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 predict the length of the parison using the swell

. storag\modulus- and process variables.

thickness distribution of the

' i

|

)

.
ABSTRACT

e E DT

i

. \
In the eftru51on blow molding process the shape and

I

finished container ' depend on

the dimensions of the parison at the time of inflation. 1In
oo 3

partic@tlar, the ' processes of swell and sag act

variation of parison dimensions

between the

emerges from the die and the moment of inflation.

In

the present study the

effects of die

to causé a

time the melt

geome try,

extrusion velocity and the rheological properties of the

2

[ i’ 1] a 3 ' N
resin on parison behavior were studied. Four annu

b

lar dies (a .

straight, a diverging and two converging dies) and three high

denéitx polyethylene résidg ‘were used. To'

study the

individual contributions of swell and sag to the overall

pégison behavior,
\
First, swell was
\

the parison into

¢

thickness swells were measured as:

functions of\

two types of experiments were carried ot

an isothermal oil bath.&"Bé&hvdiameter\and

time. . Then

7

studied in the absegce of sag by eitruding‘

vy N
combined effect of swell and sag was studied by\gx; uding the

parison into an isothermal air oven.

LY

A simple lumﬁed paramete} model was developed\ to -

o

%
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Dans le moulage\par extrusion-soufflage, la forme et la

répartition de l'épaisseur des parois des articles f£inis sont

1

determinées par les diménsions du paraison avant le
soufflage. En particulier, les phénoménes de gonflement g—.
d'ftirage, ebntre les temps de formation et de gonflement,
determinent les diménsions du paraison.

J' Dans-1l'étude présente-, les effets de la géometrie de la
filiere, de 1la vitesse d'extrusion et 1les propriétés

~

rhéalogiques ont été étudies. Quatre filiéres annulaires

(une filiére rectilique, une filiére divergente et deux

B s

Filierés convergentes) et trois résines de polyéthyléne a

®

haute densité ont €té utilisdes. Pour 1l'étude des
contributions individuelles d'étirage et de gonflement au

R c ortement total du paraison, deux sortes d'expériences ont

Fltia b

AN
utilis€es. Premiérement, l'é€tirage éu paraison a €été

en extrudant dans un. bain d‘'huile isotherme. Le

A ) gonflement de l'épaisseur et du diamétre ont été determinés

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

d'étirage a \ té étudie en extrudant dans un fo;lr isotherme &
circulation d'aié.

Un modéle‘ simple pour la ﬁrédiction de 1la longueur du

paraison a été prdiposé. .Ce modéle utilise 1les données

G . expérimentales de gonflement, le composante du module en

phase et certaines variables d'opération du procédé.
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INTRODUCTION

| A
, {\
(
N . [

‘ *

’The<adzuéﬂbeme moldin% process is an important polymer

1.1 General '

processing method for manufacturing hollow articles such as

. \\‘\\__ " o 4 .
bottles and containers., It is a method borrowed from the

glass industry. The process is made up of two stages. The ©
hY

first stage is - the parison formation stage in which a

cylindr%?al EuQe of molten polymer called a "parison" is~

formed b§ extruding the polymer melé through an annular die.
In the ;econd éﬁagé, the parison is enclosed by two mold
halves and air is blown into it éausing tﬁe p;rison to take
Fhé shape of the mold. The polymer quickly sélidifies upéq

contacting the cold mold, and the finished hollow article is

4

.

ejec ted.

Basically there are¢ two , methods of extruding _the-

parison: continuous and intermittent (, Hoechst Plastics,1976)

*

Continuous extrusion is used to manuéﬁcture containers up to
) ! 4 .
a system of rotating

30 1 éapacity. Thiis is achieved by
molds or by parison transfer to .the blow molding tool with

the aid of a gripping device. Output can be raised

!

considerably with minimum space requirement through the u#e

-

< [t -~ . “ !

&

L4

(

’ .
MR T K. g * Snes
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p
of multiple die heads, molds and clamping units.

Intermittent extrusion is embloyed in the production of
larger éndfheavier products. 1In phié type of operation the
plastication unit supplies an accumulator with the required
volume of melt and the melt is forced out of the die by the
application of hydraulié;vpressure employing a ram or a
reciprocating scre; acting as a ram. -

¢
Two phenomena govern parison dimensions ptior to mold

clos{ng: sag and swell. Swell is the enlargement both in
thickness and diameter,“of the polymer melt as it emerges
from the die. It is widely accepted to be a manifestation of
the \elagtic natﬁre ‘of the melt ~ as it recovers from the
deformat}ons it has experienced during its flow in the die.h

Sag is caused by the effect of gravity on the freely hanging

parison.

The melt is subjected to shear flow in the die and in
éhe extruder - and to extensional flow in the die entrance and
ih.the converging sections within ‘the die. Thergfore, the"
bl&w ,molding process }s a ggmbinaﬁiop _of shear and
extensional déforma£ioﬁs as well as E&e elastic r;éég?rf of

1

the material 'from such deformations.
v T "

The dimehsions of the parison'pri{f\to mold closing is

a

»

" of central importance in the blow molding process. From both

the product desigqgﬁnd the ecénomic point of view, the shape «

and the thickness of the pa;iéon throughbué its entire length‘

[ - - - -
T * SIS T R T T B ey B T
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and before mgld closing must be controllable so that
A o
acceptable product strength 1levels can be*.achieved with

- VoA

minimum Product weighf. The parison. diamétgg must also be
controlled, not only because it contributes éo the product
thickness uniformity but also for two additional reasons.
First, its "lay flat" width (defined as half the perimeter of
the parison) should not exceeg the mold diameter since this
will interfere with mold closing. Second, if the blown
product has a handle the diameter of ison should be
'large enough to accomodate it, since handle pinch off occurs
before any appreciable radial stretching of the parison.

Therefore a thorough understanding of the parison formation

is necessary to control and optimize the extrusion blow

molding process.

»J;"
_ Parison swell is influenced by system parameters such as

-

"die design, extrusion velocity and temparature and by the

rheolégical properties of the polymeric resin. Most of the

work done on swell has been carried out using capillary and

slit dies. Relatively little research is done on dies of
complex geometry. Typical die designs wused in industry
include dies with cylindirically parailel annular gaps and
dies haviﬁg converging and diverging channels (Hoechst
Plastics, 1976; Tadmor and Gogos, 1979): Dies ‘having

converging or diverging channels "are preferred since these

geometries facilitate parison programming, a procedure widely

~

AN

b s

ijwrm—x% o
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used in iﬂdustry to adjust the thicknesg distribution along
the length of the parison. This is achieved by varying the
die gap as a function of time as extrusion speed 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 trial and error

procedures to obtain the right thickness distribution in the

parison.

From the above discussion we can conclude that the s%udy
of parison behavior is. essential to gain a better
understanding of the process. Also the evaluation of resins
for possible use in a blow molding process would be greatly
facilitated if the phenomenon were well understood, and

correlations could be established , between rheological

properties and parison behavior.

1.2 Scope and Objectives of the Present Work

»

In most general terms, this study is aimed at

understanding parison behavior in the extrusion blow molding

process.

The specific objectives of the present work ‘can be

summarized as follows:
1. To study the rélatiop between pafison béhavior and
die.design, extrusion velocity'and the rﬁéological properties
, /

.
K

’ ' .
S g e T P T St
ST T g T T e ety e At B e e
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of the resin under well controlled experimental conditions.

. {

“ . 2. To develop a simple lumped 'parameter model to predict 3
. . ' . . ' . ‘3,@ @ ai
parison d_I.mepmons. : @M
+ h 24 H

i

) ’ ) . w

1.3 Organization of Thesis

ﬁ

. . R 3
The organization of the thesis is as follows: In Chapter
o
2 the resins used are described and their rheological

kY oML FAAE S, o

e iats ot s

characterization is presented. Iri'Chapters 3 andw4 previous
experimental and theoretical work done on swell and sag are
reviewed., The experimental methdds employed to study sag anﬁ
swell are described and the results obtained are Erésénted
and discussed in Chapter 5. 1In Chap;ér 6 the derivation and :

performance of the proposed model are described,: Finallw &n )

Chapter 7, the conclusions of -.the present éywork and
oo .

o«

)

recommenda tions for future work are presented. ‘ o
4 i ‘i
e
&
' N 4 - &, ®
@
’ o
‘ ’ ¢
. @ ! &
ol
' o
13
. \iMJ. ' s (
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CHAPTER 2

E

RHEOLOGICAL PROPERTIES OF THE RESINS USED

p

Parison behaviour in the eﬁfrusioﬁ'blaw moldingopr‘qcess=
is governed by the process variables as well as the
rheological properties of the resin. Th;refore, a'céﬁ;lete
rheo}ogical characterization is essential to be éﬁle to
understand the parison behaviour. B Y

This chapter is dévoted to a description of “the
materiaf:':used and their rheological- ’propert;es. The
%pllowing properties were measured. ‘ B
) ~a) Molecular wgight distribution

b) Viscometric functions ( viséosify, n(%) ané first

»

normal stress difference, NI(Y) )

P

¢) Linear viscoelastic functions ( complex viscosity,

*
n (w) , and storage modulus, G'(w) )

2.1 Desciption of the Resins - T v s

¥

!

Three hidh density polyethylene resins were used in

the present study. These are:

. ‘ o0 g
a) Resin 22A, "Sclair 59A"™., Made by DuPont of Canada.
b) Resin 27, "DMDJ 5140". Made by Union /Carbide of

Canada.

c) Resi£‘29, "Dow 80060". A Made by Dow Canada.

?
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The -numbers used to identify the resins refer to McGill

Polyher Engineering Laboratories stock numbers. All three
h

resins were designed for use in the blow molding industry in

¢
the production of bottles for non-stress _cracking liquids

"such as vinegar and bleach; i.e. they are all competing for

the same market. -

Resin 27 is manufactured by use of a gas phase
polymerization. Catalyst is fed into a fluidized bed reactor
where it contacés with the ethylene gas, and a £fluid bed of
polymer particies is formed. Resins 22A and 29 are
manufactured via a solution phase polymerization prdcess.
Modified Ziegler type catalyst is used in the manufacture of
both resins. All the resins are homopolymers.

In indﬁstry, blow molding resins are specified in terms

of their solid density and melt index. Melt index is the

amount of polymer (in grams) extruded in 10 minutes under .

Specified conditions. These specifications are given under
the condition "E" of khe test ASTMD1238 . Values of melt
index and density supplied by the resin manufacturers for the

materials wused 1in this study are 1listed in Table 2.1.

- Inspection of the table shows that all three resins have

simi lar values of‘density and melt index. This reflects the

fact that they are intended for the same end use .

s
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TABLE 2.1 Various Properties of thé Resins

-

Resin ' : -bensity

) (g/cm3)
.Resin 22X 0.960
. Resin 27 - 0.962

/ . ’
Resin 29 ~ ° 0.960

g |

_ Melt Index
(g/10 min)

>3 AY
0.70
0.72

0.80

119057

107615

104411

=

(-A

11660

15747

16329

R

\

=

444330
370015

327030

A

10.2

n

6.8

6.4
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2.2 Molecular Characterization
- \//\———/

A polymer is a large molecule built up l:gy the repetition
of small simple c¢hemical units. Since the polymerization
process is subject to a multitude of random events, it is
quite improbable that/ all the chain molecules in a polymer
sampleé would have the same lenéth‘. Rather there exists a
distribution of molecular weights, which may be narrow or
quite broad. As with any distributed Gquantity, the
" molecular weight " is characterized in terms of some

average value and one or more moments of distribdtion,

.Two average molecular weights are commonly- used,

- aepending on how the contributions of samp le chains havi'ng

the same length are taken 1into account statistically. These «

are the number average molecular weight, ﬁn and ' the wéight

a

average molécular weight, ﬁw . These are defined by the

v

following equations:’ ¥
M =(IN;jM;)/( ZN,) . : . ‘2.-.2.1
Fy=( EwiMy) /( Zw)=( SNMD/( g N M,) L 2.2.2

where Nj denotes the number of moles of the fraction having a.

‘molecular weight Mj, and-w; is the mass of the i'th fraction.

The number average moI_Lecular weight is‘particulai:ly se'nsitiye

to speciés at the lower end of the molec,ulér we'j.ght;.

fs
s, "
4

i
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distribution, whereas ﬁw is influenced by the presence of
higher molecular weight species. Other average molecﬁlap
weights are also deﬁined, such as the "z average” and "z+1
average" molecular weights. These are very sensitive to" the
presence of small fractions of high molecular weight
material. The. ratio ﬁw/ﬁh is called £he polydispersity
index. The relationship M/M,>1 holds for all polymers, with

the equality representing a "monodispersed” sample, in which

all the chains have the same molecular wéight. " The

polydispersity index is used as a measure of the breadth of

the molecular weight distribution. Two polymers having
significantly different molecular weight distributions can .
have‘ similar average molecular weights. Therefore, it is-

better to consider the entire molecular distribution curve

rather than the averages. =~

The molecular weight of polymers can be determined by

" chemical or physical. methods. These‘methpdg are deécribed

elsewhere (Billmeyer, 1971).. - ,-: S

Molecular weight determinations of the resins used 'in

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

Kingston Research Center of DuPont Canada Inc. . A DuPont

830 Liquid Choromatograph was employed together with a Wilkes

Infrared Detector. The reported values of moleculaf‘weight

averages and the polydispersity index are presented in Table

2.1. The . standard deviations of number and weight "average

’
S N i
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molecular weights are between t500-1000 and that for the
-~z—average'moleculér we ight is around +10000. It ispseen from
Tgble 2.l'that‘ Bgsins.27 and 29 have very similar values of
'the‘polydiépersity index,,ﬁw and ﬁn. Resin 2;A has higher M,
* and .po;ydispersity/index than the other two resins. The

" ..molecular weight distribution curves for the resins are given

.in Appendix Al.

.
a s ,
- « . 2

‘2,3 Viscometric Functions- - . -

_ A viscometric-flow is a flow in which the deformation

. , . . < . . -G
as seen. in a corotating frame (a frame which translates and

o , 4

not deform wiih a fluid element) is

Y

'rogates' ,,but does

indisfinéuishable‘ from simple shedr. _ Simple shear is a

ve;ocify is constant with time, the motion is called steady
. simple shear. In a steady simple . shear, the stress ~4nd the

strain are . constant in  space. The three  physically
- measurable quantities of the flow are shear,streés,r]; , and
. ltwoxnoFmal stress dif_ferencesf (T, 'Tzzland'(ﬁzg"ﬁﬁa)‘- It is

'

-~

in terms of the following ratios:
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. unidirectional -flay with a-linear 'velocity gradient. If the ..

common bracfice to report values of these material functions
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- 2.3.;\Conefapd'PlateWF;ow . ‘ : CTrew

simplif§~eqqétibhs;

12

o - ’ .2
‘}'2(7) = (Ty, T33)/"~( 2.3.3
These are called viscometric functions and are
functions of shear rate. Viscometric functions are usually
measured by use of cone and plate flow and . capillary £flow.
Due to the neglect of inertia terms in the derivation of. the

rheometric equations for cone and plate flow, the use of this

- flow is 1limited to relatively 1low shear rates. for'highgr‘

shear ratés, capillary flow is -used, although only ' the’

viscosity can be reliably determined in this case. These

flows will be discussed below..

R

Cone and plate flow is, used to measure the viscometric

and linear viscoelastic material functions. ~ ‘In this type of
flow, the sample is sheared between a cone and a plate, one of

. which is rbﬁating. ' The flow is actually rather complex and.

—

certain assumpéions have to be made in order to be able to
use . the cone-pléﬁe .geometry ﬁof ﬁeasu:inQN)rheolOQica}
p:éperties; ‘Theseé assumptions are as follows:

1. 'fInertia" effects are small, so that " . the

second-order terms in the equation of motion are negligible.

2. The cone angle is very small so that certain,

T .. approximate trigonometric' relationships can be wused to

- . -
‘. +

g

N

g
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53 Edge effects are negligible, _i.e., the free surface
of the liquid. is spherical, with a radius of curvature equal
to the cone radius and the flow is uniform right up to this

- 3 éurface. J
4. Surfacef tension forces acting on t\e free surface
are negligible.r\ ;
With tﬁese assumptions, the flow 1is approximately
- viscometric- and the shear rate, and hence the shear stress,
is uniform througﬁout the gap. The following equations‘afe
thus oﬁtained for the shear‘rate, Y, the viscosity, n and the
_ first normal stress difference, N;:
. v = /8, . 2.3.4

n(Y) = 3 M/27R?¥ . ‘ . 2.3.5

N,(") = 2F/ 7R? . , T 2.3.6

e
e
4 L]

B < -
M A

where R is the rotational speed,“eo'ls*the cone angleL R is
the radius of the cone and the plate, M is the torque
required to rotate the cone and F is the total normal force
, on the plate. Thus, the measurements of the torque and'the
| total normél force as functioAs of rotational speeé can be

used to determine the viscosity and the first normal stress

difference as functions of shear rate. The detailed~
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derivatiop of these equations 1is given elsewhere (Walters,
1975). |

An important consideration in the application of this
flow geome try to -measure the r:hkeological properties 1is the
extent to which the above assumptions are wvalid in bractical
situations and the limitatior}s they impose on the operating
conditions. Viscous he‘ating, secohdary flows, sh?‘ar rate
nonuniformity and the deformation of the shape ofv the free
surface can be minimized by thelproper selection of cone

angle and radius and" by operatincj at 1low shear rates. As

cone angle decreases, the errors mentioned above decrease but

_the érrors due—to the geometrical nonidealities (such as the
‘ & -

.deviations in the flow geometry from that of a perfectly
shaped, .aligned and positioned cone and plate) will inc rease.

Extreme caution should be exercised at shear rates between 1

! and especially at shear rates above 10 s {Dealy,

- 1982). The sources of error in cone and plate geometry have

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

2.3.2 Capillary Flow

can be conveniently used to measure viscometric functions
provided the various potential sources of error are Kkept
under control. Many of these error sources are related to

the shear rate and regardless of the precautions taken to

- -7 In the previous section we saw that cone and plate flow

. -
L e ety




e ewe . - - - -
L T i TN wer ™. PR e ety S g e . Seveny mmmaetoa oy

@
’
.

-

minimize these errors, there is, for any given liquid, a

© max imum sh?ar rate at which reliable results can be obtained.

\

© At the, pre\sent time only ‘sapillary and slit rheometers are

suitable fof Che, measurement of viscosity at high shear
|

~ v

rates. y
Capillary flow:is a shear flow which can be easily
generated in a laboratory. The sa_t‘x‘tp'le is forced from a
cylindrical reservoir through the éapillary by applying
pressure above the reservoir £fluid. The steady shear flow

velocity profile develops over a certain entrance length. In

’

the succeeding fully developeé flow region, the stre:amlin'es‘

are always parallel to the axis of the tube, 'but the velocity
- .

profile depends on the nature of the fluid. Unless a°

specific cons.tituti{re equation is known to be valid for, the -

fluid, as in the case of a Newtonian__o_r a power law fluid,

special computational techniques are required: - It can be .

shown that the shear stress and shear rate at the tube wall,

. Iy. and Y,, . respectively, are gévén by the following

expressions (Dealy, ,19823$ : @’
- &

2.3.7

- J N -—

T=— (APR) /2L

] '

Vw= ¥a(3/4+#(1/4) (dln Y,/d1nT)) 2.38

<

where {315 ‘is the axial breséure "gradiant in a-tube -of radius -

7y 7 1
s - C

i
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R and length L; YA54Q/WR% is the apparent shear rate, and Q
< _’- \

is the volumetric flqw’rate. In the derivation of the above

-

equations the .flow is assumed to be steady, isothermal,

< -

unidirectional and symmetrical, and end effects are
, 'S

neglected. The term in brackets in equation 2.3.8 is known

as the RaBiﬁoyitsch dorréction'factor for the shear rate, and

it rep:esents the 'déViation from Newtonian behavior.

Measuring AP and Q in a serjes of egperiménts will enable

“the ?hear viscosity to be. determined. In actual practice,

' the driving pressure in the‘barrel, Pgar is measured and the

- - \\B pressure at the outlet is take; to be the ambient pressure.
’g AR Since ¥§§ pqumér‘melts Pq is nearly always much larg;r than
the ambient pressure, the pressure drop AP in equation 2.3.7

«is {gplaqéd bf P}. However, this is clearly not the'wall“

: preséﬁre drop that one would observe for fully developed flow

, in a- capfilary of iength L. In the entrance region of-the
capillary the ‘quid undergoes a change in' velocity
distribution and the Qall shear stress is larger than for the

-

o >
case of fully developed flow, causing a.larger wall pressure

S . -grddient. ng/excess pressure drop thus caused is called the
' " entrance P

-

- velocity profile of the~fluid‘ ma& change (in anficipation of
the disappearence of the confining wall) leading to a larger
. Ppressure drop than that in a fully developed flow. The type-

of pressure distribution observed for ‘capillary £flow of

-~

v - ’ s . . - . . . ‘ -
. B

: ]
- - . »
. .
. s

ssure drop ". At the exit of the capillary the

©
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molten polymers is shown in Figure 2.1. Although flow
patterns in the entrance and the exit regions are not known
precisely, some emprical methods have been proposed to get
around ‘this éroblem. Bagley (1957) proposed to use an end

correction, e, defined by the following equation.
Tw= Pg/2(e + L/R) 2.3.9

The product of e’:, and ﬁ is the length of capillary for which
the pressure drop in -fully developed flow 1is equal to the
excess pfessure drop resulting from end effects.
Bagley (1957) carried out a series of experiments with
capillaries of different L/R¢fatios and a straight line was
obtained when AP was plotted versus L/R, apparent shear rate
be%ng the parameter. This lline'cuts the L/R axis at -e.
(Note-that e is g'function of-shear'réte), The appearance of
such a graph is sketched .in Figure 2.2. Curvature of the
lines on a - "Bagley plot", often observed at large values of
ﬂ/R, may be dﬁe'to viscous heating and pressure dependénce of

viscosity.- In such cases the value of e should be obtained

by extrapolating the straight portion of the curve. 1In order

_to- obtain the true viscosity from capillary flow the

. - 4
following procedure sho%}d be used. e

1. For capillaries with different .L/R ratios, AP and ~

Ya are measured.

Y&
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2. The end correction term e is obtaw/for each shear
&

rate .using Bagley plots. o %% & A

¢

3, The true value of she;;g stress at the wall is

calculated by use of equation 2.3.9.

'

4, The Rabinowitsch 'cérregtion is wused to obtain the

true shear rate at the wall usin% equation 2.3.8.

5. The viscosity is calculited using the| following

relation:

NY) = T/ Yy - ‘ 2.3.10
In capillary flow viscous heating and pressure effeé{z
. T : &
can be troublescme since these affect the viscosity of th
molten polymer. The 4&haly’sis of these two phenomena is
rather complex and no simple formulae are é:.lable to

estimate_them. To reduce such effects, it is better to use a

3
by
'

capillary of smaller diameter and intermediate L/R ratio.

The sources of error in capillary flow are discussed in o

detail in the book by Dealy (1982).

2.3.3 Experimental Equipment

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

[+
Rheqmetrics Mechanical Spectrometer (Model RMS-605), The
spectrometer {s furnished with a. forced #r convection oven

to heat the sample to the desired temperature. ™A platinum

3 z
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resistance thermocouple located 1in the oven is used to
provide temperature stability to 0.5°DC., The torque and
‘normal force were ‘measured by a TC-2000 tf#ansducer having a
- very low compliance. To reduce the baseline drift ;an oil
circulation system is used to thermostat the trapsducer. The
straii'x, torque ‘and normal force signals are fed to the

central processor where they are used together with sample

e ——

geometry to compute the viscosity and first normal stress

difference. Further  information on the Mechanical -

» ’ &

Spectrometer can be found elsewhere (Rheometrics Manual,

1980) . The cone and plate fixtures had the following

v dimensions: ) ) ) o
° - - 5

‘ Radiug (R)=12.5 mm,

Cone angle =0.04 radian

@

Gap =0.05 mm,

+

A small portion of +the apex of the cone has been

removed. The amolunt Qremo.ved is 0.05 mm: This necessitaté's

4
-

the setting of this gap in the experimental procedure.
For each -speed two measurements of the force were

‘taken: one vhen-the cone was rotating in the clq%kwise

.

{3 ¢ -
direction, the other in the counterclockwise direction., The ,

3 x

— - U A

" two values were then averaged.

The capillary flow tests were performed in a constant

O flow rate capillary viscometer ma\'nuuf'actured,by, the Instron

Corporation. This syst:.ém consists of a hardened stainless
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steel barrel with -an accurately ground 9.525 mm insi;dé
diameter, mounted on a special support assembly ursder_neath
the moving crosshead of the Innstron tester. A hardened
plugger, which is also acéurately ground to fit the inside of

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

The crosshead can be driven at speeds in the range of 0.5-50

cm/min. The force on the sample is detected by a strain’

gauge load cell (type CFM). The capillary is inserted in the

bottom  of - " the barrel and is 'eld in place with a
j -

clamping nut. The*barrel and the.capillary are heated using

a 3-zone heating system in the extrusion barrel. Temperature

control is provided with a " Speedomax H " current adjusting

- type controller, and the systexin is capable of maintaining the

tempera ture fwiéﬁ:‘i.n +0 .5°C of the set point,  Further
infor}magtion on Instron Cépillary Rheometer is given‘ elsewhere
(Instron Manual, 1976). Four capillary dies having L/D
ratios of 5, 10, 20 and 40 were.used. The dies Had ::1
diameter of 1.321 mm. Bagley piots were prepared by plotting
the measured force value as a function of L/D for each shear
rate. Due to the curvature Zf the lines at L/D = {0, the
Bagley cérrection term was obtained by extrapolating the

straight portion of the curve, i.e., using values at. L/D = 5,

- 10 and 20. It was obser.fved that Bagley's correction became

significant for wvalues of a‘pparent shear rate equal to 100 .

s']‘and above, Therefore, Bagley's correction was not used

ot P o

-y
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for apparent- shear rates below 100 s\ The viscosity values

were calculated following the procedure described in S-ectiOI;l

2.3.2. Measurements were carr ied out at 170°C for all the.

resins and the range of shear rate used was approximately

2-2000 s~ However at high shear rates '(e;cact value of which

depends on the resinm ) no -reliable vigcosity data could be:

obtained due to the onset of melt instabilities such as melt

fracture.

2.3.4 Results ' 3
\\\

The viscosity shear rate curves for the three resins

are shown in Figure 2.3. " Data in the shear rate range of

0.06-1.6 s~ are ob.tained-%gf\‘gaq_m the Mechanical Spectrometer
) whereas the rest 6f the data .are obtained from the cagillary
rheometer. At low shear rate values t.he- viscosity function
did not show a Newtonian regiori, so that the zero shear
the resins have similar yiscosity curves,m Resin 29 has tihe
‘highest_viscosity values at' lower shear rat;e,s. At higher
shear rates, Resin 22A has the lowest viscosity " values and
Resing 27 and 29 have nearly the same values. "Mglt fracture

J

'characteristics of the resins were also similar. - Melt
fracture was observed at approximately 1000 s~
First normal stress difference results are presented in

. . Figure 2.4. Data were obtained for shear rates between

el o~ ~
N

e —

viscosity could not be determined. Figur’e' 2.3 shows that all’

P S e
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0.06-1.6 s='. At the lower shear rates studied Resin 29 has
the highesﬁ‘;N, iélues and Resin 22A the lowest. At higher
nshear'ratés"the reéiné seem to have similar values. It is
widely accepted that first normal stress difference is a
measure of elasticity and that the higher the value of N, the
more elastic the materiél. However .at high shear rates that
’are of relevance in themactuai blow molding process, no N;
data can be obtained, . and the relationship between N, and
swell could not be studied. T— ‘

The wvalues of Qiscosipy and first normal s;rgés’:-
difference are tabulated in Appendix A2. . ’

. v ' .
. s . R T h

2.4 Linear Viscoelastic ProperWjes : . , ’{-
_ v

i Y

|
1

Linear viscoelasticity refers to the behavior exhibited
when a materi&l is deformed in ' such a way that its structurec SN
and~the‘configuration of its molecules are~not significantly
.different from those characteristic_of its quJlibrium'rest
state. Linear viscoelastic propérties are used as
-fuﬂdamental physical measﬁres of the nature of the material.
There -are many types of experiments one can perform to
determine the linear viscpelastic properties of»‘polymeric.
materials. Examples are stress growth, stress relaxation
after cessation of steady shear, creep and’ small amplitude

oscillatory shear. The material functions obtained from

these experiments are interrelated by well established
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mathema tical , formulas. It 1is therefore necessai:y’ to

determine. only one. -material function and the others can, in

-

book by Ferry T1980)-.
In the present s‘tukdy, the ('complex ‘viscosity, T_l'-t_, and

storage modulus, G', were determined. .

2.4.1 Small Ampiit‘ude Oscillatory Flow

A small amplitude oscillatory shear flow can be

achieved in a number of geometries. One of these is the cone

and plate geometry. The .cone is allowed to undergo

»

sinusoidal oscillation, and the léwer plate is kept fixed.

)

The aﬁgular position of the cone, ¢ , is gdiven by:

%
osip wt . ' " 2.4.1
e aiuplitude and w the frequency of oscillation.

If the amplitude of oscillation is sufficiently small to

. sétisfy the linearity approximation, the resulting torque on.

the plate, M, is given by:

M = Mosin( wt+8) ' - - 2.4.2

w

-y

. where M, is the amplitude of the torque and § is the phase

e

lag of the torque behind the position. Egquation 2.4.2 can

"theory, be calculated. These methods are summarized in the .



also be written in the following way:

%

DO §

M = (Mgcosfd)sin wt + iMosinS)cos wt 2.4.3

. where the first _ term on the right hand side of the equation

\ ‘ is the in-phase (elastic) component of the torgue 'tp the

strain and the second term is the out-of-phase (viscous)

component. ' If the same assumptions described in section

2.3.1 are applied, the dynamic viscosity and the dynamic

modulus can be calculated by, the fohowing equ,ations:

]

2.4.4°

T C T = (3Mg0o/27R3 o) siné
B G' = (3M,0,/27B% ¢ ) coss . 2.4.5
g’ o
viscous

'fl‘he dynamic viscosity, n',is an indication of the
)'a3pects of the viscoelastic material and the storage modulus,
G', is an ilndication of the elastic aspects. The " absolute
'magnitude of complex viscosity " , T\*, is defined as follows:

*

* cn = (0 )2+ g2y 2 2.4.6

where n"= G'fw.
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2.4.2 Experimental Equipment and Results

Iﬁ“tﬁe present study,“dynamié,data wére obtaiﬁed Sy the
use of cone and platé ‘fixtures in the Rheémetrics Mechanical
Spggtrometer (see section 2.3.3). The dimensions of the cone
and plate were:

Radius (R} =12.5 mm.
Cone angle =0.04 radian
Gap=0.05 mm.
Dynamic mechanical testihg is  accomplished by
controlling the amplitude and frequency of the sinusoidal
deformation applied to the test sample and measuring the
resuiting toréue. Tﬁe strain and the torgue are amplified
and fed to the computei where they are used, together with
sample geometry, to compute the dynamic viscosity and shear
mbdulus. The computer coﬁtéins a sampling sine wave
correlator which is wused in dynamic mode to reject both
harmonics and noise and to separate the viscous and elastic
components of the deformation force.
Strain sweep experiments were carried out at several
frequencies to determine the linear Qiscoelastic raﬂge of the
materials used. The measurements of dynamic visq@§ity and
sto;age modulus as functions of frequency were carriéﬁ out at
a value of strain which was found to give linea; viscoelastic
behavior. The wvalues of G'(m)~and n*(w) are shown in Figures

2.5 and 2.6 and are tabulated in Appendix A2. The results
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for all the resins are similar. Tﬁesé data are useful in

determining the linear relaxation gpectrum. ' ¢ -

4

-

2.4.3 Determination of. the Linear Relaxation Spectrum

In the present study, ' the linear relaxati&n spectrum
was obtained from the experimentally determined storage

modulus data. -

»

The approximation procedures used to-dﬁtain spectra
from experimental functions " usually ‘involve \taking
deriv?tives of the function either graphically or by a
numerical differenciné procedure. These methods are reviewed
by Ferry (1980). In the present wérk, Tschoegl's second

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

is (Tschoegl, 1971; Tschoegl, 1973) : r

Ho ( Ao) =G '[ (d10gG' /dlogw) -0.5 (dlogG' /d Logu)
“ 4+ (1/4.606) (d%10gG' /d(logw)?)] | 2.4.7
PIET
The G'(w) data were first converted to a logarithmic
form and then fitted by a fourth order polynomial. The
derivatives were then calculated analytically and the
spectrum was obtained using equation 2.4.7. The values
obtained are shown in, 6 Table 2.2.

<

In actual calculations a discrete relaxation spectrum

“is used ' in place of a continuous one. For example one can

nnnnn



TABLE . 2.2 Linear Relaxation Spectrum

- @EsResin 27 at 170°C

\
Ao ()

0.100

0.178 -

0.316
0.562
-

1.000
1.780
3.160
5.621
10°.000
17.800
'31.600
56.210

W

100.000

-~

Aok ( 8)

0.316

3.160
31,600

Hq (Pa)
9403
8666
736 4
59 62
4692
3626

?

2761

2055
1474
997
617
334
T 148

. Ggx (Pa)
16956
6357
1420
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()
subdivide the ln)\o axis into equal intervals, Aln)\o, and take

a discrete set of relaxation times A, and corresponding

values of H,p. Then:
' - . Gox= Hopllnigk - . o _ "2.4.8

In order to check the procedure used, the storage
modulus G'( w ) was backcalculated using the discrete
relaxation spectrum obtained. For this purpose the 'following

expression was used.

) . G k ( U)A )8’.’“1 - '
G' (w) =}E: h X = 2.4.9
K1+ (wigy )2
- .‘é.‘“
" The agreement between - the exper imen‘tal. data and.

»

backcalculated values is found to be good.

In summary, all the resins had very similar behavior in
téerms of their viscometric and linear viscoelastic functions.
Resins 27 and 29 had very similar molecullr' weight
distribution - curves whereas Resin 2234 had a ) higher
weig_ht—average molecular weight and polydiSpérsity index than
the dc;ther ‘two. Since the actudl blow ‘mldjng process ifmvolvés

&
> high shear rates, if the rheological.characterization of the

Q |

resins could be carried out at these shear .rates, 'the

-
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evaluation ¢ of asthe resins would“‘ be improved. . Also,

elongational properties of the resjns play an "impgrtant‘ro_le
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in the process ( Pealy and Garcia-Rejon , 1980). .
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. CHAPTER 3

PREVIOUS EXPERIMENTAL WORK ON SAG AND SWELL

At the exit of a c;pillary, slit or die of any shape,

an emerging stream of polymeric liquid wundergoes a,

substantial change in cross-sectional area from that of the
,

channel in which it has been flowing. This phenoT:?¢n is

called " die swell ". If the channel is noncircula¥, then

the extrudate will ?%so undergo a change of shape. - Die swell
J )

can occur even in the case of Newtonian 1ligquids at 1low

. Reynolds numbers (Middleman, 1977), but the effects are much

more pronounced in the case of viscoelastic 1liquids. From
the structural point of view,uit is believed that die swell

occurs as a result of a disorientation of the molecules that

elongational flow fields. From the, rheological point of"

Wiew, on the other .hand, it is believed that die swell océhrs

as a result of the recovery of the elastic deformation-

imposed in the die. The dwelling of viscoelaséic fluids is
lconnected with a sudden recovery of stored elastic energy and(
a sbbseqﬁént slow relaxation.

Die swell isea vety complex phenomenon which depends on
die design (the éeometry,\and dimensions of the die, the

design of the die entrance), temperature, extrusion velécity*

~

I

-have been oriented within the,capiliary by the shear and/or




and the rheologiéai characteristics of the polymer.

Understanding swell is important since it is one of the

_ key phenomena which govern parison behavior in extrusion blow

molding process. Due to the complexity of the problem, most

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

-

of theoretical results have been reported. These include
calculations based ' on the theory of rubber elasticity and,
more receptly, finite “element methaods. In this chapter,
experimental contributions will be reviewed, and their
contributions and limitations will be highlighted.

+

3.1 Methods of Measurigg Swell

-

It sﬁﬁald be emphasized that the resu%ts 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 wpich occurs
almost immediately; then the materjal continues to swell at a
lower rate for some period of time. For this réason the

results are depéndent on the method of measurement.

White and Roman (1976) compared capillary swell values

of HDPE obtained using four different techniques. These were

the following:f

7

4

1. The frozen extrudate diameter was measured using a

wdes

micrometer, .

v

of the extrudate were taken as it
IS .

2. Direct photographs
+ . " 4\
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P{;’;

emerged from the capillary.

v

3. The solidified extrudates were annéaled in hot
silicone oil at temperatures above the ﬁélting or glass

transition temperature until they reached constant diameter.

N

The extrudates were then removed and measured with: a‘

micrometer. .

4. The melt was extruded into a bath of silfbon éil
whicn was at the same temperdfture as the ‘;xtrusién
tempera ture. fhouographs of the extrudates in the bath were

taken between 5-10 minutes after the extrudate emerged from

‘the capillary.

All these methods gave substantially different results.

. The first two methods represent extrudates with frozen-in

AY

residual stresses, while the last two represent completely

-

ey

recovered samples. Also, unless the melt is extruded into a
medium which has nearly the\samé density as the melt, ‘it is
subjected ‘;o sagging which causes a decrease in the cross
sectional area (actually, the deﬁsity of the medium should be
slightly less than the melt so éhat the parison fléQs
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. Swell

was foun% to increase in the order of 1listing, i.e., the

lowest swell value was obtained with the frozen extrudate and

highest value was obtained with the fourth method. A
{
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correction factor for density variation with temperature is

'necessary when meaguring the diameter of frozen extrudates.
L -

Utracki et ai.{ (1975) designed a thermostating c¢hamber

to measure capillary\die swell. The extrudates were -&xtruded

directly into silicone mixture having the same density as

-

the melt -and the same te@perature as the extrusion
temperature. Thus the q}avitational effects were eliminated.
The samples were allowed to relax completely and then their
photographs were taken through a side window on the chamber.
Dealy and Garcia-Rejon (1980) used the same technique
to study the time dependency of swell. Capillary and annular’
dies were usgd. In the case of annular dies, the
transparency of the parison in the oil enabléd ‘them to
measure directly both the thickness and the diameter of the
-

parison. ’ "
/

o . T
In the experimental~ studies that have been done on
g

,_—-—-/
commercial blow molding machines, the most commonly employed

technique 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 series of thirteen blades,
which pinched a parison into twelve 2.54 cm segments and held
tgem until the parison solidified. Cutting and weighing the
segments gave the weight distribution of the material in the

parison. Parison weight swell was defined to be : .

J

P e
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o 2 2. . . :

where W; is the weight of a parison segmeht with length L and

Dé and Dj are the outside and inside- diameters of the die,

respectively. The width of the pinched-off parison segment,
W, was assumed to represent one-half of the circumference of
the parison before pinch-off, and the diameter swell was

[}

obtained to be:
B, = 2W/ D, ‘ L 0 3.1.2

Sheptak and Beyer employeq a photographic technique in
conjunction with. the piAch-off mold for purposes of
calibration. There are certain disadvantages associated with

the: parison pinch-off technique: the data obtained are

7

* not cont%gﬂbus in time, the measurements involve errors due

. to subsequent shrinkage or distortion of specimens, and there

7
is an uncertainty in estimation of the exact time of

pinch-off.

Kalyon (1980) used cinématography together with a

pinch-off mold to eliminate’ the above difficulties. The
diameter swell values obtained from the two techniques were
found to give different results. The thickness distribution

was calculated using the weight distribution obtained from

the pinch~off technique and the diameter swell obtained from

L C TER g AT s - Tt mwem o “ e
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‘cinematography.. This*® was '  compared with . the thickness

) b

_distribution calculated on the basis of pinch-off experiments .
ralone, -and a substantial discrepancy was noted. It was

- concluded that the use of cinematography alon@*with pinch-off

meqsu;eﬁents ig éssential to obtain reliable reéults.

There is also a commefcial instrument deéigned to
measure die swell (Dealy, 1982). It is called the Monsanto
Automaéic Die Swell Detector and is Sased on the use of a

sweeping laser beam to measure the extrudate 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 the melt rheologists. 1In
the case of .capillary extrudate there is no change of shape
so that the swell can be described in:terms of the extrudate
diameter alone. The " die swell ratio ", B is defined as the
ratio of the diameter of the extrudate, Y divided by that

of the die or capillary, D.
e i ' C ‘
B — DP/D . . ¢ ' 3.201

For a given die entry shape, this ratio is a function of, wall
shear rate v,, the L/D ratio, L being the length of the die,
and the time elapsed after exiting the die. There is a

general agreement in the literature as to the effects of
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' these parameters on die swell. Die swell decreases with

decreasing wall shear rate and with increasing L/D ratio,’~
approéching a constant value at values of L/D often around
30. ‘The results_‘for capillary die swell have been reviewed
elsewhere (Han, 1976; Leblanc, 1981; Vlachopoulos, 1981a).
Relatively few studieé related to the 'die(swell ‘of
viscoelastic liquids flowing betweer infinitely wide parallel
rectangular plates (slit) are reported in literaturé.
Theoretically, swell is eipected to be in one direction only,
since thz-plates are assumed to be infinitely wide, and ;he. ‘
swell 1is defined as the ratio of the thickness of . the
extrudate to the thickness of the die (h/H). However, this

is not wusually the case, and the extrudate swells in two

directions. ;
‘ A comparative study of die-swell from capil;zgy "and,'

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

1980). HDPE and PP resins were used. The extrudate swell
ratio (h/H) of the polymer émerging from the slit die was '
measured at the center of the cross section, where the s&ell
was dgreatest. The ratio was found to be an increasing
funcﬁion of shear rate for both geometries. Swell from the
slit die (h/H) was observed to be higher than capillary swell
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 of die entry geometry on swell




/

was studied b& changing thedentrance angle at a constant L/D
or L/H ratio. Swell was found to decrease with decreasing
entrance angle. Although the cross section of the extrudate
obtained from the slit die shows swell in both directions,
only thickness swell was considéred.

In a subsequent paper, White and Huang (1981) studied
swell from a rectangular and a trapezoidal die. 1In both
cases swell was measureﬁ ;t the centerline of the ewtrudate.
In the case of the rectangular die both the thickness and the.
width swell were measured. The swell values thus obtained
were found to be very close to the values obtained from the
slit die in the previops”study (Huang and White, 1979).

Huang et al. (l§52) compared die swell from a conical
capillary and a converging slit die using LDPE. Both the
thickness and width swell values were obtained for the slit

die, and measurements were taken at the centerline of the

extrudate. The thickness swell was found to be much greater

* than the width swell, and the capillary swell values fell

between these two. They also observed that for the capillary

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

Chee and Rudin (1980) studied the flow behavior of a
polystyrene and a polyethylene melt during extrusion through

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
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smaller swell value than the converging flow . sequence when
both values were measured at a fixed shear rate in the_second
die of the sequence. This was attributed té the effect of
thé'conttaction ratio, defined as the ratio of the diameter
of the reservoir to - that of the die. Especially at lower
shear rates an increase in contraction ratio increased die

swell.

Suto and Fujimura (1980) also studied the effect

)

P

converging slit channels formed by arranging in series

——

several slit dies with different gaps. HDPE resin was used.-.
The swell ratio was found to depend only on the final die.
However Chee and Rudin (1980) observed a higher swell for the

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

second die being the same.

3.2.1 Extrudate Swell From Annular Dies

Most of the work done on annular dies has been carried ?

out by industrial research teams using commercial blow

molding 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; Blower and==
Standish, 1973; Worth and Parnaby, 1974). The parison
behavior in these tests are described in terms of swell and
sag.

Sheptak and Beyer (1965) obtained pure swell data from

)

//"\\
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the bottom of the parison, assuming the first exéiuded
segment t; be free of drawdown effects ‘ségce no ~weight-is
acting below it. The drawdown contribution was then obtained
by subtracting the pure swell contribution to the inc rerr;ental
weight from the experimental incremental weight. -

Chao and Wu (1971) also éssumed that the bottom portion
of the parison is free from drawdown effects and that it
representsrthe contribution of pure swell. The top segment
was considered Eg/incorporate the combined effects of sag and

swell. The net effect of drawdown was obtained by

subtracting the weight of the bottom element from tﬁgt of the
v

v &
top element.

Wilson et al. (1970) were the first researchers to
study® the effect of die design wvariables on parison swell\
characteristics., A commercial blow molding machine was used
in conjunction with a pinch-off mold to obtain data for
several HDPE resins. The diameter swell and weight swell

values were obtained using the following equations:

W
|

(Dp/Dg-1)100 , 3.2.2

s By = (Wp/Wp-1)100 ‘ 3.2.3

where D, and D, are the diameter of the parison and the outer

diameter of the die respectively, Wp is the actual parison
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weight per unit Lengtgﬁcﬁd Wp is the théorefical weight per
unit 1length. Three different die geometries were used.
These were a straight die, a 30° diverging die and a 30°
converging die. The giameter swell and weight s&ell ratios

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

straight .die to the converging die. The increase in swell in ‘-

‘changing from the diverging die to the straight die ot

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

Henze and Wu (1973) presented the first attempt to

‘ relate diameter swell ratio, B;  and weight- swell ratio, B,

The experimenéal set-up consisted of a commercial blow
molding machine and a 30° diverging éie. The parison
. .

pinch-off  technique was used to obtain diameter and weight

swell data. The following relation was‘proposed:
B, = By 3.2.4

Using the experimental data they obtained, the wvalue of "a"
was found to be 0.25. The exponent a, is an indication of
the anisotropy of the deformation in the circumferential and

BN

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

isotropic case.

Garcia-Rejon (1979) also attempted to find a
correlation betw;en the diameter swell ratio and area swell
ratio using g modified version of the equation propoéed by

:'/.

I
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Henze and wWu (1973).

a .
. B, = A By =A(B,B,)) — 3.2.5
A straight annular die was used and the diameter swell ratio,
B, , and thickness swell ratio, B,, were obtained from

completely relaxed samples extruded into an isothermal oil

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

= 0.§2 were found for the HDPE resins and for the
polypropylene resin respectively. *The straight die seems to

give results which are closer to the isotropic case than the

w -

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

t

that the . relationship between diameter swell and thickness

swell at a given shear rate depends on the die geometry.

Miller (1975) tried to develop a correlation between the

rheological properties of the resin and its swell bghavior.f

HDPE resins were used. Rheological characterization was
obéained by measuring the shear viscosityj; dynamic functions
like dynamic viscosity, storage modulus and cqmplex
viqsosity, and molecular weight distribution. The diameter
and weight swell values were obtained from blow molded
bottles obtai;ed at preset operating conditions. These
conditions were determin%d by use of a particular blow
molding resin. Large differences in swelling behavior were

found but these differences could not be explained in the
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light of the differences in the rheological pro;iertigs.
Garcia~-Rejon (1979) also characterized the HDPE and the
. PP resin wused in his study. "UBoth shear {(viscosity, first
normal stress difference, dynamic data) and elongational
(elongational viscosity; stress growth in uniaxial
elongation) prop;arties were measz.gred,- but no qualitative

correlation could be found between the swell and the above

men tioned rheolégical properties.

Garcia-Rejon (1979) wused a ‘long annular\éie of
éylindrical geometry to ana]u.yze thg effect of sag and swell
on parison behavior. Three HDPE ar:d one PP resin were.used,

" Pure swell and the combined effect of sa and swell were

studied separately. To obtain the pure swell values tbk‘e

“ parisons were extruded into an isothermal oil bath having
nearly the 7same density as the melt. Thickness and diameter
swell values were measured | simultaneously (the parison was
transparent inside the o0il) as fﬁhctio&s of time, Both swell
ratios were found to be composed of‘a quick recovery period
.. accounting neai’:ly 80% of the total swell potent\ial and "Ia
oot ’ 'delayed recovery period at the end of which the ultimate
- swell value was obt}ai‘ned. For the HDPE Tesins the diameter
swell was found to be greater than the thickness swell. The
- - gpposite result was obtained with the polypropylene. :rhe

combined effect of sag and swell was studied by extruding the

O o parison directly into an isothermal air oven. It was found

b
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that the sag contribution could be correlated with the stress
P 4 ® - I

- growth function in unié}xial elongation. This finding appears

'to be the first guantitative indication of the role played by = |

the extensional £low properties in parison behavior.

w
]

3.3 Effect of Molecular Weight on Swell
%

Several researchers. have studied the relation between

capillary’die swell and molecular parameters.

Graessley et al. (1970) used - poly.sty’renes with'

different molecular weights. Swell data were obtained by

-

measuring the diameter * of the hardened extrudates with a

Polydispersity wasw)found to be the primary

2

micrometer.

molecular variable ‘affecting die sweldT Samples with highermj
weight distr ibutions :
AN

the narrow distribution

molecular weights and broadar molecular

gavel higher swell values. Modreover,

sampjies displa{red aii;.constant swelling over a wid r range of

-~

stresses than samples with ° broader distgibutions.

<
was

low/ shear

A relation between die swell and molecular parameters

developed assuming swell to be due to the release of elastlc

The

energy ‘stored in the fluid insme the c«apillary
‘following equation was obtained:
_ :
/ £%ag/ (n/n_) : SR

B%42/B-3 = (35 rw/zss)[
I glag/ (/)

. 'l“ - ~
T . ’ §§)
.
4t
. .
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{Q‘ , ° ’ °
where 7&; is' .the dimensionless radial position, J, is the shear

' compliance, G; is the modulus. of elaéticity and ‘tw.is-the

]

o

shear stress at the wall, The term in the parentheses
accounts .for the velocity and stress distribution across the
capillary. Measurements on concentrated solutions and melts

of-PS showed that Jo could be obtained from the £ollwing

express ion: o

g. '

3o = 2.20g/(142.1%10°ch) L 3.3.2
¥ o

where M,, is the weight average molecular weight and Jg is the

steady state sheardcompliance given by the following equation

" according to Rouse theory:

[Red

Z 7% it

[Ig = (2/5) (B, /cRT) (AR, /R . 3.3.3.

M, ﬁ"z and ﬂz”are the average molecular weights defined as
the ratios of the moments of the molecular weight
distribution. The experimental data and predictions of
equation 3.3.1 were found to be in good agreement.

It is apparent from equations 3.3.2 and 3.3.3 that an
incr?ase in M, and/or molecular weight distribution
(ﬁz z'/ﬂi) will increase- the shear Ezontpliance Js . For

molecular weights 'exceeding several hundred thousand (as in

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

o
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denominator of equation 3.3.2 may be neglected and J_, becomes

independent of M, and depends‘only on the distribution of

. molecular weight. Since swell is directly proportienal to I,
through equation 3.3.1, an increase in molecular weight
distribution will also increase swell values. The results of

Graessley et al. (1970) are 'in agreement with the ~ above

argument. However, since the theories on die‘'swell based on

elastic solid analysis are successful o_nlﬁr in certain cases,
x| - one must be cautious in ﬁxaking ‘a gene'ralization.
' The work done by Vlachopoulos and Alam (1972a) with PS

melts confirms the results obtained by Graessley et al.

haY

?& _(1970). They also observed that the broader the molecular

we ight distribution, the larger the extrudate swell.

Ll

) " 'Mendelson and Finger -(1975)" attempted to determine the

L

d‘\ie swell behavior . of HDPE- comparing sémples with different

¢+

molecular <characteristics. These samples were eitherr

: g " prepared by fractionation, removing or adding component

4

molecular species, or by small scale batch polymerization

B ,whereih one or another molecular ~parameter was held constant
while other parameters "were modified. Contrary to the
results previously :.c}btained, swell was seen to decr.‘ealse with
S, " increasing M“; a{;ld' with broadening molecular - weigk\lt

distribution over the entire range of shear rates wused.

0 - Mendelson and °‘Finger (1975) pointed out the ) intportance of
i conéidering overall molecular distribution curves rather than
° R

*y
. oy ‘ -
- > L
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specific moments or combinations of moments.

\ Shroff and Shida (1977) séudied the swell of HDPE, PP
and PS samples. Far all the samples, swell was found to
decrease with increasing molecular weight. Contradictory
re;ults were 6btained regﬁ}ding the effect of molecular
weight  distribution: for some HDPE resins swell inc gkased
" with MID whereas fonesome others the value decreased. This
was explained by the effect of viscosity of the polymer.
They claime%‘ that swell increased with broadening MWD when
such broadening also caused a reduction in viscosity.

3

Racin and Bogue (1979) studied several PS samples with
different molecular structures. As in the previous studies
carr{ed out with PS, &well was found to increase markedly
with broadening MWD and increasing ﬁw. Also, the low shea;
‘asymptote for the.die swell was found to depend significantly
on MWD. 0

We can conclude that the relation between die swell and
molecular parameters is not very well understooé. This is -
partly due t; the diff%cylty in obtaining molecular weight
data. The precision with which the MWD can be measured is
limited. Iq particular, the higher moments, ﬁz and ﬁz+lcan
ﬁét be accurétely determined éince these are very sensitive
to the presence of small fractions of higher molecular weight

material. Also two polymers having significantly different

molecular /m&hyht distributions can have similar average

s T mnt
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molecular Qeights. Therefore, it is better to consider the

entire molecular distribution curve rather than the averages.

All the work discussed in this chapter contributed in

one way or another to our understanding of parison behavior.

'Hoyever, experimental data for dies similar to those used in
industry seem to be missing and the relation between die

‘geometry and swell is not clearly understood. Also,
nonisothermal effects and effects of sag on swell have not

been studied in detail. Future work should be focused on

these points to develop a better understanding of the parison

formation stage in blow molding process.

[P .
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,’. ..METHODS FOR PREDICTING SWELL

-

4.1 Models Based on the Theory of Rubber Elasticity

3

There seems to be a general agreement that die swell is
an elastic recoil phenomenon. Several theories based: on
elastic solid analysis have been proposed in the literature
to predict die swell. TheseAtheories have in common th‘e fact

that die swell is related to the recoverable shear strain,

%

Sg: defined as: -

SR =‘-lJc>‘r/ ‘ ] .411.1

» N

where J, is the steady state shear compliance. Since this
equation is based on linear viscoelasticity it cannot be
relied upon except at low sh*ear rates, but it is often
observed that it continues to fit data even at higher shear
rates (Dealy, 1982). It has been shown (Stratton and
Butcher, 1971) that Sr can be calculated from normal stress
measurements in the limiting low shear rate region where the

viscosity is Newtonian and the first normal stress difference,

Nl varies as \'(2. For this particular case we have:

Sgp = N,/21 ‘ ' 4.1.2




‘ In deriving die swell relations based on elastic solid
analysis, geometric assumptions are made to relatef' the
unconstrained recoil that occurs in extrudate swell to the
constrained recoil that occurs in creep recovery. 0

Nakajima and Shida (1966) considered extrudate swelling
to be similar to the behavior of ideal rgbber under
isothermal conditions. They hypothesized a process in which
the swollen extruda'te is pulled lengthwise until its diam;'t,e‘r
is equal to the diameter of the capillary. The tensile
strain is then taken as a quantitative exp(ression for the
recoverable strain in the flow. |

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

time constant A, which relates strain, S g to shear rate by

the following relation:
A= 8Sp/Y \ ) 4.1.3

From the previous study of Nakajima and Shida (1966) strain

was telated to the swell by:
sg = B2- 1/8% ‘ 4.1.4
To calculate swell, strain must be evaluated. Therefore,

three time constants were introduced. Emprical correlations

were used to relate the time constants to the melt 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 swell.
The model does not have a practical application since the |
parameters cannot be related to measurable rheological
properties, ’ }
Bagley and Duffey ‘(1970) followed essentially the"

ar'lalysis of Nakajima and Shida (1966) but used a bne-—apnstga‘\nt

stored ehergy function. The following relation was obtained:

»

2 -4 _2 . B
SR = B -B . ) 4.1.5

o \

£

Another relation was obtained using the strain energy
function in shear inside the capillary.

sa = Bl +2/8%-3 , | 4.1.6

'O

“

The two equations .were found to give similar results for
large values. of swell. The expe-irimental data did not
correlate very well with the above equations.

Locati (1976) proposed a model assuming that the
deformation undergone by the melt entering the capilla'ryjfrom
,t‘;le reservoir is essentially elastic and the deformation

within the capillary is essentially viscous. The basic ideas

proposed by Nakajima and Shida (1966) were reworked and the

DI e o A o o R A —_-

.
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f@llowing equation was obtained: ;J

-2 -t '
B° = 1+( APg/3G)e B/° . 4.1.7

where B 1is the capillary dié swell, Aéé the entrance
pressure, G is an elastic‘modulws, tp the transit time in the
capillary and ¢ is a char%cteristié " relaxation time.
Experiments were carried ouq/ with HDPE resins and the
extrudates were annealed in si%iconecﬁj.after extrusion. The
loss modulus (G") was taken ’o be the elastic modulus and
was obtained using a shift factor. It was concluded that if

z could be defined in a better way, the model would be

-~ |
N

complete.
Mendelson et al. (1971) also assumed that the

viscoelastic 1liquid can be treated in terms- of the solid
state ;ubber behavio; described by, Treloar (1958). They
developed 3 models, two ' of which are applicable.to dies
having small L/D ratios since it was assumed thét“ the
eg%rudate had undergone perfectly elastic recovery from "a
homogeneous teﬁsile deformation. 1In the third approach the
recoverable energy stored in simple shear and recovered in
teﬂsile contraction was considered. This“approach is well
suited for dies having high L/D raﬁios, where entrance

1

effects are negligibti:) The results were the same as those

.

NP

-
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- obtained by Bagley and Duffey (1970).

Tanner (1970) developed a model based on unconstrained
elastic recovery from Poiseuille flow. The flow at the exit

was approximated by a sudden strain which takes the fluid

from the viscometric stress state _inside the tube

)
instantaneously to the 2zero stress state (atmospheric

pressure) outside the tube. Inertia forces 1in the sample
were completely neglected, As a constitutive equation the
K-BKZ model (Bernstein et al., 1963) was |used. For a

x

"material with a single relaxation time the relation was found

to be:

+ i

In order to account for the Newtonian die swell the above

equation was rearranged and the term 0.1 was added.

B = (1+s§/2) /8 4 0.1 4.1.9

The model predictions were compared with so}m experimental
data and results were found to be satisfactory.

Huang and White (1979, 1980, 1951) extended Tanner's
approach (1970) to different die geometries. For slit dies,
die 'swell (defined as the ratio of the thickness of the

extrudate to the thickness of the die) was found to be given

&

|
A oy i s % id P T L

S

d

IR T T




AT AT YT

by the followi?g relatioﬁf(Huang and White, 1979):
By = (1+s2/3)"* . 4.1.10

l
To evaluate the recoverable strain, an eméi}ical equation
relating normal stresses to molecular parameters was used.
Equation 4.1.10 predicts /the swell from the slit die to be
larger than the capillary swell and to incrgase more rapidly
with extrusion rate. Their experimental results. obtained
frém capillary and slit dies suppor ted these predictions.

In a subsequent study Huang and White (1980) applied
the uncons;rained recovery theory of Tanner (1970) to the
problem of|éie swell from short dies. The flow in the entry
reg%gn was considered to be elongational in character and
shea; flow contributions were considered to be small. The
models were found to predict the qualitative trend of the
experimental data taken from short capillary and slit dies,
but qu;ntitative predictions were poor. &hey also applied
this theory to rectangular and trapezoidal dies (White and
Huang, 1981). Although the model underestimated sweil, the

predicted extrudate- shape was consistent with the observed

- shape.

Cogswell (1970) derived expressions for capillary swell

and annular area swell considering the unconstrained elastic

s

recovery of the material caused by shear flow in the die.
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The material was assumed to follow Hooke's law in Theér. The

following relations were obtained: \

Capillary:
- 8% = (2/3)8x} (1+1/88)3/% -1/82 “ 4.1711

1<)

+(1/8) In[(s+ (1+s2) 12} 41012

rd

. Annular:
K ' 2.1/2
- ByBy = 0.5 }(1l+5g) /

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

- eliminate Sgp. Thus a relation between annular area swell and

obtained. Good agreement was found between the predictions
of the resulting equation and the experimental results for
the HDPE resins used in that study. However for the PP resin

°

the results were poor, .

Theor ies based on ?ubber \ef;sticity have been reviewéﬁ
i . by Vlachopoulos et-a;. (1972b) and by Utracki et al. (1975).

| The theories discussed above neglect velocity and stress

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

out by Whipple and Hill (i??B) showed that pronounced

nonlinearities in the velocity profilé can exist at the die

exit and that what happens is grossly different from what is

R assumed to occur in elastic like fluid theories. Another

(:) . problem that is associated with these ' theories is that

.

capillary area swell based on a theoretical model gwas'
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recovery (swell) is assumed to be instantaneous whefeas in
reality recovery is time[debendent, and only some part. of it
Eakes placé instantaneously. Finaliy, in order to‘bé able to
use these theories, seperate. meqsuremenls of N at the same

» . . . { N
shear rate as in the die are required. In most cases the

values of Ny are available only. at quite low shear rates, and

~ the equations relatibé N; © to molecular parameters - .are

empiricai and do not have a general validty. Therefore, .we
can say that relationg based on élastic-solid analysis are
only paftially succéssful :and that they do- not“constitute a
fundamen tal theory'in the‘lsense' that for given material
propepties die swell cannot be predicted in a@vance.

x

4.2 Models Based o;x‘Numerical Me thods ) rrd

Newtonian fluids also exhibit die swell. The value of
capillary die' swell for them varies only. from 1.12 at low
shear rates (Batchelor et al., 1973; Horsfall! 1973;
Middleman and Gavis, 1961; Tanner, 1973; Redéy and Tanner,

1978) to 0.87 at high rates (Middleman, 1977). Polymer'ﬁelts

exhibit the same low shear rate swell value in the Newtonian -

plateau region (Batchelor et al., 1973). Theor ies on die

swell based on elastic solid analysis cannot explain this
behavior. In recent years, several studies were carried out
to evaluate die swell of Newtoniam and viscoelastic fluids by

means of the finite element method.

T,
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Tanner (1973) and Nickell et al.” (1974) solved the

dynamic and continuity equations for a Newtonian fluid in the,
© .

neighborhood of the capillary exit. by a numerical technique.
In the limit of low Reynolas number they obtained a die swell

of 1.13 which 1is in good agreement with the experimental

value.

- . -

The ‘swell °value of 0.87, 'valid at high Reynolds

' numbers, can "be prédicted by theory using a simple

combination of mass aﬁd momentum balances (Middiehgu, 1977).
Thus the Newtonian £low problem is well understaoﬂ, and the
theory is’ in good agreementf'ﬁith the data'ap both low and
high Reynolds numbers. | |
| The numerical calcﬁratioq ' bf die swell of :© a

viscoelastic fluid has been considered only recently by

several authors (Chang et al., 1979; Coleman, 1981; Crochet"

and Keunings, 1980, 1981, 1982a; Reddy and Tannér, 1978).

Onl? limited success has been achieved at ‘the present time,

since the calculations extend over a very limited range of

wE i,
U

'‘elastic ¥orces.

Crochgt and Keunings (1980, 1951) carr ied out a series
of studies to calculate the die swell of a'viscoelaétic fluid
ex;ruded from diffegent die geometries. They used an upper

convected Maxwell fluid with a single relaxation time. This

model was selected since it predicts satisfactory qualitative

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

wisy e AR TR NP RS TER T  TIO R DXy ey
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‘ assumed that the upstream velocity fleld corresponds to- a
fully deverpednv1scometrlc flow and , ‘that the contact forces
wanish on _the free surfaces. The work is limited to creeping
viscoelastic flow, ‘and the finite element method of
calculation is used., Several diFfereht die geometries were
' Studied; capillaFy, slit, straight annuilar, convefging’ and
«diverging annular dies. Results could be obtained up to A?%=
‘ 0:75, where ‘A is. the relaxation time’and Yy is the shear rate
at the wall. gfhis‘aimensionless number; AYy + 1is a measure

- me

of elasticity.s The results for | capillary die swell (Crochet

@

Y and Keuhings,' 1980) were compared with the predicEions of

Tanner's (1970) model based on elastic solid analysis and
good agreement wés found.

. . The converging and diverging dies on which their
calculations were based were the ones ‘designed and used fof

., the present study. °~ Crochet and Keuhings (1981) carried out
their numerical analysis for these dies for creeping flow of
a Newtonian, a power law and a Maxwell fluid. The effect of
shear-thinning was found .to cause the outer and inner redii

of the parison to approach the correspondlng radii of the dle

lips. Elasticity enhanced swelllng, and higher yalues were{

28

. obtaimred. than for Newtonian and poWer law fluids. However,
Y. itheir predictions are pot in agreement with the éxperimental "
- data obtained in the present study. Experimentally, higher

diameter swell values are obtained for a converging die,

1
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whereas tvheir ciculations predict .the reverse. This will be

’

discussed in section 5.3.3. The case of annular dies is more

complicated since it requires the simultaneous calculation of

Q@

two free surfaces. Values of die swell were calqulated on

.the assumption that the flow is fully developed a few '

diameters above the exit. To study the effect of capillary .,

w
length upon swell, L/D ratios ranging from 0 to 1l were

~g,;' investigated (Crochet and Keunings, 1981). Similar swell

values were obtained with all the L/D ratios studied.
In a subsequent paper Crochet and Keunings (1982a) used

!

The Oldroyd th}:ee constant model introduces a retardation
time and reduces to the Maxwell fluid for viscometric flows.
They observed that the addition of 3 retardation time has a

considerable ‘impact upon the .quélit'y' of the finite element

calculation of die swell and that higher elasticity (values

of AY, = 4) could be accomodated. Capillary and slit die
swell values were calculated and compared with Tanner's
.{1970) elastic~solid theory predictions. Good agreement was

obtained. Capillary die swell predictions were also in

¢l

‘agreement with the experimental data ¢btained by Vlachopoulos

et al. (1981) and by Racin and Bogue (1979).
Reddy and Tanner (1978) studied the swelling of a sheet

“

© of fluid mdelled»gyﬂ:he second order fluid 'equation. Finite

2element ¢6mpute: methods were utilized. No compérison with
{ .

the Oldroyd three constant model rather than Maxwell model.

o Bl
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°

experimental data was given.
‘Coleman (1981) calculated slit die_'swell t alMaxwell
fluid using a finite element method different friom thht used

by Crochet and Keunings (1980). He was able obtain

n

. convergence up to A= 1.25, which is higher than the maximum

‘value reached by Crochet . and Keunings (1980) wusing the same

¥ ¢ - . » L3 . v
constitutive equation. Similar swell values were obtained in

these two studies.

the finite element

(1979) also applied

Chang et al.

4

method to the calculation of slit
. *“th.?
a generalized Maxwell fluid and obtained higher swell values

than others.

b

All of the models described above share the same

convergence failure of the numerical method when the elastic

" contributions, measured by a dimensionless number, Ay, .

i

Several researchers

exceed a certain critical value.

(Crochet and Keunings, 1982b; Mendelson et al,, 1982; Tanner,

and capillary die swell of

1982) are carqying out studies to understand the reasons of -

failure and to improve the methad. "
studied finite

- Mendelson et al. (1982)

'caldhlations’with Maxwell and second order fluid models and

concluded that excessive approximation error in the stress

. *
field causes the failure of the calculations for both models.
Better abproximatioms for the stress field could be obtained

by using a refined ﬁwsh, but such calculations would be very

element -

Antes A ot s




. They concluded that the maximum value of Ay, allowing

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

coétly;:
.- Crochet and Keunings (1982b) compared different finite

element techniques and studied the effect of mesh refinement.

[y

convergence is highly dependent on mesh refinement. Tanner
(1982) derived some stability criterion expressions and
emphasized that mesh refinement' affects convergence.

In summary we can say that the numerical simulation of

the calculations are time consuming and costly and the models '
cannot be extended to cases where elastic effecgs are
dominant due to convergence problems. However, this approach
is novel and st;dieS‘are continuing to -improve it. ™

Winter and Fischer (1981) studied the melt strain

history in extrusion dies and its influence on extrudate

swell. The influence of die geometry was demonstrated on

three diverging anhular dies and one annulus of constant
cross section. All the dies had the same exit geometry. An
extenﬁion of the Lodge-type single integral constitutive
gquaﬁion was used with a time and strain dependent memory
function. The kinematics were locally ;pproximated by steady
isothermal shear flow and the integrai constituitve equation ;
was séived numerically. For the str;ight annular die the
radial and circumferential swells were found to be equal. No

compar?son with experimental data was given. 1In.a subsequent
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study Fischer (1981) studied five diverging dies, three of

.which were the ones used in the previous study (Winter and

-~

Fischer, 1981). The same method as in the previous sEEéy was

employed to evaluate the swell. Only the results -from one

die were compared with experimental data. The predicted and:

measured values for thickness swell were in agreement, but

the model oéerpredicted diameter swell. The 'advantage of

this modei is that it does not require the long computation

E}mes implicit in the use of finite element methods which use

a simple material function and a high precision i;

caiculating the flow history of the material. However, there
is not enough comparison between model predictions and

experimental data to prove the reliabilty of the proposed

model.

All of the models discussed above assume isothermal
conditions. However, in the actual case, due to ithe i
generation og heat by viscous dissipation, the viscosity of
the melt is reduced and the flow patterns are more comp lex
than in the isothermal case. Q

Phuoc and Tanner (1980) investigated the flow of a-
Ngwtonian fluid having a temperature dependent viscosity in.
extrusion problems. A fidite element method was used, and it
was found that, the extrudate expansion up to 70% of the die
diameter was obtained due to temperature effects.

In summary, the work reviewed in this chapter, shows that

- “




67 :

no satisfactory theory has been developed so far which can

predict swell from basic rheological properties.
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- CHAPTER 5

&

EXPERIMENTAL STUDY OF SAG AND SﬁELL

° -

§.1 Introduction

* It was pointed out in Chapter 1 that the central
problem in extrusion blow molding is to control the geometry'
of the parison at £he moment of inflation so that 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
diameter and thickness. Twé phenonema act +to cause a
variation with time of the parison cross section from thé
moment it is formed at the die 1lips. These are extrudate
swell and sag or drawdown. Whereas swell is an unconstrained
recoil process, sag is a  low-strain-rate gxtensional flow
driven by the force of gwévity. Swell is a function of time
and sag depends both on time and on position along the length
of the parisoé. Most of the swell occurs in a short period of
time as the extrudate moves away ffdm the die, while sag is
quite small at the beginning and becomes prominent only after
the parison has reached a significant length or has -been
hanging freely for some time. These two phenomena are
coupled and act simultanéously.

Parison behavior depends on system pax;meters such as’
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die design, extrusion velocity, temperature and on the resin

being processed.

In order to gain a better understanding of swell and
sag and to study tbeir relative importance in parison
formation, it.is necessary to develop experimental techniques

and equipment that will allow the uncoupling of these two

‘Phenomena. 1In 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 separately.

Therefore, two different types of experiments were carried out:

k]

1. Pure éwell experiments. These experiments were
carried out to study the swélling éharacteristics of the
parison in the absence of gravitational forces. The parison
was directly extruded into an oil bath which was at the same
temperature as the extrusion température and had nearly the

i

same density as the melt.
— ] &

2. Combined effect of sag and swell. In these

‘exper iments the combined effect of sag and swell was.studied

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

bath. The air oven was at the extrusion temperature.

In the present %Eudy} three high density polyethylene

resins and four different annular dies were used. Parisons

2
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" were extruded at different extrusion velocities. All the

experiments were ‘carried out under isothermal conditions to

eliminate uncertainties as to, temperature.

In this chapter, the die geometries and experimental

-«

‘apparatus used will be described.” Then the results will be

presented and discussed.

5.2 Description of the Dies

o

Die design is one of the most impoftant parameters that

govern parison behavior, since the swelling characteristics

of the parison depend largely on die design.

[

Most of the work done on swell so far has been

y
concentrated ‘'¢n capillary and slit dies and relatively little
work has been done on annular dies. In order to gain a
better undefstapding of the effect of die’ design on parison
behavior,,four anﬁular die'geometries were designed and used

in the present study. These are: a straight die, a ;29°

diverging die, a 20° converging die and a 10° converging die

with a tapered gap.

The dies are made of hardened stainless steel"’e 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 screwed to the head piece. To have a smooth flow at

the entrance region, the.head piece‘ is designed to have four
. :

4

orifices through which the melt flows, and the inner core is

iy -
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v ,
streamlined at the top. In order to keep the inner and outer

pieces concentric, there are three guiding pins on the inner .
piece. All four dies are sufficiently long (L/H>30)"so that
the effect of entrance region 1is eliminated, and the parison
behavior is ™. unaffected by the length of the die and by the
presence 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 cylinders with the following
dimensions: ‘

Outside diameteg = 12.7 mm

Annular gap = 1.5875 mm

Total length, = 95.25 mm

The diverging die starts with a smaller:inner and outer
diameter. Then both the outer and inner piegeé diverge with
én' angle of 20° . The outer - and inner walls are always
parallel. This die is designed in such a way that, at the
exit -i# has exactly the same geometry, i.e., 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 = 6.35 mm
Annular gap in the uppef section £51.5875 mm
Outside diameter at :;F exit = 12.7 mm

: Annular gap at the exit = 1.5875 mm . )
~
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Figure 5.2 Cross-sections of the Straight and the Diverging Die -
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‘Total length = 69.850 mm ‘ .
Length of the diverging sectiod“= 8.731 mm
i Angle of divergence = 20°
The cross sections of the two converging dies are shown

in Figure 5.3. The 20° converging die starts with théﬂsame

dimensions (outside diameter and the annular gap) as ‘the

straight die. Then, both thé inner and outer pieces converge

with an angle of 20°. As in the previous dies, the inner and

outer walls are always parallel. At the exit, this die has a
different outer and inner diameFer than the othér two dies,

but the annular gap is the same. The dimensions of the 20°F
converging die are listed below.-

~

OQutside diameter in the upper section = 12.7 mm
Annular gap in the upper section = 1.5875 mm ¢

Outside diameter at the exit = 6.35 mm

Annui?r gap at the exit = 1.5875 mm

Total length = 69.850 mm ‘

Length of the converging section = 8.731 mm

Angle of convergence = 20°

The 10°,,Fonverging die was obtained by removing the
inner core of the 20° converging die and replacing it with a
piece coéverging with an angle of 10°. So, unlike thg‘othe; "

[ )\
dies used in this study, the inne{ and outer walls are not,;

gth of th? die. Rather, they are -
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wall converges with an angle of 10° while the outer converges

7\w‘i\th an angle of 20° . Also, contrary to the other dies, the

N

annular gap in the upper faax;tr.of the die 1is not equal tor .
1.5875 mm. At the exit thig® die ‘xas‘exactly 'the same

geome try as the 20° ‘converging die. Its dimensions are as .

™

ffollows: _ . d
Outside diameter in the uppex:;r‘s<=.~c*t:ion.,= l—a"ﬁ.?n
Annular gap in the upper section = 3.223 mm
'0ut»side <_iiameter at t;he exit} = 6<35 mm

Annular gép at the exit o 1.5875 mm

Total -length = 69.850 mm . e

n Angle of convergence ={:&r wall lb°; Ouotn'.er wall 20°°

. i )
In the construction of the dies, the sharp.corners in

Length of the converging section = 8.731 mm

[

" the diverging and converging sections were smoothed and the

¢ritical dimgnsions were manufactured with an accuracy of

| ,

o
4

5.3 Pure Swell Experiments

\ +

a 6

The aim of pure swell exper iments was to study swell in .

0

the absence of sag. Experiments were ‘carried out ith all

- v

three resins for the straight die,  diverging die and the 20°
é_onverging-die. The 10° converging die was used ?}ﬂy with,,,l
Resins 22A and 27, All the experiments were done at ‘a

constant temperature of 170°C and’ parisbﬁs(we’re ex€ruded at

i
< ‘ - €
o
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six different extrusionlvelocities.

Two independent swell ratios can be defined in the case
of an annular extrudate. We have chosen to present our
results in terms of the diameter swell, B, , and the thickness
swell, B, . Diameter swell 1is defined as the ratio of the
outer diameter of the parison (D, ) to that of the die at the
exit (Dg ) and the thickness swell is defined as the ratio of
the thickness of the parison (hp) to the annular gap at the
die exit (hg) .

B, = Dp/Do 5.3.1

1

B, = h,/hg 5.3.2
This is also shown in Figure 5.4. Another ratio often used
in 1ndustry, is the weight swell, Bw' defined as the ratio of
the weight of a parison of length L to the weight of the same
length of sample having the inner and outer diameters of the
die lips. In the case of isothermal extrusion, the weight
swell should be equal to the area swell., If thé die gap is
rather small compared to its radius, the annular die can be
approximated as a slit and the area swell will be

approximately equal to the product B, B,.

Area swell = BBy 5.3.3
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5.3.1 Experimental Apparatus

The experimental apparafus used to measure parison
swell consists of the following pieces of equipment:

1. Instron Capillary Rheometer

2, Thermostating chamber

3. Photographic and auxiliary equipment

An Instron Univeréal Testing 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 dies 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 nut.
The dies and the clamping nut are designed in such a way that
the tip of the die is visible, enabling one to observe the
parison as it starts to form at the die lips. This was not
possible with the original barrel-die assembly.

The thermostating chamber was originally designed by

Utracki Ieﬁ al. (1975) and later wused by Dealy and
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Garcia—Rejon (1980). It consists of a section of étainless
steel pipe with an inner diameter of 15 cm apd a length of
25 cm, to which a bottom plate has been welded. An immersion
heater (750 W, 115 V) is welded to 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
window) there are circular windows made of Pyrex glass
through which the 1inside of the chamber is illuminated by 2
halogen lamps of variable intensity (75 W,  12V). These lamps
are located in special housings attached to tﬁe side windows.
Their intensity 1is controlled by two wvariable transformers.
The chamber is insulated with layers of asbestos paper and an
outer layer of heavy asbestos tape painted with heat
resistant enamel. 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's Silicone Fluid (Dow Corning Fluid 200, 200 c¢s), and
a proportional temperature controller (Fenwall 524) was used
to adjust the temperature to the desired 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
pol;ﬁer was extruded. A metal plate painted black, was

attached to the cover plate and acted as a background for
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photographic purposes. A cross sectional view of the
thermostating chamber 1s given 1in Figure 5.5. Further
details on the design of the chamber can be obtained
elsewhere (Garcia—-Rejon, 1979).

The test tubes are filled with a mixture of Silicone oil
(Dow Corning Fluid 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
was,y observed that (Garcia-Rejon, 1979) in order for the
poiYmer to flow smoothly without distortion, the density of
the silicone cil mixture should be slightly less than the
density of the melt. In the present study, the density of
the o0il mixture was adjusted using a trial and error
procedure and observing the bouyancy of a piece of polymer
melt in mixtures of different compositions. The composition
of the mixture was approximately 40% 2 cs and 60% 5 cs
silicon o©il. The temperature inside the glass tubes was
monitored by a type J thermocouple. The temperature was read
direc;ly with a digital thermometer (Fluke 2100A). The
temperature g§adient 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
thermostating chamber. Thus the dimensions of the parison

could be determined more accurately.

5.3.2 Experimental Technique

. In pure swell experiments, the diameter and thickness
of the parison were measured. Since swell is a function of
time, material elements éxtruded first will swell more. Thus
the dimensions of the parison will not be uniform along its
length. Also the leading end portion of the parison has a
different shape than the rest of thenparison. This is
because the extrusion starts from rest and the material
initially near the die exit experiences a different strain
history than the rest of the material in the parison,
Therefore the swell depends on where the measurement is made
along the length of the parison. To identify a position for
data measurement, the parison was marked with carbon black
particles ejected from a syringe. This was important at the
lowe st extrusion velocities. For higher 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, at 1low extrusion speeds the end of the parison
was cut off by a hot wire rgutter after steady state was

obtained. The hot wire cutter consists of a casing with two
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rods, between .which a thin wire is streched. The wire is
heated by the‘application of voltage across the rods. The
system cuts through the parison with minimum disturbance. At
higher extrusion velocities, the end portion could not be cut
off due to time limitations. In such cases, this portion of
the parison was ignored in taking the measurements.

The experimental proéedure can be summarized as
follows:

At the beginning of each experiment, the thermostating
chamber and the barrel-die assembly was heated to the desired
temperéture. Once the temperature was stable at the desired
level, the extrusion was started. When the force reading
reached steady state, the parison was cut with the hot wire
cutter. Then the parison was marked with the carbon black
particles and at the same time, t was set equal to zero.
Immediately the .chamber was slid forward to its preset
position so that the @xtrudate flowed directly into the glass
tubes. To check the consistency of this method, different
marks were put on the same parison and the results obtained
from these points were compared. Good agreement was found
between these results.“

Photographs séarted 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 with time. The
parison extruded ip the oil was transparent so that both the
outer diameter ané/ 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 calibration purposes. To verify the thickness
measurements, pictures of a standard placed inside the
parison in the oil filled test tubes were taken and compared
with the pictures of the same standard in the o0il filled test
tubes. The two methods gave the same results.

The negative of the developed film (Ilford 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 thermostating chamber does not
extend all the way up to the die outlet. Therefore, some
time passes before the parison can be seen inside the test
tubes. This does not pose a problem in the case of high
extrusion velocities where extrusion is fast, but in the case
of low extrusion velocities data cannot be obtained at short

times. 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 gravity and
nonisothermal conditions are assumed to be negligible. Only
diameter swell values can be obtained from these experiments,
however, since the parison is not transparent when extruded

into air.

5.3.3 Results and Discussion

The time dependent thickness and diameter swell values
obtained from pure swell experiments for each die geometry,
resin and extrusion velocity are given in Tables A3.1-33 in
Appendix A3. It was mentioned previously that the
experiments were done at 170 °C. The straight die, the
diverging die and the 20° converging die were employed with
all 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 combination. Using the shear rate
at the wall as a measure of extrusion rate has been the
general custom. Due to the difficulties associated with
calculating the shear rate at the wall 1in the complex
geometries used in this study, we used volumetric flow rate
as a measure of extrusion rate.

The time dependency of diameter and thickness swell can
be studied by plotting the dg?a in Tables A3.1-33. Such

© s *
graphs for Resin 27 extruded from the 10° converging”die are

e ,
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shown in Figures 5.6 and 5.7 where diameter and thickness
swell values are plotted as functions of time, volumetric
flow rate being the parameter, Figure 5.6 shows that nearly
60-80% of the diameter swell occurs in a relatively short
perida of time after the parison is formed. The swelling
then continues at a decelerating rate until a constant value
is reached at around 7-8 minutes. This constant value of
swell is termed‘the "equilibrium diameter swell" and denotes
a completely recovered par ison. 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 ‘"equilibrium thickness swell" 1is reached after 5-7
minutes have elapsed. The same observations were 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 to be composed of an
instan;;neous and a secondary slow recovery region and
proposed the following emprical relation:

“t/% 4 B, o E/h 5.3.4

(1~e io

Bl(t) = Bioo

c

where Bj, and B;, are the swells at equilibrium and zero time

respectively and the quantity ¢, 1is a characteristic time. .
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The subscript i can take wvalues of 1 or 2 to denote diameter
or thickness swell. This equation was found to fit data
reasonably well over the entire time interval, but gave
slightly higher values at very short times. Eguation 5.3.4
was also applied to the present experimental results and fits
the data quite well except in the first few seconds where
slightly higher values are predicted. The values of Biwr Bio
and §, obtained for some of the data are given in Tables 6.1
and 6.2 of Chapter 6.

'The time dependency of post—-extrusion swell has also
been studied by Cotten (1979) using a rubber compound and a
capillary die. A laser beam was 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 slower
relaxation to reach the final equilibrium wvalue. The

following emprical relation was proposed for the slow

recovery region. i
B = B, (1-kt ) 5.3.5

where B, 1is the equilibrium swell and k and n are emprical
constants. This equatisn is simila;r to the first term of the
equation proposed by Garcia-Rejon (equation 5.3.4).

In the present study, no data were obtained at times

smaller than 1 second, but it was observed that 60-80% of

4
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swe ll occurs within the first few seconds.

The reproducibility of the experimental results was
checked wusing Resin 29 and the 20° converging die at a
volumetr ic flow rate of 0.950 cmi/s. Six seperate
experiments were done under these conditions, and diameter
and thickness swell values were obtained as functions of
time. The average and the standard deviation of the data are
calculated and are given in Tables 5.1 and 5.2. The
reproducibility was deemed to be acceptable.

As was mentioned earlier, diameter and thickness syell
values for lower extrusion speeds could not be obtained at
short times due to the design of the isothermal = 0oil bath.
The number of missing data depended on the extrusion smpeed,
To obtain the short-time data, parisons were extruded
directly into air and were monitored for 5 seconds. During
this period, nonisothermal effects and drawdown were assumed

to be negligible. At higher extrusion rates, data could also

be obtai'ined)from the isothermal oil bath experiments enabling

one tod check the consistency of the two methods. This is
shown in Figqure 5.8, where the diameter swell obtained by
extruding directly into air isA plotted as a function of time
in the short time range for various extrusion velocities.
The available data obtained from the isothermal oil bath
experimentgs are also plotted on the same graph. Inspection

of this figure show that data obtained by the two methods are

R4
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TABLE 5.1 Mean Values and Standard Deviation for

Measurements of Diameter Swell

(Resin 27, 20° Converging Die, Q=0.950 cm3/s)

Time (s) *Bl 5td, Dev,
2 1.82 0.0196
5 1.97 0.0256
7 2.02 0.0176
10 2.12 | 0.0261
30 2.32 0.0204
60 2.45 0.0147
90 2.51 0.0237
120 2.57 0.0194
150 2.62 0.0160
225 2.71 ,  0.0172
300 2.75 1 0.0049
360 2.77 0.0052
480 ‘ 2.81 0.0172
540 2.81 0.0172
600 2.81 0.0172

* mean of 6 replicate measurements



TABLE 5.2 Mean Values and Standard Deviation for

Meausurements of Thickness Swell

(Resin 27, 20° Converging Die, Q=0.950 cm3/s)

Time (s) *Bz Std. Dev,
2 1.22 0.0163
5 1.29 0.0175
7 1.31 0.0207
10 1.34 0.0197
30 1l.44 .0.0194
60 1.55 0.0163
90 1.63 0.0138
120‘ 1.67 0.0167
150 1.72 0.0223
225 1.79 0.0176
300 1.85 0.0109
360 ’ 1.89 0.0049
420 1.92 0.0075
480 1.96 0.0155
540 1.96 0.0155
600 1.96 0.0155

* mean of 6 replicate measurements
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in good agreement. In the cases where very short time data
could only be taken by direct extrusion )methoa, the data
obtained by this method and data obtained at higher times
from regular experiments follow a smooth curve. Thus, we can
say that by directly extruding into air, ~shox:t time data
could be taken satisfactprily. However, since the parisons
extruded into air were not transparent, thickness swell could
not be obtained py this method. Thus short time thickness
swell data are available only for those resins extruded at
the two highest extrusion velocities.

Inspection of the transient 'swell results permits some
general conclusions to be drawn. It 1is observed that the
exact relation between swell and time depends on the resin
and die geometry. 1In general, diameter swell increases more
rapidly in the straight die and in the diverging die than in
the two converging dies. Also, in some cas;es the same
equilibrium swell wvalue can be attained but the transient
swell functions may be quite different. For example Resins
22A and 29 show the same equilibrium diameter swell wvalues
when extruded Erom the straight die at volumetric flow rates
of 0.95 cm3/s and 2.375 cm®/s (Tables A3.3 and A3.9) but,
their transient diameter swell functions are quite different.
In other cases, both the transient and egquilibrium swell
values are the same. This was observed for Resin 27 where

‘practically the same diameter swell function was obtained
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from the 10° and 20° converging dies at volumetric flow rates

of 0.095 cm3/s and 0.95 cm3/s (Tables A3.22, A3.31 and A3.24,

A3.33}.

It is apparent that in order to compele tely

character ize the swelling behavior of a resin, both

s

.4 . e N .
equilibrium_and transjént dat\s\ must be available. The

extrusion of thé\\par son and the subsequent clamping and
/ \

4

\
blowiftg in the bl v olding prodess all takes place in a

/
short|period of t;’dﬁe, sp that the material does not have time
7

/
to swe to//i/{s equiliprium value. Therefore, in the blow
A

L
molding rocess, it/J{.s the transient swell which 1is of

relevance. Equiﬁbrium swell data are useful to study the

effects of various parameters such as die geometry, extrusion

rate, tempetature and so on.

~

Effect of Die Design

e
o ! !

From the structural point of view, die swell can be

considered to occur ag a result of a disorientation of

\ macfémolecules which have been oriented at the die entrance

\\\and within the die by the elongational and/or shear fields.
\ The eff/e%’?f‘\\&;'\% geome try on equilibrium diameter and

N N :
thié\}&ge_&%m/well for eaé resin used is shown 1in Figures 5.9

to 5.14, where equilibrigm diameter and thickness swell are
plotted as functions of/volumetric flow rate. Each data

[P S
. . .~ VS
point in these fl/g;’s:{reg/repr\gsents the constant swell wvalue
/ 4 N

P
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obtained from a single exper imental run.

The results indicate that for all the resins used, the
diverging die gave the lowest Squilibrium diameter swell
values. Higher diameter swell values were obtained with the
straight die than with the diverging die,.but the highest
diame ter swell values were obtained with the 20° converging
die. The percent increase in equilibrium diame?:er ‘swell in
going from the diverging die to the straight die and from the
straight die to the 20° converging die depends on the resin
and extrusion rate, but it can be said that an average

increase of 30% is observed between the diverging and the

straight die and an average increase of 50-60% is observed

between the straight die and the 20° converging die. The

results concerning the effect of die geometry on diameter
swell are gualitatively 1in agreement with the resultys of
Wilson et al. (1970). They reported the increase in swell in’\
changing from a diverging die to a straight die or az
converging die to be 6% and 30% respectively for the resins
and die geometries used in their study‘ﬂa(see section 3.2.1)

'3

) Exper“imgents with the 10° converging die were carried
out with the two resins, Resins 22A and 27. For both of
these resins the diameter swell values obtained from the 10°
converging die were found to be very similar to the ones

obtaihed from the 20° converging die. As described in

section 5.2, the two converging dies had the same outer
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shell, and the lOf converging die was obtained by replacing
the mandrel of the 20° converging die with one ha%;ng the
same dimensions at the exit but converging with an angle of
10°. The results indicate that changing only the mandrel in
this manner does not have a strong effect on the diameter
swell.

The effect of die design on equilibrium thickness swell
is shown in Figures 5.10, 5.12 and 5.14. For Resin 27 and
29, the equilibrium thickness swell values for the straight
die, the diverging die and the 20° converging die were found
to be quite similar. The extrusion rate dependence of
eqﬁilibrium thickness swell was different for different dies,
but the differences for these three dies were relatively
small compared to the differences in diameter swell values.
For Resin 224, the diverging die and the straight die were
very similar, and the 20° converging die gave slightly higher
values. A considerable change in equilibrium thickness swell
values was obtained with the 10° 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
entrance tgan the other dies, and in the converging section
the inner and outer walls are not parallel; the outer wall
converges with an angle of 20° while the inner wall converges

with an angle of 10°. Thus the thickness 1is reduced to



105

1.5675 mm at the die exit. ‘This was the only die in which
the walls were not parallel and in which the gap decreased
along some portion of the die.

The effect of die geometry on transient swell 1is the
same as the effect of die geometry on equilibrium swell
(Tables A3.1-33) The diverging die always gave the lowest
diameter swell values. For all the resins at the lower
extrusion velocities, pra;tically no diameter swell was
observed with this die (Tables A3.10-18). The two converging
dies gave similar diameter swell wvalues, which were
significantly higher than those obtained with the other dies.
The thickness swell values from éhe 10° converging die were
substantially higher over the whole time range. ’

It 1is 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 polfﬁer melt in certain directions. Since
swell is .a reaction to tge orientation imposed ~during the
flow in the die, wherein the molecules tend to regain their
random configuration, it follows that polymer melts extruded
from different die geometries will show different swelling
behavior. 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 complex geometry, and such

-

a study 1is beyond the scope of the present work.\ As was
noted in section 4.2, the attempts to predict die swell from
annular dies have been limited to, low shear rates due to

convergence problems assgciated with the numerical
techniques. ‘Even at such low shear rates these a;tempts have
been mostly unsucceésﬁul. It was mentioned in section 4.2
that Crochet apd Keuﬂings (1581) tried to predict diameter
and thi&kness swell réstlting from the straight die, the
diverging die and the'20° converging die used in the present
study. Their predictions are not in agreement with the

present experimental results. They predict a higher diameter

.

-

swell value. for ‘the diverging die than the converging die,

whereas the reverse was observed experimentally.

If the rélatfon be£ween molécular or ientation and die
design could be understood, then it woﬁ&d be easier to make a
qualitatiﬁe correlation between die geometry and swell,
Recent work by Goettler et al. (1979) shows the effect of die
design on orientation. Their work describes a process for
extruding short fiber reinfarced rubber hose through special
die geometries that produce the proper fiber orientation for
hose reinforcement. For this purpose, they designed four
annular dies, It is observed that the presence of fibers,

even nonreinforcing fillers, supresses swell. Therefore in the

work by Goettler et al. (1979) the fiber orientation imposed

.

A
'
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in the die is retained in the parison. The dieés used in
their study and the resulting fiber orientations are'shown in -

Figure 5.15. In the so callad "conventional die" the

combination of the shear forces with the overall réductlon in

' cross sectional area occuring between the head of the

'

i

extruder and and the die orifice cause the fibers to become
aligned parallel to the axis of the extrudate. In the

"expénding mandrel die",, the channel thickness is constant.

{

When the material is flowing over the expanding section, it
is streched' circumferentially, resulting in a predominantly

hoop orientation. In the extreme case, all the fibers will

3

be oriented in the circumferential direction. ’

In the obstructed flow die, after flowing over the dam

.

the .material expands radially to fill the: channel cross
section, The fibers conseqguently turn on end into a position
1ying essentially across the wall of the hose and in the

%

dxtreme case the resulting fiber orientation will be as shown

' in Figure 5.15. The "combination die" is a hybrid design

comb%ning the types of flow expansions in the above two dies,
and leading to a three-dimensiocanal fiber distribution.

It should be emphasized that the fiber orientations
shown in Figure 5.15 represent the extreme cases. Actually
the degree of fiber orientation depends on various factors
such as the‘response characteristics of the fibers to the

flow and the ratio of the area of the outlet annulus of the

LIRS
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die to the minimum area at the point of constriction.

In the present case, é%e parison swells upon exiting
the die, and swell occurs as a reaction to the molecular
orientation in which the molecules tend to regain their
thermodynamically Ereferred state, i.e., random
configuration. The 20° diverging die of this study resembles
the expanding mandrel die used by Goettler et al. (1979).
Thus the diverging die is expected to cause a circumferential
orientation of polymer molecules wiéhin the die. Once the
polymer exits the die, to regain their random configuration
the molécules will tend to orient mostly 1in the other two
direc tions, namely the axial and radial directions. Thus a
lower diameter swell is expected 1in this case. of cog&se,
the amount of swell will be determined bx the degree and
extent of the circumferential orientation lachieved in the
die. Our experimental results confirm this, since the lowest
diameter swell 1is obtained with the diverging die. In the
straight die the molecules will tend to orient in the axial
direction thus causingva higher swell than the diverging die.
The converging dies will cause further axial orientation
since the cross sectional area 1is reduced constantly along
the converging section, 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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one in which the channel thickness changed significantly.

* 3

Apparently, a decreasing channel thickness enhances thickness
¥

swell, since substantially higher thickness swell values were
obtained with this die. _ In the obstructed flow die of

Goettler et al. (1979) .contrary to the 10° converging die,

\

" the éhanqel thickness was increased, and the polymer
molecules were orienﬁéd in the radial direction. Upon

ekiting this die, the only directions the molecules can go
for random configuration are the circumferential ?nd axiél
airections. By this argument a lower thickness swell might
be expected. However, we have no experimental results to
co%firm this argument.

Although the above discussion shed some light on our
understanding‘of the effects of die geometry - on swell, more
experimental work with different die geometries will be

neeeded before a general correlation can be developed,

Effect of Resin

The effect of the resin on diameter swell is shown in
Figures 5.16, 5.18, 5.20 and 5.22 where equilibrium diameter

swell is plotted as a function of volumetric flow rate. The

results indicate that with all the die dgeometries used, Resin

22A gave the lowest diameter swell and Resin 27 the highest.

Resin 29 gave intermediate values.

) The behavior of different resins in terms of thickness

~
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swell is shown in Figures 5.17, 5.19, 5.21 and 5.23 where
equilibrium thickneAsg swell 1is plotted as a function of
volumetric f£low rate. As in the case of thle diameter swell,
Resin 22A ,gave the lowest 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 all the die
geometries and extrusion velocities used in this study. In
the case of thickness swell, die design seemed to affect the
ranking of the two resins (Resin 27 and 29) slightly.

The results indicate that Resin 22A has the lowest
diameter and thickness swell f<;r all the dies and extrusion
rates. This resin has the highest weight average molecular
we ight and the polydispersity index of the three resins. in
the literature contradictory results are given as to the
effect of weight average molecular wéight- and "molecular
we ight distribution on swell. This was reviewed in section
3.3. The present results are in agreement with the results
of Mendelson and Finger (1975). They observed that capillary

L -~
die swell for HDPE decreased with increasing My and MWD.
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Effect of extrusion velogity

Previous work carried on swell indicate that as
extrusion rate increases swell increases. Our experimental
results are 1in agreement with this general observation.
Using shear ratev at the wall as a measure of extrusion 'rate
has been the general custom. However, due to the
difficulties associated with calculating the shear rate at

the wall in the complex die geometries used in the present

study, we used volumetric flow rate as a measure of extrusion

rate.

Both .the transient and equilibrium swell wvalues
obtained in this study are increasing functions of volumetric
flow rate. This can be seen in Figures 5.6, 5.7, 5.9-5.14
and 5.16-5.23. These figures indicate that the exsct

relation between swell and extrusion velocity depends on the

resin and the die geometry.

Ef fect of temperature

It is generally believed that the higher the
temperature the lower the swelling, all other variables
remaining the same. By considering that at ’constant shear
r?éh’te the viscosity decreases wi\t}h increasing temperature, an

explanation can be suggested for the temperature effect on

extrudate swell. Simply stated, this is that the lower the
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viscosity the lower the flow resistance of the material and
consequently lower the stress and associated elastic strain
that results from flow within the die.

In the present study, experiments were usually carried

out at 170° . However, to see the effect of temperature on

[¢]

die swell Resin 27 was also extruded at 150°C and 190 °C

through the diverging die. The equilibrihm diameter and
thickness swell values at these three temperatures (150 °C,
170 °c, 190°C) are listed in Table 5.3. 'These results
indicate that under the present experimental conditions, die
swell ‘is not a strong function of temperature. This may be
due to viscous h.eating which 1is inevitable in the processing
of high wviscosity polymers. At lowér temperatures, the
viscosity is increased causing a higher swell. However this
can be counterbalanced by the‘e enhanced viscous heating owing
to higher viscosities. To calculate quantitatively the_w
viscous heating of  a v%saoelastic material flowing in a die
of complex geometry is a difficult task and it is beyond the
scope of the present work. Similar results regarding the

effect of temperature are reported by various researchers

(Dutta and Ryan, 1982).
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TABLE 5.3 Effect of Temperature on Swell

(Resin 27, Diverging Die)

Q (cm3/m
T = 150 C
0.095 1.24
0.475 1.38
2.375 1.55
Q (cm3/S) y
| T = 150 °C
0.095 1.69
0.475 1.91
2.375 2.35

= 170°C
1.65
1.94
2.17

= 190°C
1.21
1.32

1.40

= 190°C
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Relation between diameter and thickness swell

For Resins 27 and 29 the equilibrium thickness swell
was greater than the equilibrium diameter swell for all
extrusion rates\\when 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
diverging die all resins gave higher equilibrium thickness
swell values than diameter swell. In the case of the two
converging diés_,, equilibrium diameter swell was always
greater than equilibrium thickness swell. The relation
between diam:eter and thickness swells has been studied by
several researchers. As was mentioned in section 3.2.1,
Henze and st {1973) attempted i:o relate diameter swell ratio,
B;, to the weight swell ratio,By,. The following relation was
proposed:

B, = By 5.3.6
The exponent "a" in this equation is an indication c;'flthe
anisotropy of deformation. In the isotropic casé, when the
deformation in the radial and circumferential directions is
the same, B, =B, , and "a" is equal to 0.5. For the 30°
diverging die used by Henze and Wu (1973) tl;lé value of "a"

was found to be 0.25, indicating that the swelling was

anisotropic with this die.

b
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Garcia-Rejon (1979) used a similar equation to that
proposed by Henze and Wu (1973) to relate the diameter and

thickness swell:

- a _ a
B, =A B =A (BB,) 5.3.7
where the second equality is obtained using equation 5.3.3 in
which the annular die is approximated as )a slit. With the
straight annular die used in that study regression analysis

N

gave for the HDPE resins:

B = 0.66B 0 ‘ 5.3.8
w 1
. y ( ‘
This result indicates anisotropic swelling behavior, but
Garcia-Rejon's results were closer to the isotropic behavior
than the results obtained with the 30° diverging die by Henze
and Wu (1973).

Figures 5.24-5.27 are plots of diameter sxllell versus
we ight swell obtained in the present study for different die
geometries. Each point in these figures corresponds to a
specific volumetric flow rate. The weight swell values were
obtained from the following relation which is valid for
isothermal extrusion and €for the cases where the slit

approximation is applicable.
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Bernhardt /(1959) suggests that for values of D,/Di<3, the slit
approximation 1is a reasonable one. For the straight and
diverging dies, at the exit Dg/Dj = 1.33, and for the two
converging dies the ratio of D/D; at the exit is equal to 2.

Also, all the experiments were carried out under isothermal

-conditions, therefore the use of equation 5.3.9 is justified.

The solid lines in Figures 5.24-5.27 denote the
isotropic case. It can be seen that the straight die and the
10° converging die are closer to the isotropic case than the
diverging and the 20° converging die. The dotted 1line in
Figure 5.25 ’represents the data obtained from the 30°
diverging die of Henze and Wu (1973). The data obtained from
the 20° diverging die of this study fall close to this line.

Garcia-Rejon (1979) reported that all the data obtained
from three different HDPE's fell on a single curve when B,
was plotted versus By. In the present work, the behavior of
the three resins were similar but not identical.

The values of parameters A and a of eguation 5.3.7 were
calculated for each resin and die geometry by regression
analysis and are listed in Table 5.4. The isotropi@ case is
represented by A = 1 and a = 0.5.

One of the resins used in the present study, Resin 27

was also used by Garcia-Rejon (1979). As was described in
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section 3.2.1, he used the same method as in the present

study to study the swell 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 diéme;ter to the inner diameter is
the same for both dies. In the case of capillary dies, it
has been foungb experimentally that once the capillary is long
enough (L/D>30;Q?so 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

relations:

T = ((2+b)/3)YA 5.3.10
¢ = R 2 5.3.1

Yp = 6Q/ 7 ( otR1) (Ro—Ri) .3.11
b = dlog Ya /dlog Tw 5.3.12:

Since the annular gap in the present die was less than
Garcia-Rejon's die, data obtained in the present study
correspond to lower extrusion rates. Fiqure 5.28 shows the

equilibrium area swell (B;B,) values obtained from the
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Parameters

Straigth
a = 0.44
A =1,07
a=20.52
A =0.94
“a = 0.29
A =1.17
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"a" and "A" of Equation 5.3.7

20° 20° 10°
Diverging Converging Conv?rging
a=0.40 a=0.58 a= 0.52
A =0.95 A =1.03 ; A= 1.00
a=0.31 a= 0.53 a= 0.50
A= 0.99 A=1.13 A=1.02
a=0.29 a=0.48 . -
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 cf 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 Combined effects of sag and swell

In these experiments the combined effect of sag and’
swell was studied under isothermal conditions wusing the
experimental technique developed by Dealy and Garcia-Rejon
(1980). This type of experiment resembles more closely the

parison formation stage in the actual blow molding process.

5.4.1 Experimental Apparatus

The same experimental set up that was used in the pure
swell experiments was employed 1in the sag and swell
experiments with the exception of the thermostating chamber
which was replaced by an isothermal air oven.

The oven is. shown in Figure 5.29. It has a reqtangular

shape (25*30%20 cm?)  with oxterior walls made of wood and
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interior walls 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 1lamps that illuminate 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 focated at the back of the oven and
is connected to a proportional temperature controller
(Fenwall 524). A small fan at the back of the oven enhances
convection to maintain a uniform temperature. Three
thermocouples monitor the temperature at three points along
the centerline of the oven. The top of the oven has a
circularaopening and a pair of sliding doors. This circular
opehing fits the external diameter 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 platform which can be
raised or lowered to be placed in the position for the
experiment. The whole assembly is mounted on rails attached
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 experimental 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
the extrusion temperature,land after the temperature became
stable extrusion was started. A predetermined amount of
material was extruded. A graduated metal ruler was placed in
the oven 1in 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-extrusion stage. 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 resolution of +0.8 mm because of the

presence in the field of view of the graduated metal ruler.
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5.4.3 Experimental Results and Discussion

The experiments were carried out using Resin 27 and
three of the dies. These were the straight die, the
diverging die and the 20° converging die. The parisons were
extruded at several extrusion rates, and all the experiments
were done at 170°. The extrﬁsion of‘each parison started
from rest. This simulates the ihtermittent extrusion blow
molding process rather thaﬂ the continuous process.’ To study
the effect of parison weight. on sag; two different weights of
parisdns were extruded 'from'the straight dié. All the data
obtained in this type of experiments are given iﬁ Tables
A4.1-A4.6 in Appendix A4.

A typical se£ 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 appropriéte 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 1is 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. After some time the

parison starts necking at the tip of the die and eventually
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collapses under its own weight. The eyxperimental results
showed that once the parison starts necking the
reproducibility of 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. 4

The statistical analysis of the data, obtained by 4
replicate measurements under the same conditions, is given in
Table 5.5.

In the blow molding process, of course, inflation
occurs very quickly after extrusion so that data at 1long
periods after extrusion do not correspond directly to a part
of the commercial process. However, in the production of
large containers, significant sag occurs during the formation
of the parison. Since our experimental parisons were quite
short, 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 different parison weights used in this study, the
results indicate that the length versus time curves can be
brought closely by normalizing on t@e basis of mass. The

effect of the weight of the parison 5§came more dominant at
—
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TABLE 5.5 Mean Values and Standard Deviation for
Measurements of Parison Length

(Resin 27, Straight Die, Q0=0.950 cm3/s

- m=6.8 g)
Time (s) L (cm) Std. Dev,
3. 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 © 0.1e60
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 times in the post/ extrusion stage and necking started
at an earlier time with /the heavier parison.

The effect of die geometry on swell and sag is shown in
Figures 5.33 and 5.34, Thé same amount of material was
extruded from each die. The diverging die gave longer
parisons than the straight die and the decrease in the length
of the parison was smaller in the diverging die. This was
the expected result since the pure swell experiments showed
that theoswell from the diverging die was less than that from
the straight die. The 20° converging die gave the longest
parisons since thé same weight of material was- extruded and

the eross sectional area of this die is smaller than the

other two dies. The decrease in the length of the parison in

the post extrusion stage is the highest in the 20° converglng%,

die. This is the die that produced the highest swell in the

pure swell experiments. The time for the onset of necking

'

was shortest with the 20° converging die._ ’

In summary, we can say that thé pariéon lehgth versus
time dat; indicate the combined effect of sag and. swell on
parison behavior. A simple lumped parameter model to predict
the length of the parison was also developed in this study.
This will be presented in the following chapter.

In the present work, some experiments were also done
using a commercial extrusion blow molding machine (Impco,

»
(g

'Ingersoll—Rand’ Bl3) of Union Carbide of Canada Limited.
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Figure 5 .34, The operating conditions are given below:
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These experiments were carried out to see the effect of the
resin on jthe final pr‘oduct produced using the same processing
conditions. A converging die was used.The processing
temperature was 205 °C. The die gap and the processing
conditions were determined by a standard resin used by Union
Carbide Limited. Resins 222, 27 and 29 were then used to
produce bottles under these conditions.q The properties of
the bottles obtained from different resins were( different,
Bottles obtained from one resin had acceptable thickness
distribution and surface properties whereas bottles obtained
from another resin had very thin walls and had streaks on the
surface indicating flow instabilities. This 1is shown in

Die gap: 0.66 mm
Blow time: 10 s ‘
Cycle time: 19 s

Screw speed: 125 rpm

Screw back pressure: 0.52 MPa

Blow air pressure: 0.55 MPa ’

G
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Figure 5.35 Bottles Obtained from two Different Resins
under the Same Processing Conditions.

a. Acceptable thickness distribution and surface properties
b. Poor thickness distribution and surface irregularities.



CHAPTER 6

PRED ICTION OF PARISON DIMENSIONS

6.1 Introduction

In the present study, a simple lumped parameter model
to predict the parison dimensions is developed.

The most crucial stage in the extrusion b,ﬂlow molding is
the parison formation stage. The parison dimensions prior to
mold closing play a central role in controlling the inflation
process and thus infleuence the quality and the "thickness
distribution of the final product. .

The parison djimensions are determined by two distinct
phenomena: swell and sag. Swell depends on time and sag
depends both on time and position along the length of the
parison. As a result,. different material elements in the
parison sag and swell differently. For ex“ample,’ material
elements extruded, first will have the highest swell since
they are exposed for longer times and almost no sag since
there are almost no other material elements . hanging beneath
them. The opposite happens for the elements extruded last.
Furthermore, swell ~ and sag loccur simultaneously. These
render” the exact analysis of the problem very difficult.

The goal of the present approach is to develop a model

which needs only a few parameters that can be easily obtained

o
«
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and which 1is mathematically simple enough so that the
computations can be carfied out on a small computer.

This chapter is devoted to the description of the
model, Fir st, previous studies on predicting parison
dimensions are reviewed in section 6.2. The derivation of
the model and the methods wused in calculations are described

in section 6.3. Finally, in section 6.4, results are

presented 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 complexi'ty of the problem.

Cogswell et al. (197]1) developed the first overall
analysis of the blow molding process. Their work was
particularly involved with the parison formation stage. They
assumed the parison to be composed of sections identified by
the time at which they were extruded. The time depsndency of
swell was neglected and it was assumed thz-;t each segment
swells instantaneously as it emerges from the die. Thus the
initial cross—-sectional area of a éection included all the
potential swelling. Then this swollen segment started to
sag, and ‘this was taken to bel both time and position

dependent. Cogswell's (1970) eguation was used to obtain the

swell data (see section 4.1). The sag phenomenon was

B e Tt S -
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analyzea in terms of the variation of strain with time. The
total strain was taken to be the sum of elastic and viscous
components. The values of the cross—sectional area, radius
and length of parison yere calculated and compared with a

single set of experimental data obtained by cine~photography

and an extruded parison. The predictions were found to be .

2

satisfactory. However, there is not enough experimental
evidence to back this model and no explanation is given on
how to obtain the rheological properties that are required in
the model.

Henze and Wu (1973) also attempted to model the parison
behavior. Their experimental data were obtained employing a
parison pinch-off mold. A 30° diverging die was wused.
Parisons with different weights and different mold close
delay times were obtained. A mathematical model for weight
ratio was presented that included parameters describing the
swell and drawdown phenomena. These par;megers are rate
constantsr for swell and sag and initial and ultimate weic;ht
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 that once these parameters were obtained, weight

ratio for each segment of parison could be calculated. Using

an emprical relation between weight swell and diameter swell
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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.
. » t

However, there 1is not enough evidence to validate this

theory, since the model equation and parameters obtained from

curve fitting have never been compared with different
experimental data.

Ajroldi (1978) in his analysis assumed sag and swell to
be additive. He applied his analysis to individual parison
segments and assumed that the stress acting on each section
is in the linear viscoelastic range and that it does not
change too much in time due to the variations in éhe

cross-section. 1In this way, sag can be described in terms of"

creep compliance. Swell was taken to be the recovery due to.

tensile deformation, For parison elements having the same.

length, the following equation was obtained:
lnws(t) = lnwp(t) =glpJ () (2 w;(t)) /w;(t) 6.2.1

where w;(%) is the weight of the i'th gégment, wr(t) is the
mass .- that segment would hgve in the absence of gravlty, g
is the gravity constant, 1 is the length of the pillow, p is
the density, J(t) is the creep combliance and L wi(E) is the
total weight of other segments hanging below. The W, (t) data

were obtained by means of a parison pinch-off mold for



152 !

different mold close delay times. Using these data and
equation 6.2.1, lnwi(t) was plotted against (I wi(t))/wi(t),
to obtain area swell and creep compliance values from the
intercept and slope. The area swell thus obtained was
compared with area swell values obtained from Cogswell's
(197Q) eq(uation (see section 4.1). The agreemerit was po?r.
The cree“p compliance values were compared with the val;es
obtained from relaxation moduli. Different values were
obtained, although they were of the same order of magnitude.
Kamal et al. (1981l) used an equation similar to that
proposed by Ajroldi (1978) in revers:'.e,~ i.e., they used
exper imentally obtained swell data and creep compliance data
to predict the approximate dimensions of the parison. E:or

parison elements having the same weight, equation 6.2.1

becomes:

VA

LAy (t) = 1nA' (£) ~gd(t) (I w}(£))/AL () 6.2.2

where A'S is the cross-sectional area of an element and A' (t)
i the cross-sectional area in the absence of drawdown:\l The
values of creep compliance reported by Plazek et al. (1979)
for different HDPE resins were used. The swell data were
obtained from pinch-off experiments and cinematographic
techniques and the effect of sag on the swell data was

neglected. The model prediction was compared with a single

o
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set of experimental data and found to be satisfactory. The
swell data used in this study were Qquestionable since a
constant value was assumed to be reached at about 2 seconds
whereas it is known that swell continues to increase for much

longer periods of time (Dealy and Garcia-Rejon, 1980; Kalyon,

1980).

o } Garcia-Rejon (1979) also proposed a model to predict

the length of the parison. In his approach the parison was
considered as a whole rather than being considered to be made
up of individual elements. The e#trusion and post-extrusion
stages were treated seperately. During the extrusion stage
sag was neglected. The effect of drawdown was considered in
the post extrusion stage, where it was assumed to be
equivalent to stress growth in uniaxial extension, with the
initial length taken to be the length at the moment extrusion
ended. The stress due to the weight of the parison was taken

to be concentrated at the top of the parison. The effects of

éag and swell were considered to be additive. The following

equations were thus obtained:

Lo(t) = av,t/Bq (t)By(t) PoEsty 6.2.3
av_t 1
L, (€)= --?i)—e———-—-() + Lp(te){ = — - l} 6.2.4
B, (t)B,(t _
1 2 1 ngp(te)£ dt/ng ()

e



154

where o is a geometric parameter, v, 1is the extrusion
velocity, Bl(t)Bz(t) is the area swell function, te is the
extr‘usion time, Lp(t ) is the 1length of the parison at the
end of extrusion, and ﬂ,;(t) is the stress growth function in
uniaxial extension. Experimentally obtained stress growth
~1

function for a strain rate of 0.0067 s were used.

Experimental area swell data was used in the model equations.
The model predictions were compared with experimental data
for different resins at various extrusion velocities.
Satisfactory results were obtained for some cases. The
present model is an extension of that of Garcia-Rejon.

Dutta and Ryan (1982) also attempted to develop a model
capable of predicting parison dimensions. They modelled sag
and swell phenomena separately. The pure swell behavior was
modelled wusing exponential functions with experimentally
determined constants. To model pure drawdown, corotational
Maxwell model was employed. These two seperate effects were
then linearly combined to  obtain the actual parison
dimensions, Dutta and Ryan (1982) compared the model
predictions with experimental data obtained b§_f emp loying
pinch-off mold technique in conjunction with photography.
The quantitative agreement between model predictions and

experimental results were found to be poor.

df
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6.3 Model Development

6.3.1 Mathematical Derivation

The parison formation stage is a very complex
phenomenon. Both sag and swell not only depend on time, but
also on deformation history. Furthermore, neither are the
deformations involved sufficiently small nor the deformation
rates sufficiently low so that the process can be described
in terms of linear viscoelasticity. It is evident that a
rigorous analysis of parison development represents a
formidable problem. Such an analysis would require a
difficult and questionable choice among the various nonlinear
viscoelastic theories and .would involve time consuming
conjggutations involving finite difference or finite element
techniques. In  the present study, in order to avoid
elaborate numerical computation a simple lumped parameter
medel has been developed, which can be solved using a
mic rocomputer. ’

In the present model, the parison is considered to be
made up of uniform elements each having the same mass being
that amount of resin extrﬁ;ied i/ri a fixed time interval, At.
This is shown schematicallir\in Figure 6.1, This approach of
considering the parison to be made up of individual elements
allows us‘ to account for the position dependency of swell and

v

time and position dependency of sag.

[
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Figure 6.1 Schematic Diagram of Parison Elements
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The time interval, At, is selected in such a way that
an integral number of elements is obtained at the end of
extrusion. ! Thus, for times equal to or greater than
extrusion time, the total number of elements that are formed,

N, is given by the following equation:
N = tg /At Pty 6.3.1

For times smaller than the extrusion time, N denotes the
number of elements that are fully extruded and it is given by
th.e next integer below t/ At. The element that is being
currently extruded is denoted by N+1.

We begin our analysis with a single mass balance
between the barrel and the parison:

M = Mp 6.3.2
where Mb and M are the mass flow rate in the barrel and the
mass flow rate of the parison respectively. The experiments
were carried out under isothermal conditions so that the
temperature in the barrel was the same‘as the temperature of
the parison and if we assume the effect of pressure on the
density of the polymer to be negligible equat'ion 6.3.2

becomes:

[ \@1‘.‘/
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where Q is the volumetric flow rate of the parison, Qb is the
volumetric flow "rate in the barrel, Ab is the cross-sectional
area of the bariél, and Ve is the extrusion velocity‘in the
barrel. \

In order to justify the assumption concerning (the
effect of pressure on density, the densigy of the parison and
the density of the melt in the die were calculated using
equations developed for HDPE by Levan (1972). It is found
that even for the highest extrusion rate used, the difference
for the two values is 1.6%. Therefore, the effect of
pressure on density can be neglected. )
Next we assume that within an element the cross-section

is uniform. This assumption is obviously invalid in the case

of the element which is at the die exit.. Thus equation 6.3.4
3
becomes® y

2 2 02 ‘
(RO (8) =R{ (£))dL; (£) = "Riv At 6.3.5

@

In th? above equation liop(t) ’ Rip(t) and Rb are the ou’ter,

and inner radii of the of the parison and radius of the

barrel respectively and dL, (t) is the differential length of

bl
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parison formed during the time iry’i:ervél dt. If both sides of
equation 6.3.5 are divided by the quantity (Rgd_RJ?.d ) » the

+following expression is obtained:

Vd dt‘

dL. (t) =
1 2 2 2 2

d

where Ro and Ri denote the outer and inner radii at the die
22 2 2 R ¢ .
exit and vy (= Ryvg "/(Rod"Rid)-) is the velocity at the die

exit.

The quantities Rop (£) and Rip (t) are determined by’ the
combined effect of sag and swell and if their values are
known or can be predicted, the length of the parison can be
obtained from equation 6.3.6. Evidently if tﬁ‘ere were no sag
and no swell, the parison would retein the dimensions at the
die exit so that the denominator of egquation 6.3.6 would be

unity and the differential parison length would ‘be:

i ' v
dLj (t) = vddt 5 / ' 6.3.7
* Equation 6.3.6 can be applied to each parison element,
To develop the model, the extrusion and post-extrusion stages

of an element are considered seperately.‘

To find the iength of an element that 1is being
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currently extruded, it is assumed that an element does not

sag during its extrusion. Thus the terms Rop(t) and Rip(t)

depend only on swell, and they can be calculated using the

¢

'following relations:

®
4
Pa

Vo
Rop(t) = ROdBl(t) N ¢ 6-3-83.
Rip(t) = RodBl(t)-'(Rod-'Rid)Bz(t) 6.3.8b

a

-

B, (t) and Bz(t) are the diameter and thickness swell ratios— .. _
P -
as before and the above equations can be substituted into

equation 6.3.6 to ohtain the length - of ghe element that is

curreﬁtly béing extruded, 'If the slit approximation can be

.made, the denominator .of equation 6.3.6 becomes equal to the

area swell ratio Bl(t)Bz(t), and the equation becomes:

£ {f”"\/\\‘s
dt!

v

d

L. (t)= LN (t)= 6.3.9
* +1 fBl(t')Bz(t')

NAt Ty

3 o *

]

Noting that nearly 70% of the "total swell ogcurs very
guickly, we simplify equation 6.3.9 by using constant average.

7
values of By and B, evaluated at At/2. Thus:
!
v . (£-NAtL) \\
d
— 6.3.10

(t) = ' \
! B, (At/2)B, (At/2) .
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The calculations are carried with the experimentally obtained

—_

diameter and thickness swell values, since so far there

exists no reliable correlation between the rheoclogical

' properties of the resin’ épd' the swell functions. The

experimental diaméter and thickness swell - data are fitted

with the following equations proposed by Garcia-Rejon (1979):

3 —

; - —' - J.t/C
By(t) = Bl (B By ) e /°1 6.3.1la

- - - -t/
Bz(t) = B200 (B200 320) ? 2 6.3.11b
where El' 52 are the characteristic times for diameter and
thickness swell, B, and B,  are the equilibrium diameter and

thickness swell values and Blo and B20 are the diameter and

thickness swell values respectively corresponding to zero

.time. These functions are capable of fitting the rapid

initial swelling and the equilibrium value at longer times.
The eéua%&ons gave a very good fit with the experimental
data. However, at very short times,iéiie., less than 5
seconds the‘equations gave slightly highér values than those
observed experimeﬁtally. The data are fitted for the time
rangé used in the calculations, and the constants in these
equations are given in Tables 6.1 and 6.2.

To find the length of an element that is already

extruded we consider both swell and sag. To model the
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TABLE 6.1 Parameters of Equation 6.3.lla for

Resin 27

K\J~;€;Eig£t Die
" Q (en’/s)
0.095
0.238
0.475
0.950
2.375
Diver;ing Die
0.475
0.950

lo
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

1.66
1.70
1.74
1.76
1.94

1.31
1.38

2.81

2.70

1o

g, (1/s)
132
109

57
69
103

160
162

110
45
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TABLE 6.2 Parameters of Equation 6.3.11lb for

Resin 27

Straight Die

Q (cm3/S)
0.095
0.238 '
0.475
0.950
2.375

Diverging Die
0 .475
0.950

o
1.17

1,24
1.43
1.48
1.56

1.40
1.47

20° Converging Die

0.475
0.950

1.29
1.31

1.84
1.86
1.92
1.97
2.10

1.97

2.15

1.92
1.81

Lo (1/s)
268
218
211
129
154

150
185

143
55

, -
-
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®

process we assume that sag and swell are uncoupled and occur
independently of each other. For each element, the time
elapsed since its formation is different and is given by the

following formula:s

where t, denotes the time during which an element is
subjected to the effects of drawdown.

To modél s;g it 1is assumed that sag is the uniaxial
extension of a hypothetical unswollen element. To this end
we define z; to be the length of this hypothetical element.

The time dependent extensional strain rate, éi(t‘)' is thus
i

given by the following definition:
€ = '
i(ti) (l/zi)(dzi/dti) 6.3.13

Note that in the case of no sag z, is given by equation 6.3.7

and thus the initial value of z, is:
z; = Vg At :r £, =0 ) 6.3.14

The length of a fully extruded element can thus be obtained

by anology with equation 6.3.10.

o w e e o e o [N e e e 0 o
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! Zi (ti) Py
Li(t) = 6.3.15
Bl(ti+At/2)B2(ti+At/2)

<

The average net stretching stress due to gravity in the

unswollen element can be obtained by dividing the total .

weight hanging beneath the element by its cross-sectional

area. Each element has the same weight, which can be

determined from a mass balance between the element and the:

barrel, s? that:
\v

T Tey = T; T PRV, At g(i—l')/A;_ 6.3.16

ZZ rr i b

where Ti is the stress, g is the gravity constant and A' is
i
the area of the hypothetical unswollen element. . Ai can also

be found from continuity. Assuming constant density:

z,Al =v_A bt ’ % 6.3.17

Combining equations 6.3.16 and 6.3.17, the stress is found to
be:

Ti = pg(l-—l)zi ‘ 6.3.18

i

Finally for the relation between stress and strain

several possibilities were considered. In some of the



ML’m\

l66 '

previous work done on modelling parison behavior, the
phenomenon of sag was assumed to be related to creep
compliance (Ajroldi, 1973; Kamal et al., 1981) . However, the
inherent assumption in this approach, that the stress is

constant, is not valid since the cross—-sectional area of the

‘parison is changing with time. Also, creep compliance data

are difficult to obtain 1in the laboratory. Garcia-Rejon
(1979) assumed sag to be equivalent to stress growth in
uniaxial extension. He considered several choices: using a
constant elongational viscosity, using a stress growth
function, n;(t)“ predicted by linear viscoelasgic theory,
using n;(t,é) as predicted by a non-linear model like the one
of Acierno et al. (1976), and using the experimentaily
determined stress growth function at a specific strain rate.
Experimentally obtained stress growsp data at a constant
strain rate of 0.0067 s'lgave the bes£ éredictions.

In the present work, the possibility of, using-stress
growth‘function as the relation between séress and strain
rate was also ekamined. The strain rate was taken to be
position dependent along the length of the parison but was
constant for each element. The strain rates involved were
found to be in the order of magnitude of 10 >. Lodge's
Rubber-like liquid mm?el (Lodéé, 1974) was used to evalu;te
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 using the stress growth function,
the possibility of using a constitutive equat’ion in uniaxial
extension was considered. The strain rate was taken to be
both position and time dependent and was integrated over the(\
past history. Lodge's rubber-like liquid model (Lodge, 1974) \)‘
was used as the constitutive equation. The results indicatg ”
that using this method gave better predictions of parison
length compared to those obtained by using the stress growth
function. There fore, this method was p\referred. The
predictions of these two models will be compared in section
6.4. ‘

Lodge's Rubber-like 1liquid model was selected as the
constitutive equation since it is a fairly simple model which
does not need elaborate computations yet it satisfies the
principle o;’: material objectivity. Although the model has
some l;',mitations and deficiencies, it is found to be a good
model for transient elongational flows at low extension rates
and at short times (Bird et al., 1979; Chang and Lodge, 1972;
Lodge, 1974). Since commercial processing involves rather
short times from the start of extrusion to inflation and

since the strain rates associated with sag are low, Lodge's

rubber—-like liquid model suffices for our purposes.

o
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The general form of Lodge's rubber-like liquid model is

(Lodge, 1974; Bird et al., 1979):

t
T =fM(t—t')1fldt- , 6.3.19
with
Gok
it -y Or - e
M (t-t') %AOk exp(-(t-t) /A ) 6.3.20

)
2 ¢
R T
.
s v ™

where t' den&%es the past times, M(t-t') is the memory
0,

-1

function, H is ‘the Finger tensor, and GO and Aok are the

k
relaxation modulus and the relaxation time respectively.
Applying this model to the present case where the parison
elements are subjected to a time dependent strain rate,

éi(ti), for t;>0, the following. equation is obtained:

2
-t /) z5(t.) oz, (0)
r,=( 6,e © ) (G— - ——)
z; (0) oz, (&)

t.

. -t t') 22 (t,)
j(ZGOk e'(tit)/"ok)(zi( T R o

- m——— . 2 |)

0

. .
where zi(O), zi(ti)' zi(ti) are the values of z; at time

zero, at time ti and at some past time ti respectively. The

. derivation of equation 6.3.21 is given in detail in Appendix

AS,

&

JR
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Equations 6.3.18 and 6.3.21 can be used to obtain the
value of z; for each element at the desired time. The value
of z; thus obtained is then substituted in equation 6.3.15 to
obtain the length of the element. Finally the actual lengtﬂ
of the pariéon at any\time t 1is obtained by summing up these
individual contributions. Thus, the 1length of the parison

for times smaller than extrusion time 1is given by the

following equation: | ~
v 4 (t-NAt) N
L(t) = + D Lile) sty  6.3.22a
B, (At/2)B, (At/2) i=1

For times greater than the extrusion time, we have:
N .
L(t) =) Lj(t) 5 t>tg 6.3.22b
=1 :

In th% experiments in which the combined effects of sag and
swell were studied, it was observed that when. the length of
the parison was plotted as a function of time the values did
not pass through the origin.* Rather, a zerdf length ‘'is
observed for a time which is larger than =zero. This
phenomena,'wﬁich is not uncommon in intermittent extrusion,
is due to the compression of the melt before enough pressure
has been built up to make it flow. This causes - a time lag,

ahd the real extrusion timeLis less than the calculated one.




-3

e

170

N
The value of the time lag, tc , can be obtained by
extrapolating experimental L(t) data to L=0. The value of t,
increases with decreasing extrusion velocity and amounts to
about 3-13% of the extrus@on time for the lowest and highest
extrusion velocities used. So the time, t, appearing in the

model equations should, be corrected for this .effect.

{
Accordingly equations 6.3.22 become:

v4 (t=NAE) + N
* .
Lt )= + E:Iﬁ(t) i kst 6.3.23a
B, (At/2)B, (At/2) i=l . €
* N
L(t) =ZLi(t) ; £t 6.3.23b
i=1
*
where t 1is given by
* R
t =t + ¢t 6.3.24

The model performance is described in terms of the
length of the parison, since it is the most easily measured
quantity. However, the ultimate aim of such a,model is to
predict the cross-sectional area and thickness distribution
as well as the length. The present model can be extended to

—

satisfy these demands. The cross-~sectional area of an

. ‘ ,
L &%
] L et et £
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element can be obtained through a mass balance:
Ai= vaAg At/Li(t) 6.3.25

To determine the approximate distribution of diameter and
thickness swell in the parison, it can be assumed that the
ratio of swell ratios for the parison is equal to that for
the parison extruded into oil:

By;  Byly) ‘ ‘ 6.3.26

24 Bz(ti)

Equation 6.3.25 assumes tﬁat the area swell does not change
along the element length. However there is a small section
at the tip of the parison which has different dimensions than
the reét of the ex&rudate. This 1is caused by the fact that,
since the extrusion stars from rest, the material near to the
die exit will experience little shear and thus does not have
the same strain history as the rest of the material 1in ‘the
parison. Fortunately, this portion is only a sméil fraction
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 1is not constant alongu the

length of the element, because of the difference of

dimensions between the die exit and the parison. However,

Ee

=

P

e ¥
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this pbrtion also is not significant in the actual process.
The basic assumptions made in the derivation of the
model can be sumarizéd as follows:
1. The parison is assumed to be made up of individﬁal
elemeng:s,‘ each having the same mass and each extruded in the

-]

same time interval, At. The cross—sectional area is taken to
be uniform within an element.

2. It is assumed that an element does not sag while it
is being extruded.

3. Sag and swell are assumed to be uncoup led.

4., Sag is assumed to be the uniaxial extension of a

hypothetical unswollen element.

B

-

6.3.2 Model calculations

In order to be able to calculate the length of the
parison, the swell functions and the hypothetical length,
zi(ti) must be evaluated.

It was mentioned in the previous section that

experimentally obtained swell functions are used with the

.model equations. The experimental diameter and thickness

swell data are fitted using equations 6.3.11 (sée Tables 6.1

and 6.2). .
To obtain the value of z; (t; ), equations 6.3.18 and
6.3.21 must be solved simultaneously:‘ A trial and error

procedure 1is used for this purpose. First an initial

)4

L n N - . P S
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estlmate of z, (t ) is made and the value of the stress t. is

i
tained from equation 6.3.21. This wvalue is then used “to-

calculate z3 (ti)

“through ‘equation 6.3.18. This procedure is.

repeated until the difference - betwegn the trial value and

4

calculated value is'very small. . The calculations are carried

out using Wegstein's method for convergencé “(Franks, 1972).
This method is based on a proj::ction tec,}gniq,;a{?hereby the
next trial wvalue .is determihqed from the projection of the
latest .two trial values. The convergence 1is ~ achievéd

a
Discrete relaxation spectrum data "~ aobtained frbxﬁ“ the
storage modulus (see section 2.4.3) are used in equation
‘6.3.“21. These values are given in Table 05.2. Equation
6.3.21 is integrated numerically s_inc;;e the function z; (). 1s

not known a priori. A composite integration formula is used

"whereby the integration intefval (éi -0) is subdivided into

smaller intervals of A8 and the trapezium}rule is, applied to

each small interval (Carnahan et ai., 1969). The small t‘ime :

interval for integration A6, is taken to be an integer

fraction of At for convinience. Selection of A6 affects the

R

-
.

final results. Too large a A6 gives a less accura\t: result

whereas too small a A6 increases computation time, owdver,

there 1is an .optimum wvalue- of stepsize’in a numerical
integration beyond which the results obtained become  less
sensitive to the selection of the stepsize. For ntt}e present

/ .

~

(1

A e WL

o, ot LT
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model, the optimum value for A9 is obtained by trying several

Values.

A small computer (PET Commodore 2001) was used to solvs\)

-~

model equations. The computer program (in Basic) is given in
Appendix A6. The procedure used in the calculations is

outlined below: . -

1. The time increments At and A6 are selected.

»

2. For any time t* . the actual time t 1is evaluated

'

using equation 6.3.24.
3. The number of elements that are fully extruded (N)

is‘calculated. )

4, For each element i (i= 1,...,N) \
a. t is calculated from equation 6.3.12 .

b. 2z (t;) is obtained from equations 6.3.18 and
6.3.21

- 2

c. Diameter and thickness swell values are obtained
from equations 6.3.1la and 6.3.11b.
d. The length of the element, Li (t) j.s calculated
using equatiom 6.3.15.
5. If tg &, the length of the element that is

currently being extruded is calculated from equation 6.3.10.

6. The actual 1length of ‘the;parison is obtained
Q
from equation 6.3.23.
7. Steps 3-6 are reéeated for a new time t*. ’ T
a
; e
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Since equation 6.3.21 requires the knowledge of the value of

z; (£;) at past times, it is best to start the calculations

*
with t being equal to (£t + 46) and increase the time with an

increment equal to AS§.

6.4 Results and Discussion

3
i" ' The results obtained from the model equations are now
' . ' compared with the experimental data. The model predictions
and experi‘men’tal data are tab’ula\ted in,Tables g A4.1-A4.6 in
- Appendix A4 and plotted in Figures 6.2-6.13. ;
g Figures 6.2-65.9 show Dboth the experimental and
predicted parison lengths for the straight die.. Results are
presented for two parison weights ar;d four extrusion
velocities for each parison weight. The experimental data
and model predictions are found to be in.gbod agreement,

.especially in the extrusion stage and at short times in the

post-extrusion stage.® These are the important time scales in

f a commercial blow molc_iing operation. However, at longer

times in the post-extruéion \stage, the model predictions are

' higher than the experfmental data indicating that the model
predicts a larger and faster swell than is observed. The
model performance at longer times 'is better for -lower
extrusion rates: o

(} The p.erformance‘\of the model for the diverging die is

| . - shown in F‘igures 6.10\a\nd 6.11 for two extrusion rates. As

L
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*

.in the case of the straight die, the model‘ predictions and
data are f0qr}<i to-be in good agreement in the extrusion stage
and at Bhorter times in the post-extrusioh stage. At longer
times the predi\ct’ions are higher than the experimental data.
For the 20° converging die, it was observed that the
model predictions are very poor in t{}ue post-extrusion stage.
This is shown in Figures GTQand 6.13. The failure of the
model for thé 20° converging die 1is thought to result from
the assumptions of the model. The {arge diameter , swell
obtained with this die renders invalid the assumptiohs that
sag and swel_l are uncouple? and that sag is equiv:lent to
uniaxial extension. In the actual case, of course, the two
phenomena occur simultaneously and are.coupled. In urniaxial
extensional flow, there 1is a tendency of molecules to be

_oriehted in the axial direction. Swell, -“on the other hagnd,

is caused by a hoop orientation whereby the molecules tend to
$ .

‘:be oriented in the circumferential direction., Therefore, the

) wi”lasswnptions that§ sag and swell are uncoupled and that sag is

jequivalent to uniaxial extension causes the model to 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

obgserved. To improve the predictions, sag and swell would

‘have to be modelled as coupled phenomena., This would

require elaborate calculations and a simple lumped parameter"
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model would no longer be valid. Furthermore, it is not
certain that such a sophisticated analysis would be

success ful since as was mentioned in section 4.2 current work

attempting to model swell alone has not been successful to

da te.

Figure 6.14 shows parison behavior in the

post-extrusion stage under different conditions. If there.
I3 o

wére no sag, the length of the parison would decrease
continuously at a decelerating rate wuntil the equilibrium
swell value is obtained. This is represented by curve (1)

of Figure 6.14. éurve (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 simultaneously

and this is shown by curve (3). The prediction of parison
length depngs on how the sag contribution 'is modelled. 1In
the present model several alternatives were considered for

¢

mentioned in section 6.3.1 that the possibility of using

,strgsé growth function in uniaxial eloﬁgation (at a constant

straiﬁ'rate)‘ggs egamined. Lodge's rubber-like liquid 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&brror. The

- predicted values of parison length using- this method are

the relation between elongational stress and strain. It was

P
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shown in Figure 6.15. Also plotted onsthe same graph are the

| oSN S B T - e gy
ﬁ \

values of parison length obtained using Lodge's rubber~like
liquid model for uniaxial extension 1in which the strain rate-
was taken to be both pdsition and time-dependent and was
integrated over the past history. The results show that the

latter method gives/better predictions and therefore this

S

method was used for the rest of the calculations.

‘ The relaxatlion spectrum (Ggkx, Aok ) used in Lodge's
rubber-like liquid model was obtained from linear
viscoelastic expériments. However, it is well known that the

=

deformations the melt experieﬁce during its flow in the die

alter its characteristics. Therefore, the possibility to
account for such effects was aléo considered. For this
purpose the model , developed by Acierno et al. (1976) was

used. This model has the distinctive feature of having

e o R

4 - relaxation times and moduli that dependg upon the existing
structure fi.e., strain history) with only one adjustable
t parameter. The model is a modified version of the convected
Maxwell model, and it takes into account how the structure of.

' the material changes with time when the material is deformed.

This idea 1is r’epresented by the concept of an entaglement
density that varies with time. The structure—dependent

relaxation spectrum (G and Ak) is given by the following

i e o .
Q
Soy
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equations:
<
Gk = GOk xk
X 1.4
A *rok ¥k

6.4..1

6.4.2

where the scalar quantity X, is a structural parameter that

describes how far the existing structure is from equilibrium

(xk = 1 is the equilibrium state). When the

model eguations

are applied to steady shear flow the following equations are

obtained for the viscosity and first normal stress difference

(Acierno et al., 1976):

- 2 * 4
Mk = Sox’ox*k (

- 2
N 1k 2Gok}‘ok %

Nl =z le 1' n 'znkl'

v

' 2.4 .
A ) /% = ad v

hd i

o
e
¢

experimental n , Ny data by trial and error

Q' L procedure is described in detail by Tsang

6.4.3

6.4 .4

'6 04 .5(.

®a

L
.

6.4.6

where a' is the adjustable model parameter. The wvalue of

®a'" can be calculated using the above equations and the

procedure. This

(L981). _. In the
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present sttidy the value 6f "a'" was found to Ebe 1 using

ngx{g's (1981) procedure. The values of Xy were then

{ " \ ' calculated froxil equatribn 6.4.6 for each shear rate in the

die. The structure dependent relaxation spectrum was
calculated using equations 6.4.1 and 6.4.2 . However, using
th;e structure-dependent relaxation spectrum did hno't improve
the prediction of parison length. Therefore this method was
not used in the calculations.

' To ,sufmarize, a simple lumped-paral;teter model to
predict the dimensions of the parison is develo‘ped fmd the
capabilities and limitatic;ns of the model  are studied.
Previous reports of parison mode]:s have includeé very few
comparisons with experiment, whe_r?as the preéent model is
tested using different die geometries, parison weights and

' extrugsion velocities. The model predicts parison length with.

ﬂacceptable accuracy except in the case of the converging die.
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-CHAPTER 7

’
W

CONCLUSIONS ANQD RECOMMENDATIONS

7.1 Conclusions

X

In this section, the conclusions described in the
previous chapters are summarized and presented in the same
order in whichH they are presented in the main body of the

-

thesis,.

7.1.1 anclué’iohs r'egax:ding the pure swell experiments

L

1. Nearly 60-80% ‘of both, K the di:ameter -swell and
thickness swell occurs in a short period of time after the
parison is formed, but the equilibrium swell value.is'reached
only after 5-8 minutes have ‘elapsed. The exact relation -
between swell and time depends on the resin and die geometry.

2. Both  diameter and thickness swells are_ increasing:

functions of shear rate, but the exact relation be tween ‘swell

4

and shear rate depends on the resin and ' _ ometx.jy.' o ] o
’ "3, Diameter swell at a given flow rate mcreases as die )
» shape is altered in the following order: dlverging, stralght,h o
converging. | ‘ ‘ h :
o 4. A reduction in channel thickness along the” length of ™

the die enhances thickness swell. o ‘ - ;
- ' |
1
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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,, diame ter swell and thickness
swell behave quite independenf:ly of each other.~ ' ‘ g
6. The relation between die geometry and swell can be
explained in termi of the tendency of the molecdles, which
have been oriented in the die, to return to a random
configuration. . . .
7. The ranking of the resins in tegms of the magnitude
of diameter swell was found to be the same for all the die
geox_netries and extrusion rates used in this ‘study.
8. The differgnces of behavior of resins .in terms of

swell cannot be explained in terms of the traditional

SRS

rheclc;g‘ical properties (e.g. shear viscosity, first normal
éjcress differenceﬁ and linear viscoelastic properties).

’ 9, ‘Swel]: was‘ found to decrease with increasing weight
average. x;olecular weight and broadening’ molecular weight
| d'istribution. ’ ( '

10. The relation bei:weg_n diameter swell and thickness

swell depends strongly on die design,
. ‘ %
11.  The diameter swelL and thickness swell values are

not equal, indicating that the swelling is not isotropic.
The straight die and the 10° converging die give results

closer to the isotropic case than the diverging and 20°

converging dies. S,

@
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) 12. The area swells evaluated at the same wall shear
rate for two geometrically similar straight annular dies were

nearly the same, but individual thickness and diameter swell

5o

values were quite different for the two cases.

\

7.1.2 Conclusions regarding swell combined with sag

1, The sag phenonienon can be modelled as a low strain
rate uniaxial extensional deformation in which the strain
rate is a function of time and posit%?n along the length of
the parisor}, as long as the diameter swell is not too large.

2. The model predicts parison lengths with acceptable
Edguracy for different ggrison weights and extrudion rates
except in the case of the converging die, for which the

diameter swell is quite large.

7.2 Recommendations .

1. The isothermal oil bath has to be modified to study

very short-time swell phenomena.

2. A die similar to the obstructed ‘flow die of Goettler

et ‘al. (1979), in which the channel thickness is increased,
should }?e used to have a better understanding of the relation

between die design and thickness swell.

3. Dies with different angles of divergence and

convergence should be used.

AN it % e ST SRR L Wkt el ek
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4. Sepefate experiments should be carried out to study
the or ientation caused by the particular dies which are used

to obtain swell data.

7.3 Original Contributions

4

1. The time-dependency of diameter and thickness swell
were determined.

2. The effects of die desigﬁn, resin propertiés and
extrusion rate on swell weredetermined.

3. The effect of die geometry on'swell is explained

¥ . B .
qualitatively in terms of the orientation of the molecules

caused by different die geometr ies,

4. A simple lumped—parart}eter model was developed to
predict the length of the parison. The model uses swell data
and storage modulgs ‘which can easily be obtained in the
laboratory and the equations are simple enough to be solved
using a desk computer. The applicabilty and limitations of
the proposed model were determined using diffe\rent die

geometries, extrusion rates and parison weights.

’
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= )
- NOMENCLATURE
a Exponentrin equation 5.3.7 \ 1
a’ ) Acierno model adjustable parameter %
A ‘ .Parameter of equation 5.3.7 ) ' .
A,  Cross-sectional area of the barr'e‘l k ‘*
Ag Cross-sectional area of the die at the exit ’
Aj . Cross-sectional area of the i'th element '
A}_ ‘ Cross-sectional area of the unswollen element ?
B Capillary die swell . &
Ba Area swell |
BW Weight swe 11
| él Diameter swell .
'Bz' _+ Thickness swell ] )
m 'Byo Instantaneous diameter svf'ell | \ ." o B
Byg Instantaneous thickness swell | ' -
’Bl‘” Equilibrium diameter swell . !
‘ ‘ By,  Equilibrium thickness swell ’
i . ) D Diameter of capillary - o ‘
Dp ‘ Outside diameter of the parison )‘ " -
' Dog Outside diameter of the die at the exit 3 ¥ = |
Dig Inside diameter of the die at the exit - :
e End correction (equation 2.3.9) , S ‘ ;
§ F '  Force L : i
w Q ' S L Storage modulus - k - »
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(, )
G" ‘Loss modulus
, Gk ‘ k'th relaxation modulus
Gok k'th relaxation modulus at equilibriﬁm'
hp Thicdkness of the parison
hg Annular gap at the éie exit
. H Thickness of the slis die
Hg ' Relaxatién spec trum
’ g'% Finger tensor
{ Jo Steady state shear compliance\
L 'Léngth of the parison; length of the die
; Lj Length of the i'th element
| m . Weight of the parison vV“M‘“mn_HMM
M ‘Torque o e
- M ‘Mass flow rate .
M, Weight average molecular weight
. Number average molecular weight .
. N Number oflparispn'elements that‘are fully extruded
“Nl First normal stress difference
N, Second normal stress difference ‘
" 3 | Q Volumetric flow rate
! R Radius
f Rog Outside radius of the die at the exit
Rig Inside radius of the die at the exit:
' | k Outside radius of the parison

-]
LoulR ]
o

Inside radius of the parison -

o)
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. Extrusion velocity in the barrel

cJ
¥
& ol ST, W,

3

+ e

Recoverable shear strain

Time

Extrusion time

Time elapsed since the i'th element is -fully extruded
Actual time (equation 6.3.24) '

Past time

Extrusion velocity at the die exit

Length of the hypotheticél unswollen element

Greek Symbols

- Extensional

. Cone angle . o .

Shear rate - ' L A
Apparent shear rate at the wall

B - . T )
Shear rate at the wall . .

Mechanical lgss angle
3

train rate

.
e
=
i
-~
.
L X L

3

Extensional strain rate of the i'th element ‘ 3

-

Characteristic time for swell (equation 6.3.11)

Viscosity

5-
Stress growth function in extensional flow !
(constant strain rate)

Extensional viscosity - R -

Complex viscosity

Step-size for numerical integration
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MWD
HDPE
LDPE
PT
PP
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~
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k'th relaxation time

Density
Shear stress
Shear s;ress at the wall

Normal stress

. k'th relaxation time at equilibrium .

Stretching stress of the i'th element

Displacement amplitude for rotational oscillation

First normal stress difference coefficient

Second normal stress difference coefficient

!
Frequency (rad/s)

_Rotational speed (rad/s)

Molecular weight distribution
High density polyethylene

Low density polyethylene
Polydispersity index
Polypropylene

Polystyrene
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APPENDIX Al

Molecular Weight Distribution Curves for the Resins
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| g“
w T |
88 + - P
2 . MN= 11B68C ‘ | .
Mw= 118357 :
MZ= 444330 v i
. 78 T 4

MOL WT  CUM ¥T X
1008089 1. 151
60 T 700008 @ 3.522

' ) ‘ spgpp? 6. 503 .
3peoan 11.818
= 1g565A  C5. i . !
16007~ 84.995 - :
- a3 + ’5g‘gz . 91,537
. 2000 gB. 435
—
- S
= g, 4+
f © 28 T it - T
i T S ]
a ‘ ’ :
a 1 2 ¢ -
LOG M ' -
0% o i -
- kS . ‘
) ' Figure Al.l1 lolecular Weight Distribution of Resin 22A
R = f . 2 - L B
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UNION CARBIDE #27 DMDJS140 HDPE "2165"
| gz T 7
! © MN= 15747 ’
_: o . Mw= 1@7615 :
MZ= 378815 |l
72 1 .
MDL WT  CUM WT X
1g@poes 8. 782 )
62 + joooze 2,222 ff
5cC328 4.515
) Eatssor; NN &
%6 | lppzze 28747 ,
, 18205 89. 172
_ | e )
» 2826 97. 81
- E
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=
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LOG M
Figure Al.2 Molecular Weight Distribution of Resin 27 ' -
, ‘ " -
R R ; B &




CUM WT %

SEC
1e8 T
ez T
DOV #29 HDPE 80068 “2154"
gz T . . .
MN=" 16329 .
M= 104411 :
MZ= 327030
78 T P .
MOL WT  CUM WT.X
1200008 0. 453 -
62 T 70082 1.5
| sgpEsz  3.397
.- L 3ooEEC 845 :
: 16009C  26. 549 ’
10002 oz. 328
4 + 5So08 94. 794 J
2008 97.843 - -
38 T o
28 T ?
12 T - -
g L= z . — s , .
1 2 3 wé 5

. Figure Al,3 MHolecular Weight Distribution of Resin 29
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APPENDIX A2 <j |

Rheological Characterization Data

-~
s s e o ot e

TABLE A2.1 First Normal Stress Difference at 170°C

Shear rate ’ Nl(Paxlo-3)
(s™5) . liesin 27 Resin 22A Resin 29
10.063 " 3.064 2.060 4.395 |
0.100 3.989 3:101 5.990
0.158 5.194 4.429 7.214 .7
Too.s1 6.101  5.494 8.920
0398 ., 7.991 7.856 11.130
0.631 ‘ 9.928 £ 11.960  11.930
1.000 . ~ 12.140 ) 16.690 13.160
1.585 | 17.540 22.000 ° 16.070
Y
- ﬁ —_
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TABLE A2.2 Shear Visco#ity at 170°C : : i
& .
- ‘ .
= . : ag'k? ° @
Shear rate (s 1) ® n (Pa.s:1073) "
@ - ) -
Resin 27 Resin 22A Resin 29 E
* 0.063 33.060 31.850 47.180
R ‘
0.100 29.070 28.780 37.780
0.158 24.720 25.720 ©  29.950 3
0.251 20.700 22.910 22.370 ;’
. ’ i
1 0.398 16.490 19.880 17.290 ’
| 0.631 13.040 16 .720 © 13.398
1,000 110.470 13.310 10.500
: J
1.585 9.012 4 9.078 1 8.316 §
g ~ : ‘ ;s :
2.9 : 7.746 6.848 7.896 )
6 a  5.479 . 4.964 5.957
"12.5 . 4242 3.47¢ 4.441°
34 , 2,560 1.985 2.542
v . ' ' 994
70 | . 1.651 1.380 1.717 ¥
149 - 1.061 0.839 1.092
495 : . 0.571 - To0.423 °  o0.618-
880 0.310 0.266 °  0.366 _
- ) X . ) /. ‘
; / , . 4
~ X -
0 “ \f [ < /
ﬁ‘ L* - . g L M 4
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TABLE A2.3 Complex Viscosity (n™) ‘at 170°C i

; F\requericg-r (rad/s) . T?*(Pa'.leO‘.s)

. Resin27 . Resin 22 Resin 29

.0.100 ‘ 29.060 - 28 .690 ' 31.740
0.158 i 25.730 25 .290° 126.140
0.25L 22.690 : 22.150 21.760
0.398 19.870  19.240 17.980
0.63L 17.230 16.470 14.820
1.000 E  14.860 . 13.950 - 21.100
1.585 . © 12,680 . 11. 620 - 10.030
2,512 10.650 . - | 9.600 8.223

3.981 8.918. .. T.810 6.702

3 .
6.310 7.370 6 .290 5.450 .

10.000 . 6.023 . 5.002 . 4.412
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) “TABLE A2.4 ‘Storage Modilus (G') at 170°C
, Frequency -(rad/s) G' (Pax10™3)
. Resin. 27 Resin 22A

0.100
.. . 0.8
. ~ 0.251
| 0.398 :
T elel -
7 1,000
o 1.585,

a

. -
I .
v . - . - .
- 2.512
fooe
S 3.981
v N >
: f -
= « »
T
o oo 6.310
h . e N [
« - -
o ! - -
A 10 .000
s
T i " e
.
» '
. PRy L /
, Yo v
t L
P 7 -
. . . S :
' - £ B3 - -
. + -
B . ' -
* Lot o ;
- " W - - »a -~ =
i P W -
a - e e
o - - P 1
- ) ) R ; . )
PR ‘ - e e, gre <
K o » * 21 A >
- L L o
. 2 oyl PR ~ &g
' - -~ L
*L [
- B . ——
t s < g
R -
LI
'
]
, b
i o
. »
[ - -
-
ot -
< Lt '
» ~ -

1.980
2.873
3.980
5.113
7.100
9.200
11.900
15 .000.
18.200
22.230
26 .210

&

-

P §
-
RIS
ST
1
nEET
i
1
"

'

.

%

1.115
1.668
2.496
3.705
5.386
7.701

10.820 .

- 14.960.

' 20.250

©27.000
35.400

1.822
2.423
3.254

' 4.315

5.704
7.432
9.994
13.150
17.250
22.680
20.710




.
e

S o o
: /\ h - - m -
-7 216/
. C‘) ,Q .
APPENDIX A3
Data Obtained in the Pure Swell Experiments
- ~ i - T .
' TABLE-A3.1  Swell as a Function of Time
e (Straight Die, -Resin 22A) L
Q =-0.024 cm/s . Q=0.095 cm3/s
" e(s) By B, °  t(s) By By
L 1.06 ! 1.08 -
3 1.08 - L3 1.1 -
5 1.100 - -~ . - 5 1.2 -
B 10 1.1 - 300 1,19 1.10
) . 120 1.19 111 ' 45 1.23  +1,13
150  1.21. 1..13 75 1.24 1.16
225  1.25 1.15 -~ 120 . 1.28  1.20
300 1.30 - 1.20 150  1.30.  1.25
360 . 1.31 1.22 728, 1.34 1.27
480 - 1.33  1.26 . 300 1-.36 1.27
I 7540 1.33 1.26 360 1.38 1.29
600 1.33 1.26 420 1.38°  -1.29
} - 540 1238 1.29
S CweTe 600 1.38 1.29
O‘, ‘ ‘i:“, Ji AN . 1 -,
s ’ Q* 5 SEEL : ﬁj‘ R 'i!
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, 'TABLE A3.2 Swell as a Function of Time |
(S;:raight D;.e, Re‘si;n 22A)’
E) = 0.Q238 cm3q/s Q = 0.475 cm3/s i,
2 e N ’ -
~ t(s) By - B,y t(s) ' Bj Bi',
1 1.15 - 1 1.20 -
3 1.18 - 3 1.24 - l
5 1.20 1.05 5 :1.25 1.10 . ° i
10 1.23 1.08 10 .30 ' 1.3 O
30,  1.26. 1.11 30 1.34 1.15
45 S 1.28 ¢ 1.14 45, 1.36 1.19
o #s ne1 17 75 +1.38 - 1.24
g 120" 1.33 1.23 120 © 1.41 1.30 '
‘150 1.37 1.25 150 1.44 1.32
T 225 1.40 1.27 225 - " 1.46 1.37.
300 ‘1.42 1.29 300 1.48 1.40
360 1.44  1.31 360  1.51 1.41
ad0  1.46  1.34 4800 1.53  1.43
8 540 146 1.34 540 1.53  1.43
600 1.46 1.34 600 | 1.53 1.43




i i e - ‘ .
: 218 - -
E' o e co MH-:}. "Swell as a®Function of Time
) u S o , (Straight Die, Resin 22a)
Q = 0.950 c1/1z3:/s L Q = 2.375. qu3/s
C {
t(s). B ( B, L t(s) By B,
1 128 - 1 - 1.32 -
, | -3 1,33. - l3‘ 1.37 1.31
,?X:f s 134 1.2 ' 5  1.39 1.35
; " 10 1.37 1.23 4 10 1.44 1.37 o
- 30  1.43 * 1.29 . 30 1.53 141,
a5 1.49 1.33 45 - 1.55 1.44 if
75 1.54 1.39 75 1.59 ! | &
| 120 1.5 1.46 120 1.64
- 7 150 1.61  1.48 150  1.66 |
225 1.64 . 1,52 225 1.68 1.69 . . -4
300 1.66  1.54 300 171 174 - ]
; _ 360 1.68  1.56 ° 360 1.73  1.78 E
1 7. 480 1.68 - 1.56 480 1.76 . 1.80
g e 540  1.68 . 1.56 540 1.76  1.80
4= 600 1.68  1.56. 600 1,76 . 1.80
A : o




1,"‘
N

B

(Straight Die,

Q = 0.024 cmd/s

t(s) By B,
2. 1.10 -
5 1.14 -

J.zoj) 1.24 1.26

150 1.27 1.28
225 ', 1.33 1.35
300 1.36 1.42
360 1.37 . 1.46
420 . 1.38 13-50
480 . 1.38 1.54
540 1.39 1.54
600 1.39 1.54

i ST
s
B -
VL B _}:
o ¥ .
% " -
1‘ =y T
= Sont ' s
- - o
- » -y
A

TABLE A3.4 Swell as a Function of Time:

Resin 27)

Q = 0.095 cmd/s

t(s)
2
S
10
© 30
45

75

"%y 120

150
225
300
360
420
480
540

600

By
1.26

"1.28
1.35.

1.38
1.43

.1.49

1.51

1.56

1.61
1.64
1.65
1.65

'1.65

1.65

By

1

2w

WL 0 1 e
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TABLE A3.5 Swell as a Function of Tin’Ie
{(Straight Die, Resin 27)
 ; . ' .Q =0.238 em3/s Q = 0.475 cm3/s:
t(s) By Bj ~ t(s) By By’ ]
2 1.25 - 2 1.28 -
_ 5 1.30  1.26 5 1.33 - 1.40
o — . 10 1.34. 1.28 | 10 0 1,37 1.43 . ke
- L 30 1.42 1.32 30 . 1.48 1.49
: f—g 45 1.45 1.35 45 1.53 1.53 :
e 75 1.49 - 142 . 75 159 . 1.60 . |
. 1200 1.56 149 | - 120 1.65 1,66 :
| 150 1.59  1.54 150 1.69 1.70
225 1{65 1.65 225 1.71 1.75
300 /. 69 1.70 300 1.73° . 1.80
T 360 @j-l 1.75 360 1.75 1.83
| . © 480 1.71 1.79 480 1.76 .- 1.89
’ , 540 1.71  1.79 . 540  1.76  1.89
, (/ 600 1.71 1.79 -600 1.76  1.89 ‘
’ : o ' v

s

P St Ly e PRI Tl vt st L SINP aty+ DU
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Ced TABLE A3.6 Swell as a Punction of Time
” , ‘ A (Straight Die, Resin 27)
””mffj 6@bbm%ﬁﬁ‘_ Q = 2.375 ch’/s
t(8) By B,  t(s) B, B,
.2 1.3% - .1 L -
‘ m 4 1.36 1.45 .3 1.39 1.41
5 1.38 1.48 5 " 1.44 1.50
| , * 10 1.44 152 10 1.48 1.56
0 300 150 Lss 30 1.57  1.66
o | 45 1.56  l.62 45 1.63  1.70
& 75 1.63 1.68 N £ 1.69 1.80
- 1200 1.68 .78 120 1.7 1.88
e 150 1.71 1.81 - - 150 1.81  1.91
) - ‘' 225 1.76 1.89 225 1.87 1.97
: 300 1.78 1.92 300 1.90. 2.02°
- 480 1.80 1.95 480 1.97  2.09
1- 50 1.80 1.95 " 540 1.97 2.09
4o 600  1.80 1.95 - 600 1.97 2.09
“‘i“’:
-1 a
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TABLE A3.7 Swell as a Function of Time

i g c : (Straight Die, Resin 29)

. ] - Q= 0.095 cm’ /s

‘ o t(s) , -~ By - ia2
L 1 S 1.05 -

3. 1.13 -

. 1.16 -

\ q 3000 1.23 : ",32*-f
"l L "é 5 128 -
Ko R 75 g },;. T
'V; - "1-§_ 120 1i'5:”‘ 1.45 T -

o a0 1s0 148 -
L IR 2257 - . 1.50 =
300 . . L5 o 1.60
360 T 1.52 7 '1.60
480 ~ i 1.52 “1.60
- \ R 540 S 1.52 1.60
j}%f S 600 1ﬂ1,1 1.52 "1.60

- e -
3
[
"~
-
Y
eew g
O b -
_ =Y
i -
ks
i -
‘M-W&iﬁ“ﬂ e — =%
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'TABLE Aé.g Swell as a anctién of Time °

——

(Straight Die, Resin 29)

’ - 3 - .
Q= 0.238 cm /S' Q ’,0‘.4'75 cm3/s

t(s) B B, t(s) By B,
C1.a12 - 1. l.14 -
.18 . - 2 1.18 -

' 1.20 - | 3 . 1.20 -
‘ 1:21 - s 1.25 . -
_i .1 1.4 - 0100133 - A
5 vl / . }

30 1.32 - T 30 140 -
45  1.37 - 45 1.45 - *
75 148 - - B 1.52 -

' ’E';_,: S 120 1.52 . -’ ,120 ~ 1.58 - ‘" ,

150 1.53 - 150 1.59 . -
225 1.5 - 225 1.60 -
300 1.5 . = 300 1361 -

'.§€f~”' L 360 1.56 - . 360 1.63 -
EAER 480 1.56 1.76 480 1.63  1.96
540 1.56 1.76 - 540 1.63  1.96
600 1.56  1.76 600 1.63  1.96

~
.
e n L




TABLE A3.9

t—

(Straight Die, Resin 29)

L ’ )
Q = 0.950 cma/s

t(s)
1
3
5
10
30
45
75
120
150
225
300
360
480
540
600

P1

1.18
1.28
1.31
1.36
1.48
1.55
1.58

1.62,

- 1.64
'1.65
1.66
1.68
1.68
1.68

. 1.68

2.05

2.05
2.05

Swe}i as a Function of Time

b}

‘ Q =~2.375_cm3/s

t(8)

1

3

10
30
45
75
120
150
.225
300
360
480
540
540

‘B

1.22
1.31

1.37
l.46
1.58
1.64
1.76
1.72
1.72
1.74

1.75 °

1.76
1.77
1.77
1.77

2.15
2.15

2.15

3
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TABLE A3.10 Swell as a Function of Time

-

Q =0.024 cm3/s

t(s)
1
3
5
120
150
225
300
360
480

540 °

600

B)
1.00
1.00
1.00
1.00
1.00
1.02
1.02
1.02
1.02
1.02
1.02

1.07

1.10

" 1.14

1.18
1.21

-1.24

1.24
1.24

(Diverging die,‘Resin 22A)

Q= 0.095~cm3/s

t(s)
1
3
5

30
45
75
120
150
®225
300
360
480
540

. 600

By
1.00
1.00 -
1.00
1.00

'1.00

1.01
1.02
1.03
1.05
1.07
1.09
1.11
1.11
1.11

B2

1.05

erZ“
1.09
1.13

1.16

"1.20
"1.24

1.27
1.29
1.29

1.29

o
e e o o i e
Iy
.
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TABLE A3.11 Swell as a Function of Time
- (Diverging Die, Resin 22A)
{
. ‘ T ] ¥ {
Q =0.238 cm3/s Q = 0.475 cm3/so !
‘ t(s) ?1 B2 t(s) Bl B2
1 1.00 - L 1.00 -
3 1.00 - 3 1.00 -
5 1.00 1.12 5... L.00 1.13
. 10 1.00 1.14 10 1.02 1.15 |
‘ 30 1.02 1.17 . 30 1.04 1.19.
45 1.03 1.19 45" 1.05 1.24 |
75 1.04 1.23 75 1.07 1.28
©120 1.06 1.27 120 1.09 1.34
M 150  1.07  1.29 150 1.10 1.37
.0 225 1.09 1.33 225 - 1.12 1.40
300 1.11 1.35 300 1.15 1.44
" 360 1.13 1.38 360 1.16 1.47
. 480 1.16 1.40 480 1.20 1.50
: -7 540 1.16 1.40 , 540 1.20 1.50
: ‘ 600 1.16 1.40 600 1.20 --1.50
“H":_; .. ’ o
0o
) el N ; SR .t;.:_‘_l[““,




iy

TABLE

-(Piverging/Die, Resin 22A)

. 227

Q = 0.950 cm’/s

’
t(s)
1
3
5.
10
30
45
.75
120
150

225

300
360
'280
! s40
600

. B

L

1,00
S

l1.00

x 1'00

1.00
1.04

1.07.

1.10
1.13
1.15
1.17
1.19
1.20
1.23
1.23

+1.23

1.05:
1.17
1.23
1.33
1.37
1.42
1.46
1.49
1.52
1.55
1.57
1.57
1.57
1.57

A3.12 Swell as a Function of Time

—

TR TR SPOR

e e S

Q = 2.375 cm>/s

& t(s)

1

3

5

10

31

45

75

120

~‘l$0

225

300
360
480

540
600

B
1.00
1.00
1.00
1.00
1.06
1.09

1.12
1.15

1.17

1.20

1.21

1.23

1.25
l- 25 N
l- 25 x‘

R WA RN B0 s gt if‘%}’iﬂ' E'E '5%5513‘
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Y'I’!ABLE é?.;.];i §well' as a Funciyign of Ti‘me' :
(Diverging Die, Resin 27) .
‘ o . -
” ‘ 3 3 -
2 Q= 0.024 cm' /s Q =-0.095 cm /s
. B ) . -
G .
€(s)* By . B, t(s) B, B,
l .1300 - l ‘1.00 -
.3 1.00 - 3 1.00 - :
ios 1.03 1.26 . 5 1.01 - "
L ‘ 120 1,04 1.28 - 30 1.01 1.16 _
o . . : co .
‘ ‘ ‘ 150>  1.07- 1.30 45 % 1.02 1.21 3
& e . 4 - ;
. 225 - 1.10 1.35 75 °  1.04 1.26
X, P 4 . ~ 4 . -
‘ -300 1.13 1.39. 120 - 1.08 1.32
L 360 . 115 1.43 150 - -1.11  1.3§
L_ ¥ 420  1.17 " 1.46 225 1.14 "+ 1.45
4 480  1.19 1.49 " 300 1.16 1.52
| .« .s40 "1.19 . 1.49 360 1.18  1.57
b | 6§00~  1.19-  1.49" 480 . 1.24  1.65
i é ‘ - 540" 1,24 .  1.65
vl 3 ' : 600°  1.24  1.65
o ) : ] . - ‘ﬁ
“ . PR .
s (:;:: “' '—?, :
¢ . s e
» m {:' 4
v . v
s
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TABLE A3.14 Swell as a Function<of Time )
< *
(Diverging Die, Resin 27)
3 .t 3
Q = 0.238 cm /s, Q= 0.47}5 cm” /8

( Ly : “
t(s) . By B, * ts) By B,

1 - 1.00 - A 1.01 -

A —3 - o1 - 1 1.0L -
" - 5 1.00 1.08 5 1.02; 1.20
. 10 160 1.5 © 10 1.08 - 1.35
] 30 1.01 . 1.25 i0 1 1.07  1.51
45 1.04 .+ 1.29° 45 . 1.10  1.56
15 1.08 1.35. 75 1.13  1.63
120 1,13 1.42 120 1.17 . 1.70
"150 1.15 1.47 150 1.19 175
225 1,19  1.58 225 le23  1.83
300 122  1.68 300 1.26 1.89
360 1.25  1.74 360 1.28  1.93
| 480 1.27  1.78 480 1.32 1.95
; 540 1.27 1?78‘ 540 1.32 1.95
/ D | 600 1.27  1.78 600 1.32  1.95

] ,
|
. P
y ‘ 0

— e - e




) .TABLE A3.15 Swell as a Function of Time
' o ('Divergipg Die, Resin 27)
‘ Q=0.95 cn’/s . . Q= 2.375 cn’/s
. & ‘
t(s) B'; B, t(s) B, B,
Y01 1 - .1 Lo2 -
: 3. 1.02 - 1.29 3 1.03  1.33
T s 1.04 1.34. ° "5 1,07 1.47
| 10 1.06 1.43 10 - 1.10 1.55.
36 L1 1.55 30, 115 1.68
) 45 1.4 1.60 .45 118 1.74
a5 133, Le 75 TL23 1.82 -
120 1.23 1.81 120 1.27 . 1.91
150 1.26 1.85 ©-150°  '-1.30 1.96
225 1.30 1.95 225, 133 2.06
300 1.33 2.02 Y300 . ‘136 0 2.12
360 1.35 2.06 ~360 . 1.38  2.15
480  1.38  2.10 480 1.4l 2.17
540 1.38 2.10 540 1.41 2.17 -
600 - 1.38 2.10 600 1,41 2.17
_ ‘ v
- L
P :
9
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TABLE A3.16 Swell as a Function of Time

" (Diverging Die, Resin 29) -

3 3
Q =0.024 cm /s Q=0.095 cm /s

t(8) By By £(8) By

1 1.00 - 1 1.00
3 1.00 . - 3 1.00
s 1.00 - g - cL.0l
1200 1.0l 1.19 30 1.01
150  1.02 1.25 45 1.02
225 1.03 1.35 75 1.03
300 1.05 1.42 120 1.06
360  1.07 1.46 150 1.087
420  1.08 1.49 225 1.11
480 1.10 1.52 300 1.13
540 '1.10 1.52 480 1.17
600 1.10 1.52 540 1.17
600 1,17




TABLE

1

t(s)

10
30

45

75

120

150

dfzzg

300

360

540

S, 600

“

- -

A3.17 8well as a Function .of Time

/

-

Q = 0.238 cm3/s .

(Diverging Die, Resin 29)

t(s)

- o

B
1.00
1.00
1.00
1.02

- 1.05

1.08
1.10
1.15
1.17

1.20

1.22
l.i4
1.24
1.24
1.24

e NN £ PR T T

Q = 0.475 cm3/s
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TABLE A3.18 Swell as a Function of Time AR . ;
T L ' (Diverging Die, Resin 29) - :
L Q = 0.950 cm’/s : Q = 2.375 end/s g
t(s) ° B By t(s) By - By
1 l.01 - 1 1.02 L=
3 1.02  1.27 3 1,02 | 1.44 ‘
5 1.02 1.35 : 5 1.03 1.53 g
10 1.03  1.43 10 ‘105  1.61 4
30 1.08 1.52 30 1.12 1.81 f
45 - 1.10 1.56 45 1.15  1.85 !
75 1.14 1.64. 75 1.18 1.92
120 1.17 ° 1.74 120 1.22 2.01
150 1,19 1.79 150 1.24 2.07
225 1.2 1.91 225 . 1.27 2.18 :
- 300 1.23  .2.00 300 1.29 2.22 :
360 1.2 2.06 360 1.31 2.24
| 480 1.26 2.10 480 1.33 2.25
i 540 1.26 2.10 . 540 1.33 2.25
600 1.26 2.10 - 600 .33 2.25
\ ‘\ / / '
|
- 3

4

s
'}'"4
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TABLE A3.19 Swell as. a Functizm) of Time

{20° Converging Die, Resin 22A)

<)

Q = 0.024 cm3/s Q = 0.095 cm’/s
t(s) B . By . t(8) By By |

1 1.05 - - '." 1 1.18 . -

3 1.08 - , 3 .39 -

5 1.19 - s 1.43 , -
120 1.47 1.30 .30 1.70 1.38
135 1.50 1.34 60  1.76 1.44
180 1.55 1.40 75 1.78 1.47
225 1.60 1.43 135 1.84 1.52
300 1.66 1.45 180 1.88 1.56/
420 1.72 1.45 245 1.94 1.59
540 1.74 1.45 300 1.96 1.60
600 1.74° 1.45 420 2.01 1.61

540 2.04 1.61
600 2.04 1.61




% -
Swell as.a Function of Time

(20 Converging Die, Resin 22A) _311
Q = 01238 cm>/s ' Q = 0.475 cm’/s )
t(s) By By "’t(s) Bl’ B,
1 1.24 - 1 1.33 - T
3 1.61 . - : 3 1.75 -
7 1.68 1.27 5 1.81 1.3
f; 10 . 1.71 1.30 - 10 1.84 1.36
g 20 1.76 1.34 20 1.90 1.38
45 1.82 1.42 30 1.96 1.43
t 60 1.87 1.44 45 2.02 1.47
F 75 1.90 1547 90 2.14 1.54
90 1.92 1.49 150 2.20 1.§§§
135 1.98 1.53 ' 240 2.26 1.66
225 2.08 1.60 330 2.32 '1.70
300 2.11 1.62 420 2.35 . 1.71 |
" 360 2.14 1.64 540 2.38 1.71 i
420 2.16 1.65 600 2.38 1.71 i
480 2.18 1.65 \ . i
s ' 540 2.18 1.65 ?
600 2.18  1.65

R — - PR . . JT—
L e " T T ke 1SR PR Y YRt § e 4 B B e T & w s e . et T ey e il
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' L TABLE A3.21 Swell as a Function of Time - g
* ) «» ‘ | (20° Converging Die, Resin 22A) ' o
; _ ;
Q = 0.950 cm3/s Q = 2.375 cm3)'s
£(s) By B,  t(s) By~ By~
1 1.39 - 1 1.55 -
3 1.83 1.35 3 1.95 1.45
| ’ 5 1.89 1.39 5 2.15 1.51
; 5 10 1.98 1.43 . 10 2.27 T 1.57
,E 30 2.11 1.51 - 30 2.33 'l.z;
75 2.24 1.61 ‘ 45 2.39 1.77
150 2.33 1.70 90 - 2.45 1.89
210 2.39 1.73 150 2.52 1.96
e 300 2.46 1.78 210 2.58 1.98
. 420 2.49 1.83 300 2.65 1.99
480 2.52 1.85 480 2.68 2.01
i 540 2.53 1.85 540 2.68 2.01
600 2.53 1.85 600 2.68 2.01
‘ ; J
: 4 ‘ | , q
/
/
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TABLE A3.22 Swell as a Function of Time

(20° Converging Die, Resin 27) _

Y

Q = 0.024 cm3/s

#

t(s) By By

1 1.17 -

2 1.25 - -

5 1.33 -
120 1.87 1.42
165 1.93 1.47
240 2.01 l1.52
300 2.06 1.55
390 2.08 1.59
480 2.12 l1.62
540 2.12 - 1l.62
600 2.12 1.62

Q = 0.095 cn>/s

t(s)

30
45
60
75
120
165
225
300
360
420
480
540

600

By
1.35
1.43
1.56
1.81
1.86
1.91
1.96
2.06
2.17
2.27
2.36
2.43
2.48
2.53
2.53
2.53

1.24
1.34
1.39

1.44

1.52

1.57
1.65
1.69
1.71
1.73
1.75
1.75
1.75

L o AR L Yt an 6w SR

e
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TABLE A3.23 Swell as a Functioh of Time

——

(20 ° converging Die, Resin 27)

Q= 0.238,cm3/s

Q = 0.475 cm’/s

-t(8) By B,y t(s) By By

1 1.42 - 1 1.63 -

3 1.60 - "3 1.73 -
5 1.68 1.12 5+  1.86 1.17
10 1.78 1.18 - 7 1.88 1.20
15 1.83 1.22 i0 1.93, 1.22
30 1.95 1.32 20 2,03 1.32
45 2.03 1.39 30 - 2.13 1.37
60 2.13 1.42 45 2.23, 1.42
75 2.18 1.46 60 2.29 1.48
120 236 1.57 75 2.36 1.53
150 2.44 1.62 100 2.44 1.60
200 2.52 1.67 120 2.49 1.63
225 2.59 1.68 150 2.54 1.67
300 2.67 1.73 225 2.64 1.73
390 2.72 1.78 300 2.72 1.78
480 2.74 1.82 390 2.78 1.83
540 2.74 1.82 480 2.82 1.87
600 2.74 °1.82 540 2.82 1.87

600 2.82

r ke o e o e o AR S A A S e

T b s v i

e e

T e D3 i, T L
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TABLE A3.24 Swell as a Function of Time

(20° Converging Die, Resin Zf)

Q = 0.950 cm /s

t(s)

10
15
30
60
75
120
150
225
300
390
480
540
600.

B)
1.67

l.78 -

2.11

2.24‘

2.30

2.40

2.51
2.56
2.67
2.;5
2.83
2.88
2.94

2.99

2.99
2.99

R
T

1.20
1.31
1.39
1.45
1.52
1.60
1.67
1.75
1.82
1.90
1.96
2.03
2.08
2.08
2.08

.
Cedn
1

Q

t(s)

10
15
20
30
15
75

120
150
225
300
390
480
540
600

2.375 cm3/s .

By
1.71
1.80
2.05
2.22
2.36
2.42
2.49
2.57
2.68
2.76
2.83
2.89
2.99
3.08
"3.15
3.20
3.20
3.20

2.14
2.20
2.27
2.31
2.31
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TABLE A3.25 Swell as a Function of Time

"(20° Converging Die, Resin 29)

-~

. Q.=0.024 om'/s | . Q= 0.095cm’/s
t(s) Bl  t(8) By -
1 112 1 1.29 -

2 1.15 2 1.34 -
3 1.19 3 1.40 -
s 1.26 5 1.48 -
105 1.87 10 1.61 .
150 1.90 207 1.84 1.23
225 1.96 45 1.90 1.31
270 1.99 75  2.00 1.38
360 2.02 120 2.11 1.43
420 2.05 180  2.22 1.48
480 2.08 . 225 2.26 1.52
540 2.11 ' 300 2.32 1.56
600 2.11 1.43 360 2.38 1.59
480 2.44 1.62
540 2.44  1.62
600 2.44 1.62

uj

P

P S .
RS AR et o it TS f enard b

oy




£(s)

15
30

75

105

. 120

150

) 225

ﬁ'w . 300
420

| 480
® 540
600

241

“ TABLE A3.26 Swell as a Function of Time

(20° Converging Die, Resin 29)

By
1.49
1.55

1.62

1.69

1.87
1.92
2.04
2.16
2.22
2.30
2.33
2.39
2.45

2.51

2.60

2.62
2.62
2.62

Q= 0.238 cm3/s

h}

Q = 0.475 cm>/s"

t(s) )

1

2

3

5.

10
20
30
60
90
120

150

225
300

. 360

420

480 -

540
600

H

BI‘
1.59
1.69

1.73
1.83.

2.00
2.06°
2.12
2.29
2.35
2.43
2.46

‘ 2052

2.58
2.61
2.64
2.68
2.6?
2.68°

-

By - '

1.26
1.29

1.34.

1.37

1.45
1.52

1.56
1.60
1.66
1.72
1.75
1.78
1.79
1.79
1.79

e
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TABLE A3.27 Swell as a Function of Pime.’

[
—— et N v

v ’ (20° converging Die, Resin 29) X . ' 5
A ‘ :?,-z 0.950 cm3/s ’ Q = 2.l375 émB/s (
i e(s) B1 By o ele). By | By /
.1 1.68. - t 1,78 -
< 2 1.81L °  1.23 2 . 1.92 1.26 )
T3 1es 1.2 3. 2,00 1.30 !
5 - 1,97 1.29 ‘5 2.06 1.37 - §
. B 7 2.02 1.31 -, 10 2.29 1.42 g
| . w 10 2,12 °° 1.34 15 2.41 1.45 |
o RO 30 2.32  1.44 30 2.52  1.55
‘ 60 2.46 1.55 -~ 5. 2.58 1.60
T ‘90 2.51 1.63 60 2.63  1.65
n 120 2.57  1.67 80 2.69  1.72 “
| 150 2,62 1.72 '120. 2.75 1.79
) 225 2,71 1.79 150 2.78  1.84
“300 2.75°  1.85 180 2.81  1.86
. 360 2.77 1.89 245 2.86 1.91
- o ' 420  .2.81 1.92 300 . 2.90 1.93
L o ., 480  2.81 1.96 360 2.92 1.96-
| 540 2.81 ° ,1.96 420  2.95 2.00 ;
- 600 2.81 . 1.96 480 2.98 +  2.02 .
O . 540 3,02 2.05 ‘?
) | 600 3.02 2.05 |
L ., t
| ” ~ |
TR |

—
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o~ TABLE A3.28 Swell as.a Function of Time

(10° Converging Die, Resin 22A)

3

Q = 0:024 cm'/s : Q = 0.095 cu’/s
t(s) By ’ By .M t(s) .By B,
1 1.18 - o 1.39 -
2 1.21 - 3 1.45 = -
5 1,27 = ‘5 . 1.48 -
| . 120 1.50 1.51 - 30 1.65 1.47 i
150 1.55 1.54 45  1.69 '1.53 :
: 180 1.58 1.58 60 1.72 1.56 "
_ 240 1.60 1.63 30 1.79 . 1.62
300 1.63 1.67 120 1.81 1.68
330 1.65 1.69 150 | 1.86 1.72 ?ngt
450 1.70 1.74 195 .  1.89 1.77
540 1.75 1.75 225 1.91 ~  1.79
600  1.75 " 1.7 270 1.93 1.81 -
’ ' 330 1.96 1.85 .
540 2.07 1.91
600 2.07 1.91
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A3.29 Swell as a Function of Time

Py

244

<

i

-

muummwmwmwﬁwwmmw%w%NW%

(L0° Converging Die, Resin 22a)

Q = 0.238 cm3/s

t(s)
: L
2

4

5

10
15
30

- 45
90-
120
150
225
-~ 300
360
420
180
540
600

A

o

B
1.54
1.57
1.60
1.63
1.66
1.73
1.83
1.87
1.95
1.98
2.01

2.08 -

" 2.12

2.14
2.17
2.19
2.19

. 2.19

1.35

1.48

1.55

1,61

1.64

1.73

1.79

1.83 -

1.92

1.97

1.99

2.01

2.01

2.01

2.61

Q = 0,475 cmj/s

t(s) -
1
2.
3ﬁ.
5
10
15"
" 30
_ 60
80
105
120
150
210
240
300
360
420

480

d

540

- 600

By
1.61

1.63

1.69
1.77
1.87
1.90
1.94

1.99

2.04

2.07
2.09
2.12
2.19

2.21:

2.26
2.29
?.31
2.34

2.34

2.34

-

SN G NR A

By

1.38 |
1.59 ‘
1.67
1.77
1.87
1.92

1.95,
1.97 g,
o

2.01 1

2.06 Fg
2.08
2.12

2.15
2.16
2.17 !
2.17 |
2.17 - ’/é )



TABLE A3.30

. o 3
Q = 0.950 cm /s

t(s)
1
2

3.

5
15
40
60

105
120
150

225

300

360
480
540
600

By
1.69
1.76
1.82
1.93
2.03
2.13
2.18
2.24
2.26
2.29
2.34
2.36

.2.39

2.44
2.46
2.46

Swell as a Function of Time

(10° Converging Die, Resin 22A)

- Q = 2.375

B, t(s) By

- Y 1.76

- 2 1.81

- 3 1.84
1.46- 4 . 1.91
1.70 6 '1.96
1.89 10 2.05

" 1.98 15 2.12
2.09 30 2.19
2.12 45 2.24
2.16 60 2.27
2.21 90 2.34

. 2.26 120 2.39
2029 150 2.43
2.32 210 2.51
2.32 300 2.58
2.32 360 2.60

v 540 2.65

2.65

600

1.73

1.81
1.83
1.86,
1.91
2.00
2,10
2.16
2.25
©2.29
2.34
2.39
2.44
2.48
2.52
2.52

[
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TABLE A3.31 Swell as a Function of Time

(10° Converging Die, Resin 27)

-

Q = 0.024 cn’/s Q = 0.095 cn’/s
t(s) By B, t(s) By B,
N L 1.22 - ' 1 1.33 -
/2 1.25 - -2 1.40 -
©3 1.30 - 3 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 %0 , 2.02 2.02
375 2.10 2.05 135 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

LR

.-600 2.50 2.40
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TABLE A3.32' Swell as a Function of Time
r-_‘-.——. +

—— e

(10° Converging Die, Resin 27)

Q = 0.238 cm3/s

¢

4

. t(s) B1 B2
1 1.46 -

2 1.60 -

3 1.63 -

5 1.72 -

20 1.92 1.83
25 1.97 1.90
’ 30 2.00 1.93
45 - 2.05  2.00

60 2.13 2.06

75 2,20 2.11

105 2.25 2.20
150 2.35 2.30
240 2.50 2.40
330 2.60 2.45
480 2.65 2.50
540 2.65 2.50
600 2.65 2.50

RS

e TR ERARIIRY S

Q = 0.475 cm3/s

t(s)

1

2

3

5
10
15
30
45
75
105

, 180

240
300
360
480
540
600

Bl'

1.63

1.66

1.74
1.84
2.00
2.10
2.19
2.25
2.37
2.45
2.55
2.62
-
2.67
2.69
2.77
2.77

T 2.77

1.75

- 1.80

1.90
2.00
2.10
2.20
2.30

2.45

'2.50

2.55
2.60
2.63
2.63
2.63

.
f
" -
W‘x Bty
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TABLE A3.3 Swell as a Function of Time

(10° Converging Die, Resin 27)

Q = 0.950 cm3/s Q= 2.375 cm3/s
t(s) By B, t(s) B, B,
1 1.66 - 0 1.71 -
2 1.73 - 2 1.78 1.79
3 1.74  1.74 3 1.93 1.84
5 2.00 1.80 5 2.11 1.90
10 2.17 1.90 10 2.28 2.05
15 2.20 2.00 20 2.39 2.18
25 2.35 2.10 25 2.44 2.24
45  2.50 2.20 45 2.59 2.40
‘90 2.60 2.36 90 2.69 2.60
135 2.68 2.50 , 150 2.80 .2.76
180 2.75 2.60 240 2.90 2.90
240 2.82 2.65 300 3.00 2.95
310 2.96 2.70 360 3.05 2.98
360 2.95 2.74 480 3.10 3.00
480 2.98 2.79 540 - 3.10 3.00
540 2.98 2.79 600 3.10 3.00
600 2.98 2.79

e N S e




APPENDIX A4

Data Obtained in the Combined Effects of Sag and Swell

Experiments and Comparison with Model Predictions

TABLE A4.1 Compérison of Experimental and

wh

£
Predicted Values of Parison Lengthd

' (Resin 27, Straight Die, m=9 g)

Q = 0.238 cm’/s

t (s) L (cm) }
Experimental Calculated
- .10 0.50 0.42
15 1.59 1.74
_ 24 3.97 4.04
) 32 6.11 6.07
-~ 40 8.25 8.12 0
48* 10.16 10.24 :
, 60 10.16 10.29
h 75 10.16 10.30 y;
. 90 10.16 . 10.38 - ‘
] Q = 0.475 cm3/s
.5 1.98 1.77
10 4.20 3.94 l . ]
15 6.03 6.10 N :
< 20 8.17 8.28
24* 10.10 10.03
30 10.12 10.05
35 9.76 10.05 P
45 9.60 - 110.07
- 60 9.52 10.20 ‘
‘ 90 ( 9.60 10.93 |

‘D
v
-

* extrusion time
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TABLE A4.2 Comparison of Experimental and

Predicted Values of Parison Length

| ’ (Resin 27, Straight Die, m=9 g)

) Q = 0.950 cm>/s

t (s) L (cm)
Experimental
1 0.63
2 1.45
3.5 2.62
5 3.57
* 10 8.01
12* 10.24 -
15 10.16
20 9.76
30 9.45
45 9.20
60 . 9.13
90 : 9.28

a

Q = 2.375 cm3/s

1 2.20
2 4.16
‘ 3 6.10
4 8.10
4.8% 10.00
10 9.50
20 8.98
8.81

ig 8.81
60 8.81
90 u 8.90

* extrusion time

Calculated

0.53
1.41
2.61
3.90
8.10
9.91

9'91 '

9.91
9.90
9.95
10.15
11.14

1.99
3.97
5.97
7.98

. 9.70
9.71
9.72
9.73
9.80
10.03
11.12 -

AP %

s
v

i

M s o fa

R it s ey et s
q
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TABLE A4.3 Comparison of Experimental and

et

Predicted Values of Parison Length

(Resin 27, Straight Die, m=6.8 g)

3
Q =0.238 cm /s

t (s) L (cm)
Experimental Calculated
10 1.20 1.32
14 2.40 2.36
- 20 4.02 3.89
) 25 5.20 5.17
M 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
75 7.62 ' 7.70
90 7.62 7.65
105 7.78 ’ 7.66
120 . 7.86 7.70

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
20 7.62 7.43
25 7.46 - 7.36
30 ' 7.36 7.30
45 7.14 7.17
60 7.14 7.11
75 7.14 . 7.14
90 7.14 7.24°
105 . 7.22 7.42
" 120 7.30 // 7.69

* extrusion time
1]

s

P
B
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TABLE A4.4 Comparison of Experimental and

Predicted Values of Parison Length

(Resin 27, Straight Die, m=6.8 g)

Q = 0.950 cn?/s

t (s) L {(cm)
Experimental Calculated
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
gx 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
Q = 2.375 cﬁ3/s
1 1.90
2 3.97
3 . 5.85
3.6* 7.22
5 7.06 N
10 6.67
20 6.35
30 6.19
‘45 6.19
60 6.19
75 6.19
90 6.25
120 6.51

* extrusion time
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TABLE A4.5 Comparison of Experimental énd

——

Predicted Values of Parison Length

(Resin 27, Diverging Die, m=6.8 g)

\
Q = 0.475 cm3/s

t (8)
Experimental

2.5 1.29
.5 2.59
-7 3.94
10 5.69
15 8.55
18* 10.45
20 10 .45
25 10.45
30 10.37
45 10.29
60 10.29
75 10.29
90 10.45
105 10.61
120 10.77

105
120

1.11
3.27

4.44

5.55
7.77
9.04
10.31
10.23
10.00
9.84
9.68
9.52
9.52
9.68
9.88
10.16

* extrusion time

4

Calculated

1.31
2.74
3.90
5.71
8.59
10.41
10.47
10 .47
10.45
10.40
10.38
10.44
10.59
10.84
11.20

1.10
3.28
, 4,38
5.46
7.66
8.79
9.88
9.95
9.95
9.95
9.91
9.87
9.89
10.18
10.48
10.91

5 h




“

3
Q = 0.475 cm /s

t‘: {8)

Experimental
3 0.80
5 - 2.94
8 " 4.79
10 6.19
15 9.74
18* 11.75
20 11.67 -
25 11.11
30 10.79
46 10 .40
60 10.40

3
Q =0.950 cm /s

Q0 ~1 Oh UT & N

e
10
15
15
20
30
45
60 )

254

]

2.54
4.91
6.03
7.54
8.81
10.00
11.74
11.59
10 .95
10.95
10.56
10.16
9.92
9.84

* extrusion time

. TABLE A4.6 Complarison of Experimental and

Predicted Values of Parison Length

Calculated '%

1.00
2.47
4.51
5.97
9.57
11.83
12.04
12.23
12.39
13.04
13.93

2.55
5.06
6.30
7.59
8.84
10.19
11.45
11.59
11.64
11.64
11.69
11.95
12.80

14.44

(Resin 27, 20° Converging Die, m=6.8 )

i
Log “@
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, defined as the functions giving 'the past ''coordinates of the

APPENDIX AS

) .

v

Lodge's Rubber-like Liquid Model: Application to uniaxial = -

exténsion with time-dependent strain rate

e “«

-

The general form of Lodge's "rubber—1like liquid™ nodel

i's (Lodge, 1974; Bird et al., 1979):

t . , .

Gy = (t=t') /2 , o ' :
- ok ’ - o .
T(t) ~J(ZT'e oKy g7, £1)akr ¢ - AS5.1
. ok o ’ ' L -
To determine ~the finger strain tensor,. g";l imagine a fluid o

flowing in a region with a space fixed cartesian coordinate
system. At the presentlati‘me’l t, a fluid Eart)icle +has -
coordinates x . (L =1, 2, 3). At some past; time t', that
flqid particle had coordinates,x;._‘ (i = 1, 2, 3). The

9

displacements functions for a particular fluid element are ' “

/ . - , .
particle in terms of the present coordinates, the present

%
timMe an® the past time, tha® is:

&
'
ld N o

x} =xi(x, &, t) . oo . A5.2

-]

The cartesian cbmponenté " qf the fluid velocity, v(x',t') at -
the position x' at time t' are . defined as the velocity F ;

components v _(x, t, t') of the particle (x, t) that happened

Lad >

¢

qu
¢
N



bt b o, v e i o

& ! -
M &
R .

to pass through the point x' at time Qt"" that is:

-
0

& vex', ') = v.:.(x, t, t')-_-_--.g_ x.'(,é;, t, t') A5-3
1 : 1 . 3t 1
0 <

»

Altern_atively, the displacement functions may be expressed in

' terms of the velocity field by integration of the above

¢ equations as follows:

.t \
X -xi' ="':1i(x, t, t") de" . 0 AS-fi

. . s 5
g S )
The Finger K strain tensor appearing in equation A5-1] can be

found in terms of the displacement functions through, the

following relations: .
Flaclei= heEehT o1 . B85
’ \
- 00X,
File 1 : A5-6
- x5
J >,

™~
0 o«

where g_'l is the finger tensor, g‘_"l is the inverse of
-1

deformation gradient tensor and - (F )T is the transpose of

@ “

-1 . ]
o (E )o; Y he
" Tak.,jing x; to indicate the p‘?:incipal strecth direction,

the uniaxial extensianal flow is described by the following

velocity distribution:

]
¥
H

H
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i
L
H
Ib:
ﬁ% ( }
‘ vl = £(t) xl L ’ A§—7a )
ﬁ Vy = -1/2 €(¢t) X, A5—7b,‘
g vy = =1/2 é(t) x, AS-7c
; . .
i . .
E ) . ' N
F?r the case under consideration, the extensional strain rate
) is: ¥ . ‘
& € #
: '
| £(t) = 0 for t<0 A5-8a
E(t) = £(t) for t20 : A5-8b
“Using equations A5-7 and AS-4 :and the initial condition that
f 'x] =x; at t' =t, the following expressions are obtained for.
| ‘ 0 € t'-< bt
S oL, )
S t } )
3 7%, = x) exp e(t") 4at" ) A5-9a
\ t
; x, = x4 exp | -1/2 [ &(t" aer| A5-9b.
5 K !
' t
X, = X} exp { -1/2 Ié(t") dt"kl A5~-9c¢
3 3 24
i ’ i . ) i
L - The length of the hypothetical unswollen element z can be
, introduced into the above equations using the definition of
| _ : the extensional strain rate:
SR _ 1 dz dilnz S
b s e(t) = - dE i TaE A5-10

vty -

R v U,

T

At e e e =
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&

Integrating the above egquation we obtain:

e

-z (t) t . ’
In —— = [ &(t")at" =gt ' <0 . A5:11
z(0) 0 '
v z(t) t S et ) ’
: In —=— = [&(t")de™ " Ost’< A5.12
Z(t') t' o - - N
where z(t), - z(0), z(t') denote the values of z at present
time t, at t=0, and some past time ¢t' respectively.

Substitution of equation A5-12 into equations A5-9 gives:

Y

x1'= xq z(t)/z(t") A5-13a
xy =%y (z(t')/z(t)) /2 0 ct'<t A5-13b
X3 = xj (z(t:')/z(t:))l/2 A5-13c¢

For times =~ @ <t!< 0 equations A5-13 can be evaluated

at t'=0 using the continuity of the displacement functions.
The following relations are obtained:

s

'xl= x] z(t)/z(0) A5-l4a
. xp= xy (2(0)/z2(e) /2 - egtict A5-14b
X 3= x) (z."(O)/z(t:))l/2 A5-l4c

&

Using the displacement functions the diagonal elements of the
inverse of thé deformation gradient tensor can be obtained

¢ from equation A5-6. Since all - other terms except the
!
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%\
, -1 -1.7T . ,
diagonal terms are zero, F = (F ) . For 0 t'< t:
-lT -1
(Ell) 11..axl/ax =z(t)/z(t") A5-15a

§

Lie” -1,7 -1
(F22) 7= (E33) = Ep)

= 9x,/0x} = (z(t")/z(t))1/2 as-15b

and the finger strain tensor is obtained from equation AS5-5.

AS5-16a

-1 2
Hll (z(t) /z(t'))

Bls 57ls (z(t)/z(8)) -1 " A5-16b
B)2= Hiyj , |

o

%

, Using a similar procedure, the finger strain tensor for

-0 < t'< 0 is:

-1_ 2
H = (2(t)/2(0))2~ 1

E1=Hi= (2(0)/z(t)

A5-17a

) =1 ’ A5-17b

Combining equations A5-16, A5-17 and AS5-1 the final equation

is obtained as:

>

‘-t/k

~ . P -

o e N LI

-y

2
ok, 2 () _ 2(9),
\ - . t
S G -(t-t') K
- S'(ZXEE e / )(z(t ) . z 2 (e)” )dt' A5-18
- ; ok z(t) z (t')
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APPENDIX A6

Computer Program {(in Basic) Used to Solve the Model

Eguations
2 OPEN 2.4.2
2 OPEN 3.4.1
4 OPEN 4.4.2 ‘ ’

S OPEN 5.4,1

1@
11
12

- 13

1%
ie

18
26

24-

29
26
28
30
31
35
a7
38
49
41
42
43
45
46
1%
59
60
71
75
76

.77

8@
8z
84
85
86
87
90
9
92
93
94
95

DIM 2<€180.22(16),EC102,F(Sr. H(S)

DIM GC18Y.Q(18).PITCS, 4> . P2T(5. 4

REIq I'l.llll...llllllll.l..lllll‘.ll-lll.lll'll
REM-DATAH INPUT RELAXATION SPECTRUM

FOR M=1 TO 3
RERD GCM>

NEXT

DATA 16956.6337, 1426

PRINT#S, "RELAXATION SPECTRUM"

FOR MM=1 T0O 3

READ GICMMY (PRINTHS, QCMMD . G(MMD

NEXT

DATA B8.316,3.16,31.€ : .
RErql.l.lll.' llllllllllllllll ® & 4% % 28 s 0 anae 0...
RO=,793:56R=9.81

REM coieennvencinnns consensevieisnsasnvaennas .
REM CONSTANTS OF EQUATION &.3. 11A
BI=1.7372:B@=1.3351:L1=06.86

REM tuveinenneniennnccenaranasarnnnans cesusauna
REM oeeqsnnsncccssonsossonnancnasnansnansna veus
REM CUNqTHHTo OF EQUATION b5.3.11E
TBI=1.9223:TeB=1.42708: Ld‘”lb" gJ

REH ® @ 9 2 S aaw S ® 9 PREe P B IS NS N g s/oaa s AR a2 EE ¢ AR »
YE=1@: TE=17 :
DT=3.4:DELT=.2
BM=TE.”DT

PRINT#1 :PRINT#1 :PRINT#]
YD=36#YB/ (7%6@

REM ..Illl..l..lllllll.'.l.l.llll.l..l.lll..Il

REM INITIAL VYALUE OF Z¢I

FOrR JJ=1 TO BN

ZZ(JTy=DEDT : 2 JJr=301

NEXT

REM -.....'..'.- llllllllllll .
2¢10=22(1) : .
IDT=DT/2

IB=BI~(BI-B@)#EXP(-IDTAL1)

IC=TBI-(TBI-T@B)¥EXP (~IDT/L2>
FOR KK=1 TO BN -

FOR KY¥Y=1 TO 3
PI1TC(KK,KY>»=0.8:P2T(KK,KY¥>=8.0 o
NEXT : NEXT

-

Y

O o e A A
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168 FOR TT=1.2 TO 200 STEP 9.2
181 T=TT~1

185 IF T>TE GOTO 14@

116 AN=T/DT : BAN=INT (AN : HN=AM-BAN
115 IF (HN<CB.0801> THEM 122

126 N=INTCAND .
121. GOTO125

122" NN=AN-1 : H=INT (NN}

125 LEXT=VD#*(T-N¥DT>/(IB¥IC>
136 SO=LEXT

131 IF N=@ GOTO 25@

135 GO TO 156

148 N=TE/DT

145 S©=0.0

156 FOR I=1 TO N

155 IT=T-I%DT - ~

160 TS=IT+DT/2

165 IF I=1 GOTO 226

1?2 REM LI B IR BN BN BE BN BN BN B AN LR B BN BN BN AR BN NN BN N N N AN B B BN BN BN BF BN SN BN O BE BN BN B
T

173 REM SOLVING EQUATION 6.3.21
174 AT=0.8:FT=0.8:HT=0.8

176 FOR ¥=1 T0 3

178 A=EXP(-IT/QCY> >

180 AT=AT+(AXG(Y)>

182 FCID=2(I)

184 FA=(DELT/2. 0)¥(ZZ(I>¥A+F (I >+DELTHPITCILY)

186 FB=(G(Y>/QCY) >¥FA
188 FT=FT+FB
198 HCIN=(1.0/¢2CI012))

192 HA=(DELT/2.80%(A/(ZZCII12+HCID 3+DELTHE2T (1. YD

194 HB=(G{Y)/Q(Y) D ¥HA
'196 HT=HT+HEB
280 MEXT

201 TAU=ATHC(ZCIDAZZ(ID 2 1222 0 /2CI 0 -FTA2(1 )+ (213120 #HT

202 REM ...iuiviinnansa cesesesismsecssavenuuunu N

203 ZC(I)=TAU/(ROFGR¥(I-11%1@>

264REM & & 2 0 4 RS 38 S S B2 R SR AARS R SRR BN SSE VSRS ¥TANENSES

285 REM CONVERGING 2(I>
288 GOSUE 1608

218 Z<I>=X

212 IF(NC=2> THEM 174
213REM ¢ B 8 8 S 08 & 8N F BN VR O R O8N NAME
228 GOSUB S@0@ ° |

%

223 REM vevvevonarunansaannnnanans

224 REM AREA SWELL
225 SW=55%S6 s ﬂ
226 PRINTHS, "SW", 8W,"Z". Z(1)

22?REM llll'lllll'.lll..llll.l;ﬂllllllillllll.--

230 W=Z(I1)/SH
248 59=50+l

. 241 FOR K=1 TO 3

¥

h N
* 8 &0 s P AU RANESR S,

L

242 P1T(1.K)=EXP(-@.2/QCK) >*¥(PITCIL,K)+F (I D)
243 P2T(1.K)=EXP(-8.2/QCK) Y¥(P2T( I, KI+H(I > > :NEXT

245 NEXT
250 PRINT#S, TT, 50
251 $9=0.0:NEXT
300 STOP: END
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498 REM S sss s sasunaE s EEs P ERINRS B e B srT R RNEBI NN RS NI NS
499 REM SUBRUUTINE TO CALCULATE PURE SWELL CONTRIBUTION
5606 S5=BI~-(BI-BO)¥EXP(-TS/L1>

505 S6=TBI-(TBI-T@BX>¥EXP(-TS/L2)>

510 RETURN ‘

511 REM I e senamsnsssew
999 REM % RS S A PEASEBENAER B ANABENSRNNRNGSIERINANNNIAS BREET
999 REM SUBROUTINE FOR WEGSTEIN’S METHOD OF CONVERGENCE
1800 IF(RBS{((X-XC)/(X+XC>>><B.801 GOTO 1860

1885 IF(NC({=1> GOTO 1835

1010 XT=C(XAC1 ¥XC-YAC1 YK/ (KAC1)~-X+XC~YA(10>

1012 PRINT"XA.,YR",XA(1), YA

16013 PRINT"X, XC", X, XC

1915 XA(1)=X ’

1028 YAC15=XC

1825 X=XT

1026 PRINT "XT".XT

1836 GOTO 1670 J

1835 XAC1)=X ;

1840 YA(1)=XC

1843 X=XC

1656 NC=2

1855 GOTO 1670

1868 ¥X=XC

1865 NC=1

1678 RETURN

18?1 REM .ll-..:.ll..lll..lll.l.l.'l'lll'.l...lll.l.."

1
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