-l_ 

",'".1 1:"', '~~:~:~ .. ~"' >~~.~ 
_ "'/:-" "'F =-~ " 
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'Loss modulus 

k'th relax~tion modulus 

k' th relaxation modulus at equilibrium 

Thidkness of the parison 

Annular gap at the die exit 

Thielçness of 'the sli ~ die 

Relaxa tion spec tram 

Finger tensor 

\ 

Steady state shear compliance 

L 'Length of the parison1 length of the die 

Li Length of the i' th el~men t 

m 

M 

M 

Weight of the parison 

Torque 

Mass flow rate 

Mw Weight average moleeular weight 

An Number average moleeular weight 

N Number of parison'elements that are fully extruded , , 

'N 1 First normal stress differenee 

Second normal stress differenee 

Volumetrie flow rate 

Radius 

Outside radius of the die at the exit 

Inside radius of the die at the exit, 

Outside radius of the parison 

Inside radius of the parison 

1 • , , 

, 

f 
~ , , 
1 
l , 
1 
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\( ~ 1 

l'cf 

0 .. 
""';f 

SR Recoverable shear strain 

t' Tlme 

te Extrusion time 

" 
ti Time elapsed sinee the i'th element ls ·fully extruded 

.. 
t *, Actual time (equation 6.3.24) 

/, 
t Past time 

ve ' Extrusion velocity in the barrel 

~ vd Ex1:rusion velocity at the 'die exit 
Î 
\ -! z· Length of the hypothetical unswollen element 

J. 

Greek sympois' 
~-

" 1 Shear rate 

"fA Apparent shear rate' at the wall 
",. 

, -./'-. 

1w Shear rate at th~ wall • -........ 
... ....., ...... "<4-~ Ô Mechanical l~SS angle 

L.~"""""-o,._~.,-..~~ ....... ~~ ~ 
'- Extensional stra in rat~ E 

--' ii Exten sional strain rate of the i'th element 
":" :::... .. 
~~ Characteristic time for sWéll (equation ~.3.11) 

'" 11 Viseosity 
, 

11+ Stress growth fun::tion in extensional flow T (constant strain rate) 
" . . ' , . 

" 11T Extensional viscosity 

* Complex viscosity 11 ;' ~ 

ao A Cone angle 

0 Ae Step-size for numerical integra tion '"'" -
\ . 

, .. ' 

, ' 
1 

1 

1 
1 

, 
! 
l, 
! 
i 

1 

.- ' , 



p 

" 
, ( , 

> .j 
;:... ... ' 

j..,..~~" " , 'l" 
, S"1 

· j 
· , 

· ; , , 
1 

1 0 
1 

Y' k 

~ok 
p: 

~;;t2 
~ 

v 

T'W 

't'Il' 

't'-
~ 

~o 

'1'1 

1{12 

w 

" n 

1 

\- ' 

, .208 

t ' 1 

k • fh r.elaxa tion t ime 

• k 'th relaxation time at equilibrium 

Density 

Shear stress 

Shear s,tress at the wall 

Normal. stress 

,', -

.. 
Stretchin.g stress of the i' th elemen t 

Displacement amp'litu,de for rotational oscillation 

First normal stress difference coefficien t 

Second normal stress difference èoefficient 
1 

Frequency (rad/s) 

Rota tional speed (rad/s) 

Addenda 

. '. 

MWD 

HDPE 

LOPE 

pr 

Molecular weight distr ibution 

High density polyethylene 

Low density polyethylene 

Polydispersity index 

pp Polypropylene 
J 

PS Polystyrene 
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Molecular W'eight Distribution Curves for the Resins 
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60 
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SEC 
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\ 

MN=: 1165::· 
MW- Il 9:;57 
HZ- 44433f4 

MqL 'fiT CU,., 'fiT % 

laf48iJVJf4 1. 151 

7aaVJfiJfiJ 3.522 

5aeaiJfiJ 5.5f43 

3zeOZfY 11. 9Ie 

1~:;fjZ0 -- ~':'''' L- ~ ... '-" __ 

lZe8Z 84.995 

5Zf4fiJ 91;537 
, .J 

95.435 ZaZ/iJ 

J 2' 

l, 

---1----.... , 
3 4 5 C. 

- _1. l 

,7 '" 
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1 

, 
1· LOG M 
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1'-' .... -- .. 2.222 

sc=zze 4.51S 

S===Z:- ~.5: 
se 

1 ,.lfJZZZC 28.747 

4/Z 

3t? 

1 .lZ!iJCE 89.172 
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94.7S4 
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Rheo1ogical Charac~rization Data 

TABLE A2.1 ................. ,;;; _ .... First NormaL Stress Difference at. l70°C 

Shear rate 

. " , 

... ~ ," 

.. 

(s-1) 

0.063 

0.100 

0.158 

. 0 .25~ 

0.398 

0.631 

·1.00Ô, 

1.585 

~ '- ~~ .. :'..1 n"_ - '- ~ .. 

~ 

.'" 

/. 

., 

- ~ t-~ - .. '~ ~ 

:_.-:.~<:.j-:",~~-çf~.:. f:"- P:. ~r . ., .. :ii;;::;l~~, t; ~, 

Resin 27 

3.064· 

3.989 

S' •. 194 

6.10~ 

A 

7.991 

9.928 

1.2.;140 

17.540 

.. 
.. -' 

" -, 

: .. ' - f -, , ", 

-3 
, N 1 (Pall10 ) 

Resin 22A 

2.060 

3 ';10 ~ 

4.429 

5.494 

7 .. 856 

, ll.900 

16.690 

22.000 

" . , 
-, ';.! 

'-

~ \ 
j '- , 

"'" , 

'.' -, ~ 

" 

,'- y 

, 11" • 

~\ • - J -

- - - " .. 
, l ::-~" - ~:: ~ - ,~.:::" 

1 \ ~ -.. 
" 

" 

~ ~ l{.-
, ._( l1,,~ . ~ , f 

Resin 29 

4.395 

5.990 

7.214 

8.920 

11.130 

11~9 30 

13 .. L60 

16.070 

~ 
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. 

-

1 
1 
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"" . ~ .. :' 

'"' 
" 

~1E' 
\.E~. 

-. 
:~_1.0 

~7 
',-0-' 
~~;: 
it,->, 

1 
" 



1 
l , 
, 

1 

'1 
, 1 

~fltl.Il;::UIIi!i ."'....,. IU,..ll@III&Jli6IItWIll .... "-..,''''''"K. .." ... "' .......... & ". "''''._" ......... ""'..".~,.."..... ... ," •• t'!~l""',.''', .... ~<1''''",.(I5iIll't1t,'~ll''''' .. ".'.:':~J'V< 

o 

o. '4 

" , 

. ' -,.\ . 
1 ~ '_ .. 

::-t" .... -

213 s 

" 
~ 

TABLE g.l Shear Viscoftty at 170°C 

-< 

Shear ra'te (S-l) 

0.063 

0.100 

0.158 

o .2SJ. 

0.398 

.() ~63l 

1.000 

1.585 

2.9 

6 

'12.5 

34 

70 

1.49 

405 

8$0 

; ... ~ ,.~:- ~t~'1", 

.:':; ,\. ~ 

, . 
~, 

, , ~ - ",-, -11-
, .'" -~'+.~"'!.,. 

~ 

Resin 27 

33.,060 

29.070 
~ 

24. 720 ~ 

20.700 

1.6.490 

1.3.040 

1.0.470 

9.012 
-
7 .. 746 

S.479 

4.242 

2.560 

1~651 

1.061 

0.571 

0.310 

j 

,. , ,', ~ 

• ., ...... 1 

'1 

-., r-

~ 

n (Pa. sxl0 -3) 

Resin 22A '. -
31.850 

28.780 

25.720 

22.910 

19.880 
" 

16.720 

13.310 

9.078 

6.848 

4.96.' 

3.47' 

1.985 

1..38'1 
. 
0.839 

0.-423 

0.266 

. , 

/ . 
, ," 

, , 
, t, 

;~ 

r' 

Re S'in 29 

47.180 

37 .. 780 

29.950 

22.370 

1.7~290 

1.3.39 ., 

1.0.500 

8.316 
0 

:.f 
7'.896 

5.957 

4-;441. 0 

2.542 
0 
'gO 

1.71.7 v 
1.092-

0.618-

O~366 

, ' .... '" 
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TABLE ~2.3 CoÎllplex Viscos.ity Cn"') 'at 1.70~C 

• Frequerlcy (rad/s) 
.. . '-3 

11 (pa. s,,10 ) 

,0.100 

0.158 

0.25~f 

0 .. 398 

0.63~ 

1 .. 000 

1.585 

2.512 

3.98~ 

!t 
6.310 

:l0 .000 

t 
if 

h , ~~ 
" ". '. ;...~ 
.' 
., 

" 

, , 
,\ ,h 

.' , , ' . 
.. 1~ ", 

" 
" ." ~ 

'-j,-
'" 

~ 

Resin 27 

29.060 

2S.730 

22.,690 

U' •. 870 

17.230 

~4-.&60 

1.2.680 

10.650 

8.918. 

7..310 

6.Q23 
/ 

.' /,> 

/ 

.. 

" 

~ , 

~. : 

? . , 

Resin 22A Résin 29 

'28.690 31.740 

25 .290 '1 26.140 

22.150 21..760 

19.240 17.980 

16.470 14.820 

13.950 21~ 100 

11.620 10.030 

9.600 8.223 

.., .810 6.702 

6.290 5.450 ~ 

" 
5.002 '4,.412 

'f 

0 

:,.. 
, J' 
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.• ; ~ t , ~ ,1 

• 1 • 
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.r, ~ • .. -TABLÈ ~'.! "Storage Modtllus (ç;*) at 170°C 

1 
[ 

:' 

: 

• 

-0 

... ': 
, , 

- ',, 

. ' 
, " 

Frequency i tad/s) 

. " 

'. 

, :' , 

j - t 

l ' \ .. " 

. ' , 

r " ". .. ~, 

, , 
1 

. l' ';' 

" ,1' 
1 H r, 
j' ' " 

'. , , 

0.100 

0.158 

0.251 

0.398 

0.631 

1.000 

L.58S, 

2.512 

3.981 

6.310 

10.000 

, '.<f{j 

,~:.'I, _~ '.' ,<_',_ ' .... , '. , 

," 

G' (Pa x10·3 ). 

Resin,27 Resin 22A 

~ .. 980 l.llS 
, 
2 .. 873 1.668 

3.980 . 2.496 

5.113 3.705 

7.100) 5.386 

9 .. 200 7,.701 

11..900 10.820 

15.000, 14.960, 

18.200 20.250 

22.230 27 .. 000 

26 .. 210 35.400 
~, 

. 
,:#'". 

; .,. 

, " 

-.11 " .. ~\ 

l"; /~."':.,,~\~I·'~' 
~~ ,1 

\..",\\ 

'. 

;a 

• Resin 29 
! 

1.822 
1 

2.423 
f 
1 
1 

3 .. 254 1 
1 

4.315 l ' 5.704 
"-

7.432 '-

9.994 

13.150 

17.250 

22.680 

29.710 
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APPENDIX y 

~ Obtained in ~ Pure Swe11 Experiments 

--.... ,î 
' .......... \ 

·~-,I~~!d~3.!. Swe11 as a Function of Time 

--
r, /, 

t( s) 

1: 

3 

5 

10 . 
120 

150 

225 

300 

360 

4tlO 

540 

600 

, , 

1." 

", 

(Straight nie, -Resin 22A) 

Bl. 

1.06 

1.0~ 

1.10 

1.11 

1.19 

l.21 

1.25 

1.30 

1.31 

1.33 

l .. 33 

l.33 

" " , . 

1.11 

1.13 

1.15 

1.20 

1-.22 

.1.26 

1.26 

1.26 

". 

o' 
- -- ~, 

1 ~ L-~~~ 

'" ~: ~~~~·i_~ '~~ ,\ ~;-~ J 

t( s) 

'1 

3 

.s 
30-

45 

75 

120 
• ! 

150 

:225, 

300 

360 

420· 

54-0 

600 

J' ~ ~~~, u'" .. I...,,'j) r p .... 

B1 

1.08 

1 .. 11 

1. .. 1-2. 

1.19 

1 .. 2~ 

1.,24 

1~28 

1.30 

1.34 

1~ .. 36 

1~38 

1.38-

r.38 

1.38 

f_-

, . 

1.10 

" 1..1.3 

1.16 

1.20 

1. 2S 

1. 27 

1. 27 

1.~9 

-l.29 

1.,29 

1. 29 

,~ .... 

.J 

1 

, " 
" 

l ' 
1 
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~ _ :TABLE Al.~ Swell as a Function of 'rime 

t( S) 
, 
l 

3 

5 
, -

:10 
" 

30 

45 
... ' ,~' 

7'5 c' 

~ 120 . 

'150 

. "-- 225 

300 

.36'0 

, l " .... 

l' 
480 

540 

600 

- . 
.~, 

" -t~ -~ 

,-=- ' 

, \::}t~-;·.;: 
'-,. ,.:: , . 

'" 
(Straight Die, Resin 22A)' 

. 

Bl 

1.15· 

1.18 

1.20 

1.23 

1.26 '\ 

·1.28 

1.31 

1.33 

1.37 
. 

1.40 

'1.42 

1.44, 

1.46 

1.'46 

1.4-6 

, 
, -

,:,. __ 4-. , 

1.05 

1.09 , 

1.11 

'1.14 

1.17 " 

1.'23 

1.25 

1.27 

1.29 oJ 

1.31 

1.34 

1.34 

-1.34 

, , . 

3 
Q • 0.475 cm /8 

t(s) 

1. 

3 

5 

10 

30 

45 
~ 

'75· 

120 

150 

225 

30Q 

3,60 

-48~ 

540 

600 
,< 

B1 

1 .. 20 

1.,24 

1.2~ 

1.30 

1.34 

' 01.36 
;; .~ 

Il 1.38 

'1.41 

1.44 

. 1.46 

1.48 

1.'51 

1.53 

1.53 
\ 

1. 53 

>~ 
1--. ' . " . 

, , 

, -:;) ".',...,', 1 

-'. , 

B . 
2. ' 

1.1Q 0 

1.12 

1.15 

·1.19 

1.24 

1.30 

1.32 

1.37 

1.40 

1.4-1 

1.~3 

1.4,3 

1 .. 4-3 

, 

. " 
' . 

.\ 

• 0 

, J 

1 

1" 

.. , , 
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TABLE ~.1 'Swel1 as, a&?unctio'n 'of Time 

(Straight Die, Resin 22A) 

Q == 0.950 

t(sL Bl 
1 

1.' 1. 28 

3 1..33 . 

5 1.34 

", IrO 1.37 

30 1.43 

45 1.49 

7S 1.54 

i20 1.59 

150 1.61 

, 225 1.64 

300 1.66 

360 1..68 

480 1.68 

540 1.68 

600 1.68 

, ' 

" 

/3' cm Is 
f 
1 

1 
f 
1 
1 

\ 
B2 
... 

1.2& 

1.23 

1~29 

1.33 

1.39 
, , 

1.46 

1.4'8 

1r 52 

1. S4 

1. 56 

1.56 

1.56 

1 .. 56 . 

, 

-1 

. . > \ 

.' , . 
~ , ' '''' >< - .~,.. ~ ! .' 

~-,~ ... 
, " 

~ .~ "~,,, f.. "' ~ _.) ;.'-

Q 

,t( a) 

,',1 

3 

5 

10 

,30 

45' 

75 

120 

150 

225 
( 300 

360 

480 

~40' 

600 

3 
=- 2.375. c~ Is 

BI 

0- 1.32 

1.37 

1.39 
1 
1.44 

1.53 

1.55 

1.59 

1.64 

1.66 

1. 68 

1.11 

1. 73 

1.76 

1. 76 

1.76 

B2 

1.31 

1,.35 

~.37 

1.'41 

r 

1.44 " , 

,1.50 

1.69 

1.74 

1.7'8 

1.80 

1.80 

1..,'80 

" 

1 
\. ' 

- ,~'" [ 

" 

, ' , 

, l' 

',-, 

-.,-- -----------
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TABLE ~.! Swe11 as a Function of "rime' 

(Straight Die, Resin 27) 

Q ., 0.024 am3js Q =- 0.095 cm3/s 

t (s) 

'2 -

5 .. 
~20"j 
1.50 

225 . 

300 

360 

420 

J 480 

540 

600 

-~ .--- " . -"\-' .. 
_ ~'.- (;u, ~ 

, ,; 

B1 

LLO 

1.14 

1.24 

1.27 

. , 1.33 

1.36 

1.37 

1."38 

1.38 

1.39 

1.39 

p ~ )' 

,-/- - ' ~ 

. ' 

1.26 

1.,28 

1.35 

1.42 

1.46 ' 

1~'50 

1. 54 

1.54 

1.54 

" . 

t( s) 

2 

5 

10 

30 , 

45 

75 

-~ 120 

150 

225 

300 

360 

420 

480 

540 

600 

! 

:\:~X~.:~ 
_ ,. ~ ~ ... '--

BI 

1.23 

1.26 

1.28 

1.35. 

1.38 

1.43 

.1.49 

1.5~ 

1.56 

1.6~ 

1.64 

1.65 

1.65 

' 1.65 

1.65 

\ 

1. .. 25 

1.28 

1.33 

1..40 

;1..45 " 

1...56 

1.64 

1.69 

1_72 

1.74 

1.74 

1..74 

~ .! 

, 
J , 
1 
1 
~ 

1 .\ 
1 

\ 

1 
! 
': , 

! 
i· 

' . 
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TABLE A3.i Swe11 as a Function of 'lime 

(Straight Oie, Resin 27) 

'1> 

_ Q =- 0.238 cm3 /s Q = 0.475 cm3/s 

t(s) B1 

2 1.25 

5 1 .. 30 

10 1.34 

30 1.42 

45 1.45 

75 1.49 

120' - 1 ... 56 

150 1.59 

'225 1;5 
300 .69 

1 

" "', 360 Q.Y-1 
480 1. 71 

540 1. 71 

/ 600 1.71 
( , 

. 

/ 

1.26 

1.28 

1.32 

1.35 , 

1.42 

1.49 l, 

1.54 

1.65 

1.70 

1.75 

1. 79 

1. 79 

1.79 

A 

t( s) 

2 

5' 

10 

30 

4S 

75, , 

:,: 12à 

150 

225 

300 

360 

480 

540 

,6(}0 

B1 

1.28 

1.33 

1.37 

1.4à 

1.53 

1.59 

1.'65 

1.69 

1..71 

1. 73 

1. 75 

1. 76 

1. 76 

1. 76 

..... 

1 .. 40 

1.43 

1.49 

1.53 

1.60 

1.66 

1.70 

1.75 

1.80 

1,.83 

1.89 

1.89 

1.89 

-. 

l ' .-

1 
i 
î. 
1 
t 
r~ 

t 
r 
1· 

• _ 1 
-, 
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TABLE !i.§. S,wel1 as. a Function of 'rime 

(Sttaiqht Di'e, Resin 27) 

t . . >, 3 ' 
O·~:= 0.950 èni /8 

3 
Q = 2.375 cm /8 

t(s) B1 B2 

2' 1.34 

4 1.36 1.45 

>jo,p~ 'Ii'" 5 1.38 1.48 

10 1,.44 1.52 
. 

30 '- 1.50 1.58 

45 1.56 1.62 

7S 1.63 1.68 

120' 1.68 1. 78 

150 1.71 1 •. 81 

225 1. 76 1.89 

'300 1. 78- 1.92-

480 1.80 1.95 

SAD 1.80 1.95 

600 " 1.80 1.95 

t(s) 

1 
~, 

3 

5 

la 

30 

45 

75 

120 

150 

~25 

300 

480 

. 
540 

600 

" , 

-; 

B1 

1,.25 

1.39 

. 1.44 

1.48 

1.57 

1.63 

1.69 

1.78 

1.81 

1.87 

1.90. 

1.97 

1.97 

1.97 

-
. " 

.. 'Î:~ ~-. :;. t,' 

'~ '"c, ~ , 
~:~, ... 

1.41 

1.50 

1.56 

1.66 

1.70 

1.80 

1.88 

1.91 

'1.97 

2.0.2 ' 

2.09 

2.09 

2.09 

, 

1 
,1 

1 

1 

J 

1 

1 
L 

, 

r 
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TABLE A3.l Swe11 as a Function of Time 

(Straight Die, Resin 29) 

t (s) 

.1 

3 

S 

, 30 

45 
JI 

75 

1'20 
, ' 

'150 

225" 

300 

360 

480 

540 

600 , , 

, " 

,Q = 0.095 cm3 /s 

, . 

S' ,~ 

,'LOS 

1.13 

1.16 

1.23 

1.28 

1.36 

1.45 

1.48 

1.50 

1.51 

1.52 

1.52 

1.52 

1.52 

, ' 
.< 

. ~ 

, .. 

, 1 

, .-
" 
'.' 

-' 

1.60 

'1.60 

--1:'1.60 

- ]: ,~- '-

., ' 

J. ,t '/ 

" 

) cr 

'.' > 
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TABLE ~.! Swell as a F~nction of Time 

(Straight Die, Resin 29) 

.::~ ~ ~, 

, , 3 
, 0 = 0.238 cm Is 

tes) 

l 

2 

3, 

5 

10, 

'30 

4S 
" 

75 

120 

150 

225 

300 

360 

480 

540 

600 

BI 

,1.12 

, ,1.18 

1.20 

1;21 

1.24 

1.32 

1.37 

1.44 

1.52 

1. 53 

1. 54. 

1.55 

1.56 

1.56 

1.56 

1.56 

,,-', . 

-- J- , .' 

~ ... 1" •• :'';:~ 
~ . ~ , ~:;" 

-
1.76 

1. 76, -

1.76 

t( s) 

1 

2 

3, 

S 

10 

30 

45 

15 

120 

150 

22~ 

300 
'r 

360 

480 

540 

600 

Bl 

1.14 

1.18 

1.20 

1.25 

'1.33 

1.,40 

1.45 

1.52 

1.58 

1.59 

1.60 

1~61 

1.63 

1.63 

1.63 

1.63 

1.96 

1.96 

1.96 

, 
'! 

1 , 
1 
1 

i 
r ~ 

f 

l 
j 
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TABLE g. 9 Swe11 aa a ~dnction of Time 

(Straight Die, Reain 29) 

o .. 2.375 cm3/s 

t (a) B1 B2 t( s) l 'B B2 1 

1 1.18 .1 1.22 

3 1.28 3 1.31-

5 1.31 5 1.37 

Hl 1.36 10 1.46 

30 1.48 30 1.58 
1 

45 1.55 45 1.6,4 

75 1.58 75 1.70 

120 1 .. 62 120 1.72 

150 1.64 150 1.72 ~ 

225 1.65 .225 1. 74 -
300 1.66 300 1. 75 

360 1.68 360 1.76 

480 1.68 2.05 480 1. 77 2.15 

540 1.68 2.,05 5'40 1. 77 2 .. 15 ' 

600 1.68 2.05 540 1.77 2.15 

- , 

f ; 
i 

, , . 
1 

l' 
1 

1 ..' i, 

r ,," 1 • 
j 

"1.-
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TABLE ~.10 Swe1l as' a Function 'of 'lime 

(Divet:9inç die, 

D 3 • Q ., 0.024 cm /s 

" 

t( s) BI B2 

l 1.00 

3 ~.OO 

... 
5 1.00 

120 1.00 1.07 

150 1.00 1.10 

225 1.02 1.14 

300 1.02 1.<18 

360 1.02 1.21 

480 1.02 .1.24 

540 1.02 1.24 
,.,. 

600 1.02 ],,24 
... 

.,1' 

" 

6 

0, 

Resin 22A) 

. ' 

Q =: 

t( s) 

l 

3 

5 

30 

45 

75 

120 

156 

0 225 

300 

360 

480 

54-0 

600 

" 

' 3 o ~095. cm /s 

BI B2 

1.00 

1.0'0 . 

1.00 

1.00 1.05 

1.00 1.07. ' 

1.01 1.09 

1.02 1.13 

1.03 1 .. 16 

1.05 1.20 

1.07 '1.2~ 

1.09 1.27 

1.11 1.29 

Ll1 1.29 

1.1L " 1.29 

',' 

, . 

\' 
l , 
1 

i ' 

1 
< , . 

> 
1 

1 
1 
l' 

, , 

~,--~ 
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! TABLE ~·ll Swe1~ Funetion of Time as a 

CDiverginq Die, Resin 22A) 

----~ , 
cm3 /~ cm3 /St.! 

l 

0 = 0.238 Q z 0.475 1 

1 ~ 

t( s) ~1. 82 t(s) BI 
, 

B2 1 
1 1.00 L 1.00 f ., 

1 3 1.00 3 1.00 

li 1.00 1.12 5, "-" 1.00 1.13 1 c. 

j, , 
10 1.00 1.14- 10 ~.02 1.15 

1 -
1 30 1.02 1.17 3é) 1.04 1.19. 

'45 1.03 1.19 4,5 1.05 1.24 
, 1 

7S 1.04- 1;23 75 1.07 1028 
" .J 
, • 120 1;06 1.27 120 1.09 1.34-

150 1.07 1.29 150 1.10 1.37 

225 1.09 1.33 225 , 1.12 1.40 
.; 

300 1.1.1. L35 300 1.15 1.'44 
1 

,360 1.~3 1.38 360 1.1.6 +.47 

480 1.1.6 1.40 480 1..20 1.50 
"'" " -, . . 

540 1.16 1.40 540 1..20 1.50 .. 
. ' 

., \ 
~ ~-{..so " qOQ 1.1.6 1.40 600 1..20 

, . . "--
- ............. ,!y~ 

, , l, 
s -, ' 

~: ".f , l,'· " 

, , f: 
, , I~ 

f -'. 
,~ .' 

,~ 

0 
; . -n 1, " ' 

" ~ _::' 1,",' ~)~' 
j", l , '< 

, , 
f~ , 

J ;~ , 
~ ~.. ., ~ .. , 

" ' , 
-- ~ ___ ..... ~_.-... ~ ..... ,.,..._r_ \ ,. > ~ 

ha _ :lOijC'~,," .., 
,...,:r&4@"'iiMWî ... ~.:;;u;;S0ii!ii!&*:;:;.:a&&it ... ~t,..qt_'\'~ , ,1._ 
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TABLE A3'.y Swell as a Function of Time 

, ,(DiVerQin9u ' Resin 22A) 

'" 
Q ,. 0.950 cm3/s 

1 

t (s) 

1 

3 

5 

10 

30 

45 

• '75 

120 

150 

725 

300 

360 

'480' 

540 

600 

, , . ' 

~l 

l~ 
1.00 

1.00 

1.00 

1.04-

1. 07 , 

1:..10 

1.+3 

1.15 

1'.17 

1.19 

1.,20 

1.23 

1.23 

1.23 

',' , . , 
, \ 1.', ~l 

t < -- ~ 

. ! ~ ," ~ 

1.05· 

1.17 

1.23 

1.33 

1.37 

1.4-2 

~.~6 

1.49 

1.52 

1.55 

1.57 

1.57 

1..57 

1.57 

t(s) al ,B2-

l 1.00 

3 1. 00 . 1.14 
f 

5 1.00 1 .. 21 

10 1.00 ~.30 

31 1. 06 1.4d 

1.44 

1.50· . 

1.57 

1.60 

1 

l~ 
f , ! 
, 
i 

1 , ~ 

, 
" l F, 
\ 

45 

75 

120 

159 

225 

aoo 

1.09 

1.12 

1.,15 

1.17 

1!20 

1.21, 

:J,. .. 23 

1.25 

1.25 

1.25 

1.,,62., ", ' 

36'0 

480 

540 

600 ,,' 

1,', 

i.,64,' , 

1.64 

1&4' 

1.64 

',~ , 

,/ «~ 

",:f: 
.,1 • ',,! 

, ' if t: 
, .. 

.1' ' l'i'' 
--~--
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TABLE A3.13 
$0 -1l-

~\tfe11 as a FU~ of Time 

"'(Oiverqinq Oie, Resin 27) 

'3 
Q la 0.024 cm /s 

t( s) 

1 

__ 3 

....... 
~05 

120 

150. /;), 

225 
. ~ 
"300 

360 

420' 

48'0 

540 

600 

0 

• 

~ 

1 

. - , 

,", B1 

'1.00 

1.00 

1.03 

1.04 

1.07 ' 

1.10 

1 .. 13 

1.15 

1.17 

1.19 

1.19 
'. 

1.19-

: ' - .~ 

a.." ~ 

l' 

1.26 
- , 

1_28 

1.30. 

1.35 

1.3~, 

1.4-3, 

. 1.46 

1.49 

1.49 

1.4"9" •• 

" , 
~ .. "'", 

ù 

Q = ... 0. .0.9 5 cm
3
;.s 

Col _ 

tes) B1 

1 "1.00 

.3 1.0.0 

5 1.0.1 

30 1.0~ 1 .. 16 , 

4S 
+~ 

1.0.2 

75 1.0.4-

~.21 

~.26 

120. - L.DB 1.,32, 

150 " ' ' '1.1~ ~.36 

225 1.14 1.45 , 
300. 1.1.6 1.52 

360. ~~ lB, L.S7 

480. 1.24-: ~·.65 

,540." 1.'24 " 1.6~ 

60.0.' 1..24 1..65 
(j , ' 

~ 

r :::., 

r,/" ,~ 

.' ....~ t" [':"" 
- , .. 

' . ....,. 
.t.,.t 

. i'., 

~ . , ) 

~ ,.. ~f ' , .. 
'Oj l ~: • 

: .. --, 

.. 

t~· 
f 

l' 

\' 
l , , , 

c, . , 
~"': .. 
~~.: 

1 
.: 

" " . 

, 
r 

. , , 

,7_ 

:r" ' 
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TABLE A3.14 Swe11 as a Function~oi Time --- 1 
- '. j (Diverging Die, Resin 27) 

J " 

0.238 
3 -.. 3 

Q - cm Is. 0 -0.475 cm /s 
F 

~ 

/ ~ 
1 
1 

; ! 

t('s) 
,,1 ~ i 

BI :/ B2 t(s) B~ B2 ! 

; 
----1 

, 
1.00 

~/. 
1 1.01 

- -.----- 3 1.Q1 3 1.01 
~~ .... - ------ - . 

. 1 
1: .. , -'"-; ..... ..-

?î~'~-
• ~, 1.02;, ' - _1 5 1.00 1. 08 5 1.20 

-~::-

1;~è_~1 ~ .. 
,~, I j , i.e:- 1.00 ,'1#, -+- la 1.15 10 ." 1.04- 1.35 

);:;~. ~ t~ .- 1 
~ 

j- . . 30 1.01 1.25 io 1 
1.07 ~ ," 1.51 

':' .... ;.;,t,+, ,_ " (' 
< -

, ~""'=t .45 1.04 1 1.29 . 45 1.10 1.56 
-- {'" - . t 
l(-r.'-' 

- " .. 1," 

75 1.08 1.35 ù 75 1.13 1.63 

,'. .. 
" , 120 1.13 1.42 120 1.17 1. 70 .- p 

'. -r 

-ISO 1.15 1.47 150 1.19 1~ 7·5 
.. 

, 7:", 

225 1.19 1.58 225 1.23 L83 

" . 
300 , 1.22 1.68 300 1.26 1.89 

,~ ( . , 

t ";_, 

• - > 360 1.25 1.74 360 1.28 1.93 

'~~,' 

480 1.27 1.78 480 1.;32 1.95 
1 J 

1 : 54-0 1.27 1.18 540 1.32 1.95 
1 l' 
1 1 

1 

! 
\ 600 1.27 1.78 600 1.32 1.95 

1 
1 

, 
i 

1 
1 1 

~ r ' 
t 
1 
1 

.. 
0 1 

..., 

.. 
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TABLE A3.15 Swe11 as a Function of Time 

(Diver9i~g Die, Resin 21) 

---------
Q 

. 
0.950 cm

3
/a Q 2.375 cm3/s = - ~ 

" . 
~ 

t (s) B;t B2 t (a) B1 B2 
, , . 

l,. 1.01 1 1.02. 

3 _ 1.02 " 1.29 3 1.03 i..,33 

5 1.04 1.34 . " 5 1.07 1.~7 

10 .' 1.06 1.43 10 1.1Q :L.55, 

30 1.U 1.55 30 1.15 1.68 -
45 1.14 1.60 45 1.18 1.74 

-7i.5 l'.l9. 1.69' 75 1.~3 1.82. 
\ 

r 

120 :L.23 1.81· 120 1.2.7 1.91 

150 :L.26 1. 85 '150" . 
'1.30 :L.'96 

225 :L.39 1.95 225 " 1.33 2.06 
" 

300 1.33 2.02 lQ,O ·1~36 2 .. 12. 
i· 

.a60 :L.35 2.06 " .360 1.38 2.15 

480 1.38 2.10 480 ·1.41 2.,17 

540 1.38 2.10 540 • '1 •. 41 2.17 

600 1.38 2.10 600 1.41 2.17' 

/. 

, 

:A, :g .. 

,. 
" 

1{) 
"-._ .. _ .. _-~~~- .~_._--- ----

, 
f, 

1 

l,' 

1 • 

l 
1 

r i 

! 
f 
l' 
1 

~ , li" 

~.f'.A , .... , .... ':" 
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f 'TABLE A3.!! Swe~l as a l'unction of Tim~ ;' i l 
/' ~ ;; 

" 
(Oiverging Die, Resin 29) .. 

,. 3 . 3' 
0-- 0.024 cm /s Q ,. 0.095 cm /s 

-
, ' 

t(S) B1 B2 t( s) Bl. B2 

1 1.00 1 1 __ 00 
,. 

1 

-". / 
f/J • 3 1.00 3 1..00 

, -
.' 5 1.00 .~ ·1.01 -

120 1.01 1.19 30 1.01 1.19 

.1 '150 1.02 1.2S 45 1 .. 02 1.28 
"j' . 

. <. 
225 1 .. 03 1.35 75 1.03 1.37 

" 
300 1.05 1 .. 42 120 1.06 1.49 .-.... -

~ 360 1.07 1.46 150 1. 08 ~ 1. 53' 

,\ 420 1.08 1.4~ 225 1.11 1. 60 
.~ 

480 1.10 1.~2 300 1.13 1. 62 

540 '1.10 1.52 480 1.17 1. 63, 

" , 
600 1.10 1.52- 540 1.17 1. 63 

~ 

600 1'.17 , h63 

.1' , ' 

1 ~ 
1 . \ 
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2.32 loi 

/ 1 

.. 
TABLE ~.!l Swe1~ as a Function.of Time , 

(Diverging Die, Resin 29) 

Q .. 0.238 cm3/s 

t{s)' 

1 

- 3 

S 

10 

30 

45 

. 15 

120 

150 

~. '225 

300 

360 

540 

600 

B1 

1.00 

1.00 

1.00 

1.00 

1.04 

1.05 

1.08 

1.1~ 

1.12 

1.18 

1 .. 21 

1.21 

1.21 

1or05 

1.13 

1.29 

1.37 
C . 

1.46 

t( 8') 

1 

3 ) 

5 

10 

30' 

45 

15 

B . 
1 

1.00 

1.00 

1. 00 

1. 02 

1.05 

1.08 

1.10 

1.58 120, 1.15 

----------' 
~~ , 

1. 6 2 ..___----------150 1. 11 
~ --1 .. 68 225 11. 20 

1.73 

1.74 

1.74 

1.74 
'1 

. . 

300 " 

360 

480 

540 

1600 

, 
, 

1.22 

1 .. 24 

1. 24 

1. 24 

1. 24 

, 1 

1, _" \ ~ 

__ 1. 

, ,-

1.15 

-1.33 

1.43 

1.47 

1.54 

1.6~ 
, tif 

1.69 

1.83· 

1.93 

1.96 

1.98 

1.98 

1.98 



/ 

, 
1-
1 

,-
--.. 

!J:' .... ~ ... 

l , 

0 
r 

j 

TABLE A3.1S Swe11 as a Function of Time 

CDiverging Die, Resin 29} 

o 3 
Q = 0.950 cm /s 

tes) B1 -8-2 t(s) BI 

1 ~.01 l 1.02 
, 

3 1.02 1.27 3 1:02 

5 1.02 1.35 5 1.03 
J-t .... , 

10 1.03 1 .. 43 la ' 1:05 

30 1.08 1.52 30 1.1.2 

45 1.10 1.56 45 1.15 

75 1 .. 14 1.64, 75 1.18 

.120 1.17 1.74 120 1. 22 

150 1,,19 1.79 150 1.24 

225 1.} 1.91 225 . 1.27 

300 1. 23 , 2.00 300 1. 29 

360 1,24 2.06 360 1. 31 

480 1,.26 2.10 480 1. 33 

540 1.26 2.10 540 1.33 

600 1.26 2.10 600 1.33 

- l, 
• { 1 " , 

! 
rJ 

.. 

1.44 

1.53 

1. 61 

1.81 

1.85 

1.92 

2.01 

2.07 

2.18 

2.22 

2.24 

2.25 

2.25 

2.25 

" 

: 

1 . 
1 

j 

i 
• ~ 

1 
i 

i 
t 
i 
1 
1 

t , 

i-
l ,-

f 
l' 

f 

t 
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TABLE A3.19 Swe11 as. a Functi6n, of Time 

(20 0 Converging 'Die, Resin 22A) 

3 
Q = 0.024 cm /5 

" 
" 

1.30 

1.34 

1.40 

1.43 

1.45 

1.45 

1.-t5 

1.45 

• 

t( s) BI 

1 1.18 

3 1.39 

5 1.43 

,30 1. 70 

60 1. 76 

75 1. 78 

135 1..84 

180 1. 88 

245 1.94 

300 1.96 

4'20 2.01 

540 2.04 

600 2.04 

1.38 

1.44 

1.47 

1.52 

1.561 

1. 59 

1. 60 

1. 61 

1.61 

1.61 

, , 
, , 



~ . swen as. a Function of Tirne 

"(200. Converg ing Die, Resin 22A) 

Q = 0 .. 475 cm3/s 
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Swe11 as a Function of Time 

(20
0 

Converging Die, Resin 27) 

'3 
Q = 0.024 cm /6 Q = 0.095 cm

3/s 

,t (s) Bl B2 t( s) B~ B2 

1 1.17 1 1.35 

2 1.25 2 1.43 

5 1. 33 5" 1. 56 

120 1.87 1.42 30 1.81 1.24 

165 1.93 1.47 45 1.86 1.34 

240 2.01 1.52 60 1.91 1.39 

300 2.06 1.55 75 1.96 1.44 

390 2.08 1.59 120 2.06 1.52 

48"0 2.12 1.62 165 2.17 1.57 

540 2.12 1.62 225 2.27 1.65 

600 2.12 1.62 300 2.36 1.69 

360 2.43 1.71 

420 2.48 1.73 

480 2.53 1.75 

540 2.53 1.75 

600 20\ 1.75 

-. 

~ 

4. 
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TABLE A3. 23 Swe11 as a Function of Time 

(2Ô 0 Converging Die, Resin 27) 

, te s) BI t (s) 8 1 

l 1.42 1 1.63 

j 1.60 3 1.73 

5 1.68 5 ' 1.86 

10 Co 1.78 7 1.88 

15 1.83 

1.12 

1.18 

1.22 io 1.93 Si!1 

30 

45 

60 

75 

120 

150 

200 

225 

300 

390 

480 

540 

600 

1.95 

2.03 

2.13 

2.18 

2."36 

2.44 

2.52 

2.59 

2.67 

2.72 

2.74 

2.74 

2. 7~ 

1.32 

1.39 

.1.42 

1.46 

1. 57 

1.62 

1.67 

1.68 

1. 73 

1. 78 

1.8Z 

1. 82 

t> 1.82 

~ Qj;\ 

20 2.03 

30 - 2.13 

45 2.23 , 

60 2.29 

75 2.36 

100 2.44 

120 2.49 

150 2.54 

225 2.64 

300 2.72 

390 2.78 

480 2.82 

540 2.82 

600 2.82 

B' 2 

1.17 

1.20 

1.22 

1.32 

1.37 

1.42 

1.48 

1.53 

1.60 

1.63 

1.67 

1.73 

1.78 

1.83' 

1.87 

1.87 

1.87 

, , 
, 
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~~. 
TABLE A3.24 Swell as a Function of Time -- . 

(20 0 Converging Die, Resin 27) 

Q ID 0.950 cm3/s Q = 2.375 

t( s} Bl B~ tes) BI 

l. 1.67 1. 1. 71 

3 1.18. 1.20 2 1.80 

5 2.11 1.31 3 2.05 

la 2.24 1.39 5 2.22 

15 2.30 1.45 ,~ 10 2.36 

30 2.40' 1.52 15 2 .. 42 

60 ~.51 1.60 20 2.49 

75 2.56 1.67 30 2.57 

120 2.67 1. 75 45 2.68 
"-

150 2.72 1.82 75 2.76 

225 2.83 1.90 120 2.83 

300 2.88 1.96 150 2.89 

390 2.94 2.03 225 ,2.99 

480 2.99 2.08 300 3.08 

540 2.99 2.08 390 3.15 

600, 2.99 2.08 480 3.20 

540 3.20 

"-- 600- 3.20 
'~ 

J. ." 
f-'jl" \,~ ... 

r, -.lî: t( 

- -~ - .... _"-- . t _., ' ,~ " •.. ~ .', r 

0' 

cm3/s 

1 
; 

B2' 
1 
1 
i 

t 
J. 1:26 1 

1.51 

1.64 

1~ 66 , ! , 

1.68 1 

t· -
1. 73 

1. 78 

1. 83 . 

1.94 

1.99 

2.10 

2.14 

2.20 

2.27 

2.31 

2.31 

! , 

-- .,... .- -- - ~- -,...".....~-. 
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, TABLE A.l.26 Swe11 as a Function of Time 

(20 0 Conver9i~9' Die, Resin 29) 

,Q = 0.238 cm
3
/s 

'"r 

Q =- 0.475 cm3 /s:< , 

tes) B1 B2 tes) 
t BI Ba: 

1 1.49 ~ 1.59 

2 ,~ 1. 55 2.- 1.69 
, 

3 1~~2 .. 3 .1.73 
o " 

5 1.69 1.21 5 1.83. 1.26 

'" .. 
10 1.87 1..25 la 2.00 .1.29 

15 1.92 1.28 20 2.06
0 1.34, 

30 . 2.04 1.33 30 2.12 1.37 

-45 2.16 1.36 60 2.29 1.45 

75 2.22 1.41 90 2.35 1.52 

105 2.30 1.45 120> 2.43 1.56 

.120 2.33 1.48 150" . 2.46 1.60 
Cl. 

150 2.39 1.51 225 . 2.52 1.66 

225' 2.45 1.58 300 2.58' L72 

300 2.51 1.63 360 2.61 1. 75 

420 2.60 ;Ll68 420 2.64 .1.78 

480 2.62 1.68 480 2.68 1.79 

S40 2.62 1.68 540 2.6,8 1.79 

600 2.62 1.68 600 2.68' 1.79 

'" 

, 

1 
i , 
1 

~, , 
i' 
j 

1 

1 

1 ., , 

l,' 
l ' , 
,. 

• i 
1. 
1· 

1· " 

. "~ 

l 
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TABLE A3.28 Swell as ,El Function of Time ....... ==--
(10 0 Converging ,Die, Resin 22A) 
, 

3 o := 0 .. 024 cm /5 

1. 5~ 

1.54 

1.58 

1.63 

1.67 

1.69 

1. 74 

1.,75 

1.75 

" • 

t (s) 

J 
3 

, ~' 

30 

45 

60 

90 

<120 

150 

195 

225 

270 

330 

540 

600 

- 'al 

1.39 

1.45 

1.48 
r' 

1.65 

1.69 

1. 72 

1.79 

1.81 

0 
1.86 
. 
1.89 

1.91 

1.93 

1.96 

2.07 

2.07 

CJ 
D, 

1.47 

1 1.53 

1.56 '1 
1 

1.62 
" 

1.68 

1.7,2 -~, 
j' 

1.77 

- 1.79 

1.i1 

1.85 

1.91 

01.91 

t-

l, 
r 
l 

j -
q "'.., 

~i,: 
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TABLE 'M.30 Swell aa a Function of Ttme 

'" (la 0 Converg ing Die, Reain 22A) 
\.' 

3 3 
Q. = 0.950 cm la 0 1: 2.375 cm 18 

~ 

0 \ 

t (a) BI B2 t( a) 's 8 2 1 
" 1 1.69 1 1.76 

2 1. 76 2 1.81 

3, 1_.82 3 1.84 1. 73 

5 1.93 1.46- 4' 
\; 

1.91 1.81 j . 
i 
J" 

o. 15 2.03 1.70 6 1.96 1.83 , 

40 2.13 1.89 la 2.05 1.86, 

60 2.18 1.98 15 2.12 1.91 .. 
'.Jo 

105 2.24 2.09 30 2.19 2.00 

120 1 2.26 2.12 45 2.24 2.10 
1/. 

150 2.29 2.16 60 2.27 2.16 
;, 

225 2.34 2.21 90 . 2.34 2.25 

300 2.36 2.26 120 2.39 2.29 
~" 

360 2.39 \ 2.2~ 150 2.43 2.34 

'" 2-10 480 2.44 2.32 2.51 2.39 

'. 540 2.46 2.32 300 2.58 2.44 

600 2.46 2.32 360 2.60 2.48 

-,.-
540 2.65 2.52 

600 2.65 2.52 

0 . 

. . u 
, " 
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TABLE A3.31 Swel1 as a Function of Time 

(10 0 Converging Die, Resin 27) 

3 o = 0.024 cm /s 
3 

Q = 0 •• 095. cm /s 

t (s) B1 B2 tes) B1 B2 

'\ 
... 

1 1.22 1 1.33 

/ 2 1.25 - 2 1.40 

3 1.30 l 1.49 

5 1.35 5 1. 54 

120 1.82 1.80 30 1. 80 1.85 

180 1.90 1.89 45 1. 87 1.90 

240 2.00 1.95 75 1.95 2.00 

300 2.05 2.00 90 2.02 2.02 

375 2.10 2.05 115 2.15 2.08 

480 2.20 2.10 165 2.20 2.13 

540 2.20 2.10 210 2.27 2.18 

600 2.20 2.10 300 '2.40 2.25 

390 2.45 2.32 

.480 2.50 2.38 

540 2.50 2.40 
-.., 

.600 2.50 2.40 

< . 

J, 
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~ABLE A3.32' Swe11 as a Function of Time , --

(10 0 Converging Die, "Resin 27) 

• 1 
3 

Q = 0.238 cm Is Q = 0.475 cm3/s 

, 
t ~ s) B1 B2 t (s) B . 

1 B2 

1 1.46 1 1.63 

2 1.60 2 1. 66 

3 1.63 3 1. 74 

1 
5 1.12 5 1. 84 1.75 : ' , . , , 

, . 1 

f ' 20 1.92 1.83 10 2.00 o 1.80 

25 1.97 1.90 15 2.10 1.90 

30 2.00 1.93 30 2.19 2.00 , 
! 

45 2.05 2.00 45 2.25 2.10 \ 

1 
60 2.13 2.06 75 ,2.37 2.20 \ 

7,5 2.20 2.11 105 12.45 2.30 
, 

105 2.25 2.20 1BO 2.55 2.45 

150 2.35 2.30 240 2.62 2.5:0 
"'\" 

240 2 .50 2.40 300 2.67 2.55 

330 2 .60 2.45 360 2.69 2.60 

" 480 2.65 2".50 4BO 2.77 2.63 

• 540 2.65 2.50 540 2 .. 77 2.63 

600 2.65 2.50 600 ------2.77 2.63 
, • 

0 
• f 

1 

f 

1 
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TABLE A3.33 - --

Q = 0.950 

~ 

t (s) BI 

1 1. 66 

2 1. 73 

3 1.74 

5 2.00 

10 2.17 

15 2.20 

25 2.35 

45 2.50 

'90 2.60 

135 2.68 

180 2~75 

240 2.82 

310 2.96 

360 2.95 

480 2 .. 98 

540 2.98 

600 2.98 

o 
') 

248 ,-

"\ 

Swe11 as a Function of Time 

(10 0 Converging Die, Resin 27) 

3 
cm /s 0 = 2.375 

B2 t( s) BI 

1" 1. 71 

2 1. 78 

1. 74 3 1.93 

1. 80 5 2.11 

1. 90 10 2.28 

2.00 20 2.39 

2.10 25 2.44 

2.20 45 2.59 

2.36 90 2.69 

2.50 150 2.80 

2.60 240 2.90 

2.65 300 3.00 

2.70 360 ~.05 

2.74- 480 3.10 

2.79 540 3.10 

2.79 600 3.10 

2.79 

cm3/s 

B2 

1.79 

1.84 

1.90 

2.05 

2.18 

2.24 

2.40 

2. 60~' 

.2.76 

2.90 

2.95 

2.98 

3.00 

3.00 

3.00 

1 
,j 
>~ 

~ 

1 
1 
f 

f 
1 

l 
1 • 
1 
1 

1 
~ 
~ 
j 
i 
j 

1 , 
j 
! 

1 , 

, 
1 
1 -



APPENDIX A4 

Data Obtained in the Combined Effects of Sag and Swell 

Experiments and Comparison with Model Predictions 
1 
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TABLE A4.1 Comparison of Experimental and 

predicted Values of Parison Length 

(Resin 27, Straight Die, m=9 g) 

Q = 0.950 cm3 /s 

t ( s) 

1 
2 
3.5 
5 

10 
12* 
15 
20 
-30 
45 
60 
90 

Q = 2.375 

1 
2 
3 
4 
4.8* 

10 
20 

; 
60 
90 

L 

Exper imen ta~ 

0.63 
~.45' 
2.62 
3.57 
8.01 

10.24 
10.16 

9.76 
9.45 
9.20 
,9.13 
9.28 

3 
cm /s 

2.20 
4.16 
6.10 
8.10 

~O .00 
9.50 
8.98 
8.81 
8.81 
8.81 
8.90 

(cm) 

Calcula ted 

0.53 
1.41 
2.61 
3.90 
8.10 
9~. 91 
9.91 
9.91 
9.90 
9.95 

10.15 
1~.14 

~.99 
3.97 
5.97 
7.98 
9.70 
9.71 ' 
9.72 
9.73 
9.80 

10.03 
~~.12 

* extrusion time 

1. 

( 
\ 

1 
1 

.1 

1 

t 
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1 
t 

! 

! ( 
1 

! , TABLE A4.3 Camp ar iso n of Exper imen ta1 and \ 
! 

predic ted Valu es of Par ison Length 

1 (Resin 27, Straigh't 
, 

Die, m=6.8 g) 
" - 1 , 

Q = 0.238 
3 

cm /s 

t ( s) L (cm) 

Experimen ta1 Calcula ted 

10 1. 20 1.32 
14 2.40 2.36 
20 4.02 3.89 
25 5.20 5.17 ., 30 6.35 6.44 
36* 7.78 7.98 
40 7.78 7.97 
45 7.62 7.93 .-+-
60 7.62 7.79 .' l, 
75 7.62 7.70 
90 7.62 7.65 

105 7.78 7.66 
120 7.86 7.70 

.jJ; 

3 
Q = 0.475' cm /s 

5 1. 74 1. 77 
8 3.09 3.08 

10 4.04 3.94 
15 6.19 6.12 

\ 18* 7.62 7.43 
r 20 7.62 7.43 

1 
25 7.46 7.36 
30 7.36 7.30 

) 45 7.14 7.17 
60, 7.14 7.1l. 
75 7.14 7.14 
90 7.14 7.24 0 r' 

105 7.22 1 7.42 1 

1.20 ' 7.30 7.69 

* extrus ion t ime 

() '" ' 

'V 

, 
.:; (' 1 

1. 
" .::;"::. 

L , 
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TABLE ~.4 

1 
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Comparison of Experimental and 

Predicted Values of parison Length 

(Resin 27, Straight Die, m=6.8 g) 

3 
Q = 0.950 cm /5 

t ( s) L (cm) 

Exper imen tal Calcula ted 

3 2.35 2.40 
4 3.17 3.16 
5 4.13 4.08 
,6 5.08 4.82 
7 5.87 5.74 
8 6.82 6.'62 
9* 7.69 7.43 

15 7.46 7.37 
20 7.38 7.30 
30 7.14 7.17 
45 6.98 7.04 
60 6.82 7.00 
75 6.82 '7.04 
90 6.82 '7.14 

120 6.98 7.70 
3 

Q = 2.375 cm /5 

1 1.90 1. 79 
2 3.97 3.77 
3 5.85 5.78 
3.6* 7.22 7.00 
5 7.06 " 7.00 

10 6.67 6.95 
20 6.35 6.83 
30 6.19 6.72 
·45 6.19 6. 
60 6.19 6.55 
75 6.19 6.58 
90 6.25 6.68 

120 6.51 7.13 

* extrusion time 0 

• 

1 

i 

1 
l 

.. 

0', 

( . ....r 
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'1 

TABLE A4.5 Comparison of Experimental' ~nd 

Predicted Values of parison Length 

(Resin: 27, Diverging Die, m=6.8 g) 
\ 

1 

3 
Q = 0.475 cm /9 

t (s) L (cm) 
" 

Exper imen ta1 Ca1cu1ated 

2.5 1.29 1.31 
5 2.59 2.74 
7 3.94 3.90 

10 5.69 5.71 
15 8.55 8.59 
18* 10.45 10.4l. 
20 10.45 10.47 
25 l.0.45 '10.47 
30 l.0.37 10.45 
45 10.29 10.40 
60 10.29 10.38 
75 10.29 10.44 
90 10.45 10.59 

105 10.61 10.84 
120 10.77 11.20 

3 
Q = 0.950 cm /9 

1 1.11 1 .. 10 
3 3.27 3 .. 28 
4 4.44 ' 4.38 
5 5.55 5.46 
7 7.77 7.66 
8 9.04- 8.79 
9* 10.31 9.88 

12 10.23 9.95 
15 10.00 9.95 
20 9.84 9.95 
30 9.68 9.91 
45 9.52 9.87 
60 9.52 9;89 
90 9.68 10.18 

105 9.88 10.48 
120 10.16 10.91 

* extrusIon time 
~. 

, 0 

.' 

, .. 
1 
! 
1 

1- , 

1 1 

. 1 
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TABLE M.! Comparison of Experimental and 

Predicted Values of Parison Length 

(Resin 27, 20° Converg ing Die, m=6.8 g) 

3 
0=0.475 cm /s 

t (s) L '(cm) 

Exper imen tal Cal.c ula te d . . 
~ 

3 0.80 1.00 
5 2.94 2.47 
8 4.79 4.5I. 

10 6.19 5.97 
15 9.74 9.51 
18* 11-.J5 11.83 
20 11.67 , 12.04 
25 11.11 1.2.23 
30 1.0.79 1.2.39 
46 1.0 .40 1.3.04 
60 1.0.40 1.3.93 

3 
(2 lit 0.950 cm /s .J 

2 2.54 2.55 
Cl 4 4.91 5.06 

5 6.03 6.30 
6 7.54 7.59 
7 8.81 8.84 
8 1.0 .00 10.19 
9* 1.1.74 1.1..45 

la 1.1.59 1.1.59 
15 10 .95 11.64 
15 10 .9'5 1.1.64 
20 10.56 11..69 
30 10.16 11.,95 
45 9 .. 92 1.2.80 
60 9.84 14.44' 

* extrusion time 

1 
1 • 

!~p li ~( 

'. 
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APPENDIX AS 

\) 

<!) Lodge' s RUbber-like Liguid Model: Application to uniaxial 
(j 

'1 

Il ' 

extension with time-dependen t strain ra te 

, , e 

The ·general form of
u 

Lodge's nrubber-like liquid- @odel 

rs (Lodge, 1974;' 8ird èt al., 19~,9): 
. ' 

t 0 

't( t) -= J Q::Ok. e - <.t-t 1 ) !).o~) 
, ok 1# 

-01) 

To de te rmine 
-1 the finger strain tensor" H , ,·imag~ne a fluid 

flowing in a region with a space f ixed carte sian coordinate 
f) 

system. At the present ,time 
~, 

t, a fluid };?article ,has 

coo'rdinates x . (i = l, 2, 3) • At sorne past time t' , that 
~ 

fluid partic1e had coordinate s , Ki ( i = l~ 2, 3) • The 

displaeeIllents ,functions for a partieular fluid elemen tare' . 
, defi,ned as the functions giving 'the past 'eoordinates of the 

) 

particl.e in terms of the present eoordinates, the present 
.. -i 

ti~e ane the past time, tha~ is: 

, 
x! =x!(x, t t') 
1.,:L ' 

The cartesian components' C!f the fluid vèloeity, yJx' , t') at 

the position x 1 a t time tiare, defined as the velocity 

components v (x, t, t')' of, the partie'le (x, t) that happened 
i 

• 
1 • 

'f 

. , 
" 

. . . 

"'.' 1 

t " 
1 

... 

" 

" 
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" , . 

.. . ' 
. i 

• 
. 

xl ta pass through the point at time t:' , that ls: 
... .. 

t.. vi'( Xl, t ~ ) ::1 vi (x, t, t') a '(' t, t' ) =:- xi .x, 
at' i> 

AS-3 

A1ternatively, the displacement functions may be expressed in 

1 terms of the velocity field by integration of the above 

<;$ equations as followS: . ' 

. t 

xi - xi = f Vi(X, t, t") dt". A,5-4 

t l 

The Finger. strain ten.sor appearing in equation AS-1 can be 

found in terms of the displacement functions through, the 

follow ing re1à tions: 

1 A-5-S 

'-1 dXi F- = AS-6 
dX', 

J 

whe,re -1 is the C finger tenspr, F-1 is the inverse of 

defoqnation gradien t tensor and (p-l)T is the transpose of 
-1 

(F ) • , " 

" T·akJ.ng xl to ihdicate the p1:incipal strecth direction, 
. 

the uniax ial extensianal flow' i5 described by the following 

ve10city distr ibution: 

. ' 

o • 
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, 

vI t (t) xl , -, AS-7a 

v 2 
:; -1/2 è: (t) x2 AS-7b 

,< 

,v3 :;'-1/2 t(t) x3 AS-7c 

-
For the case under consideration, the extensional strain ra te 

b 

is: 

, ... 
É (t) =i 0 for t<o AS-8a . , 
t (t) = Ë (t) for t~O AS-8b 0 

'. 

'·Using eq,uati,.oJ:ls AS-7 and AS-4 1 and the initial condition that 
.l .. 

the following expressions are obtained fOl;, 
I? 

t 
1 JE,C t ") dtn 1 AS-9a 

t' 

t 
-1/2 f É (tn

), dtn 1 AS-9b 
-t' 

t 

-1/2 f Ê: (tn) dtn'I AS-9c 
t' 

1 ~ 

The 1ength of the hypothetical unswollen e1ement z can be 

in'trod\1ced into the above ~uations using the definition of 

the ,xtensional stra in ra te: 

l dz 
t(t) • z ëit= 

d1nz 
dt 

.... 
AS-lO 

~.~ ... ;:7 J 1 li?, n R FM i SAIU UIUl 
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In ~gra ting' the above equation we obtain: 

, z (t) t 
ln = f Ë: (t")dtn 

z (0) 0 

-oo~ t' <0 

z (t) t 
= f Ë: Ct") dtll

-

,. 
ln 

z (t') t' ô 

O~·t' <t AS.12 

where z(t),' z(O), z(t') denote the values of z at present 

time t, at t=O, and sorne past time t' respectively. 

Substitution of equation AS-12 into equations AS-9 gives: 

xl = xi z ( t) /z ( t' ) AS-13a 

X2 = ~i (z(t' )/z(t» 1/~ o ~t'<t AS-13b 

x3 :: X3 (Z(t')/Z(t)}1/2 AS-13c 

rpr times - 00 < t:<, 0 equatione AS-:-13 can be eva1uated 
• 

at t'=O ueing the continuity of the disp1acement functions. 

The f~llowing relations are obtained: 

.t.,. l 

l,l 

X = Xl Z (t) Iz (0 r 1, AS-14a 1 1 

x 2= x' 2 
(z(O)/z(t) )1/2 - oo~t'<t AS-14b 

x 3= Xl 
3 

(z (O~ /z (t) ) 1/2 AS-14c 

Using the displ.acement functions the diagonal elements of the 
. 

inverse of the deformatian gradient tensor can be obtained 

fram equation AS-6. Since al1 . other terms except the 

1 
t 

-~ -~ -~ ----~ , L 

#' "~"-~ - ~. ,:-:- ~ "~. ": ~~':~i' 4 ;.~ ~; ... ;+'7~ .. " .. J:f' :.:..,~". 
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diagonal terms are zero, F- 1 = (!'.-1) T. For 0.$ t' <: t: 

= (z ( t' ) (z ( t) ) 1~2 A5-15b 

and the finger strain tensor is obtained from equation AS-5 .. 

H~l= (z (t) /z (t ') ) 2 - 1 
-11 

Us ing a s imi la r procedu re, 

-«l < t' < a is: 

A5-16a 

AS-16b 

the - finger strain tensor 
-( 

for 

;~= .H;~= (z(O)/z(t») - 1 AS-17b 

Combining equations AS-16, AS-17 and A5-l the final equation 
JI 

is obtained as: 

o 

~. 

z (0) ) 

z (t), 

·2 " 
z (t) ) dt' AS-la 
z2 (t') 
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APPEND!X A6 

COmputer pregram (in Basic) Used te Solve the Model 

Equations 

2 OPEN 2J 4,2 
3 OPEN 3.,4,1 
4 OPEN 4,4,2 
5 OPEN S, 4,1 
10 DIM Z(H~) .. ZZ(10)/E(10)JF(S).,H(5:' 
11 DIM G(10),Q(10),P1T(5,4),P2T(S,4) 
12 REl1 •••••••••••••••.•..•••.••••.•••••••••••• ' •. 

. 13 REM,' DATA INPUT: RELAXATIOt..J ';PECTF:UM 
15 FOR M=1 TO 3 
16 READ G (t1) 
18 NEXT 
20, DATA 16956,6357,1420 
24- PRINT#5 .. "RELAXATION SPECTRUM" 
25 FOR MM=1 TO 3 
26 READ Q(MM): PRINT#5., Q(Mtü J G<MM) 
28 NEXT 
30 DATA 0.316,3.16,31.6 
31 REt1 ••.••••••••.••..• ...................... (J: • • : 

35 RO=.793:GR=9.81 
37 REM .••••••••••...•••• Il •••••••• ~ •••••• _/1 •••••• 

38 REM CONSTANTS OF EQUATION 6.3. 11A ' 
40 BI=1.7372:B0=1.335! :L1=56.86 . 
41 REt1 ••.••••••••...••....••..•.•. Il • " ............ . 

42 REM ••• , .••.•••...••.•... Il • Il •••••••••••••••••• 

43 REM CONSTA~nS OF EQUATI ot~ 6. 3. 11 B r 
45 TBI=l. 9223:T0B=1.4270:L2=210. ,-, \ 
46 REM •••••••••••.••••••••• • ••••..•••••..•••••• 
S0 V:B=10:TE=17 

'" 5S DT=3. 4: DELT=. 20" 
60 BN=TE.· ... DT 
71 PRINT#l:PRIHT#l:PRINTDl 
75 VD=36*VB/(7*60) 
76 REM •••••••••••..•••..•.•.•.•••••••••••.•••••• 
77 REM INITIAL VALUE OF ~(I) 
S0 FOR JJ=1 TO EN 
82 ZZ(J...T)=VD*DT: Z<..JJ)=:;:. 1 
84 NEXT 
85 REM ••••••••• ~ •••..••...•••• 
86 Z( 1)=2Z( 1) 
87 IDT=DT/2 
90 IB=BI-(BI-B0>*EXP(-IDT/Ll) 
91 IC=TBI-(TBI-T0B)*EXP(-IDT/L2) 
9.2 FOR KK=l TO :sN'-
93 FOR KY=! TO 3 
94 PIT(KK .. KY)=0.0:P2T(KK/KY)=0.0 
95 NEXT: NEXT .. 
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100 FOR TT=1.2 TO 200 STEP 0.2 
101 T=TT-l 
105 IF T)TE OOTO 140 
110 AN=T/DT:BAN=INT(AN):HN=AN-BAN 
115 IF <HN(0.001) THEN 122 
120 N=INT(AN) 
121- GOT0125 
122-NN=AN-l:N=INT(NN) 
125 LEXT=VD*<T-N*DT)/(IB*1C) 
130 S0=LEXT 
131 IF N=0 GOTO 250 
135 GO TO 150 
140 N=TE/DT 
145 S0=0.0 
150 FOR 1=1 TO N 
155 IT=T-IltEDT" V' 

160 TS=IT+DT/2 
165 IF 1=1 GOTO 220 

~~~ ~~~ SOLVÏNG·EQÜATiàN·6:3:2i·················· 
174 AT=0.0:FT=0.0:HT=0.0 
176 FOR Y=l TO 3 
178 A=EXP(-ITIQ(Y» 
180 AT=AT+(A*G(Y» 
182 F( D=Z( 1) 
184 FA=(DELT/2.0)*<ZZ(I)*A+F<I»+DELT*PIT(I}Y) 
186 FB=(O(Y)/Q(Y»*FA 
188 FT =FT +FB 
'190 H( 0=( 1. 0/(Z(!) 1'2» 
192 HA=(DELT/2.0)*(A/(ZZ(I)t2)+H(I»+DELT~2T(I~Y) 
194 HB=(G(Y)/Q(Y»*HA ? 

s 196 HT=HT+HB 
200 NEXT 

. , 
• J " ,,_, '<"~~_""'j.':l' ..rf: ..... ~ .. - ~ 

" 

~ 

\ 

\ 
\ 

201 TAU=AT*( (Z( l ) ..... ZZ( 1» t2-ZZ< 1 )/Z( 1) )-FT IZ( 1 )+(Z( 1) t2)*HT 
202 REM .•.••. il ••••••••••••••••••••••••••• • ~ •••••• 

204 REM •••••.••.•••..•••.••••••••••••••••..•••• 
205 REM CONVERGING Z(l) 

. 208 GOSUB 1000 
210 Z( I)=X 
212 IF(NC=2) THEN 174 
213 REM •••••.••••.•..•••.•..•.•• 
220 GOSl)B 5,00' 0 , 

223 REM •••••..•.•••..•••••••• ..• ' •• ' •.•.••••.• ~ •••• ~ 
224 REM AREA SWELL \ 
225 SW=S5l1ES6 ,. 
226 PRIHT#5J "SW', SW .. "Z" .. ~(D . 
227 REM .......................................... . 
230 W=Z( 1 )/SW 
240 S0=S0+W 

. 241 FOR K=l TO 3 
242 P1T(I,K)=EXP(-0.2/Q(K»*<PIT(I}K)+F(I» 
243 P2T(IIK)=EXP(-0.2/Q<K»*<P2T(IJK)+H(I»:NEXT 
245 NEXT 
250, PRINTI5JTTJS0 
251 Se-0.0:HEXT· 
300 STop: END 
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498 REM •••• ~ ••••••••••.••.••••••.•••.•••••• _"!la ••••••••• 

499 REM SUBR'OUT INE TO CALCULATE PURE SWELL CONTR 1 BUT l ON 
500 S5=:BI-(BI-B0)*EXP(-TS/LD 
505 S6=TBI-(TBI-T0B)*EXP(-TS/L2) 
510 RETURN • 
511 REM ••••••• ~ •••••.••••••••••••••••.••••••...•••.•.• 
998 REM ••.•••••••••••••••••••••••••••••••••••..•••• If 4 • 
999 REM SUBROUTINE FOR WEGSTEU..,"S METHOD OF CONVERGENCE 
1000 IF(ABS«X-XC)/(X+XC»)(0.001 GOrO 1060 
1005 IF(NC(=1) GOTO 1035 
1010 XT=(XA(1)*XC-YA(1)*X)/(XA(1)-X+XC-YA(1» 
1012 PRIHT"XA~YA"~XA(lLYA(1) 
1013 PRIHT"X~ XC" ~X~ XC 
1015 XA( 1 )=X 
1020 YA( l)=XC 
1025 X=XT 
1026 PRINT "XT".IXT 
1030 GOTO 1070 
1035 XA( 1 )=X 
1040 YA( 1 )=XC 
1045 X=XC 
1050 NC=2 
1055 GOTO 1070 
1060 X=XC 
1065 NC=1 
1070 RETURN 

, 

1071 REM •••••••••••••••••••••••••••••••••••••••••••••• 
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