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ABSTRACT

Extruﬁdate swell is an important phenomenon e/xhib/ited by
most polymer melts. As a material property, it could be of
significant theoretical value in understanding the rheological
behaviour of these melts. Fl;rthemore,, extr‘udate swell is an
important factor in the design and operation!’ of plastics pro-
cessing equipment. Var.ious techniques for the measurement of
extrudate swell are review‘ed and discussed. }
( An apparatus has. been degigned and constructed to measure
the extrudate swell of polymer melts, with the aid of a ther:
mostating chamber \and a pha\toé'xode array. Both digdital and
analog outputs may be robt‘ained,ﬁ and the digital output may be
analy'zed directly with the help of a microcomputer.

‘ The apparatus has been used to measure the extrudate
swell behaviour of five wire coating low density polyethylene
resins at different shear rates. Also the extrudate swelkl of
a short gl’ss-fiber filled polypropylel:ne melt and of a t’:hermo-

tropic liqliid crystal polymer resin'has been evaluated.
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fondus. Comme propri&t& du matériel, il peut avoir une eur

l

théorique significative dans la compréhension du comportement

de ces liquides. De plus, le gonflement du jonc joue un r8le
important dans la conception et le fonctionnement des procé&dé&s
de mise en forme des polyméres. Plusieurs technidues pour la
mesure du gonflement du jonc sont pré&sent&es et discut&es.

Un apparei(l a 8t& congu et construit pour mesurer le
éonflement du jonc des polym&res fondus, 3 l'aide d'un tﬂoain‘
isotherme et d'une rangf&e de diodes photodSlectriques. Des
donn8es digitales et analogues peuvent 8&tre obtenues, les
données digitales pouvant @&tre directement analys&es ﬁar
micro—-ordinateur.

L'appareil a &t& utilis®& pour mesurer le comportment, a
diffsrents taux de cisaillement, du gonflement du jonc de cing
résines “ae‘,polyéthyléne basse densité‘, utilisées princip?le-
ment pour 1l'isclation des cables. - Finalement, 1'&valuation du
gonflement du jonc d'un polypropyléne fondu, renforcd de
courtes fibres de verre, ainsi que d'un polym&re thermotro-

r

pique de cristaux liquides a &té& faite.
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7L . ‘ CHAPTER 1 Ry

INTRODUCTION

® Rheological properties of molten polymers are of practi-
cal interest to those sectors of the plastics industry in
which matqria%g are processed in the molten state. This in-
cludes resin manufacturers and compounders, machinery manufac-
turers, and plastics processors. The uses to which rheologi-
cal data are put include the evaluation of experimental res-
ins, the sglection of a resin for a particular process, gqual-
ity and process control, screeniﬁg of experiméntal resins, and
process modeiing.

Polymer melts wusually exhibit viscoelastic behaviour;
therefore, it is imporfant to evalugte both the viseous and
the elastic aspects of polymer melt flow and their effects in
Qolymer processing systems. Viscous properties have been
studied, characterized and specified for many years by flow
tests such as melt index and viscosity vs. shear rate curves,
Generally, elastic properties have received less attention;
although it 1is well recognized now that elastic properties

play an important role.
L

The elastic pature of polymer melts is manifested ia ex-

trusion processes by the phenomenon of extrudate swell, in

which the extrudate cross-section is greater than that of the



i

die opening. Extrudate swell depends upon fundamental proper-
ties of the polymer, such as the molecular‘weighﬁ and its dis~
tribution, and on the flow conditions, such as the shear rate,
shear stress, L/D ratio and mélt' temperature., The effect
plays a significant role in important maézfacturing techniques
such as extrusion, injection molding and fiber spinning, and
-is, therefore, an extremely important engineering problem.
Although numerous studies on extrudate swell exist, the
models proposed do not préviae a clear picture as to the rela-
tive'importance of the various rheological parameters. There

is still disagreement regarding the molecular structure ef-
P

e
fects for many polymers. The conb{iiii;ons of molecular,

e

rheological and geometrical effects to extr dagzuswell are not
well. understood, and the field still.lacks a comprehensive
theory. At the present time, one cafi conclude only that a
properly executed extrudate swell experiment yields an empiri-
cally defined material function that may be of use in classi-
fying and comparing materials in specific applications.

Since the unconstrained zecoil of(the extrudate depends
on the time allowed for recovery and other phenomena, like
sagging of the excrudite under its own weight and its possible
cooling, the technique and conditions involved in the deter-
mination of extrudate swell limit the reliability and scope of
the experimental results. To a great extent, this explains

the wide discrepancy among the results obtained by different

¢
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researchers concerning the effect of different factors on ex-
trudate swell.

‘A surve; of the existing techniques shows that two meth-
ods are mainly employed to measure capillary swell of polymer
melts. In the first method, the polymer melt is extruded
directly into air or fnto a hot oven, after which the Aaterial
is allowed to solidify by cooling and the diameter oﬁ the
solid extrudate is measured. A variation of this method is to
anneal the extrudate, before measurement of the réiaxed diam-
eter with a micrometer. In the second method, the melt is
extruded into an oil filled thermostating chamber, where the
swelling is usually followed by means of a photographic tech-
nique. ’ Although the second method eliminates many of the
inadequacies of the first, it still has many limitations. A
detailed account of existing capillary swell mea}urement tech-
niques ié provided in Chapter 2 og‘this thesis,

In order to obtain a better understénding of the extru-
date swell phenomenorn, there is need for a dependable, non=

contact, automated measurement technique that would vyield

-accurate information regarding extrudate swell and its depen-

dence on design and process conditions. The study of extru-
date swell would be facilitaﬁed significantly by automatically
and continuously processing and analyzing the data. ‘

The main‘objective of the present study is to develop an

automatic apparatus to measure capillary extrudate swell of

s
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polymer melts.  The specific objectives of the work described

in this thesis are outlined below: \ ' o

Vo

(1)

(2)

(3)

(4)

1

- a

To. design and construct a thermostating chamber gg
provide conditions under which the swelling @ou%d
occur at a constant temperature, close-to the éxtru-
gion temperature, and in the dbsence; of gravita-
tiénal $agging and ;nterfacial effects.

To design and construct a diameter detection system
to provide a precise non-contact measurement of
extrudate swell of polymer melts. An analog output
frém the system would drive a chart recorder :nd
digital output would be passed to a microcomputer.
To interface the diameter detection system io the
microcomputer and to deﬁeléb the necgssa¥} software

to process the data.

To test the developed apparatus and to work out a

‘reliable experimental procedure to measure the

swell. This would include an evaluatioh_of the mea-~

surement error as well as definition of the limita-

tions and constraints of the developed apparatus.

"In order to test the developed adparatus and to obtiin

representative measurements, the following investigations have

v

»

been carried 'out:

AN

(1)

The extrudate swell behaviour of five wire coating
low density polyethyléne (LDPE) resins was studied

at different shear rates. The rheological charac-
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teristics of these resins were studied earlier by

. Vo .
Al-Bastaki (1). His results regarding extrudate

-

~swell are compared with data obtained using the new

(2)

(3)"

apparatus. '

The extrudatg sw;ll of a short glass-fiber—filled\
polypropylene’melt was also investigated.

The extrudate swell behaviour of a thermotropic
liquid crystal polymer (LCP) resin was also evalu-

ated..
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* CHAPTER 2

. : TECHNICAL BACKGROUND

2.1 Extrudate Swell

2.1.1 Capillary Extrudate Swell -

“

At the exit of a'capillary, slit or die of any shape, an !

emerging stream of polymeric liquid normally undergoes a sig-
nificant change in cross-sectional area from that of the chan-

nel in which it has been flowing. Several terms are used to

Y

describe this phenomenon, such as "die swell", "jet swell",

-

"extrudate exparnision" and "post-extrusion swell”. In. recent
years, however, the term "extrudate swell” has\ become the
accepteé nomenclature. If the channel is noncircular, tpen
the extrudate also undergoes a change of shape. Attention in
this étudy will be restricted to the cas; of exirusion from a
capillary die and, therefore, to the problem of capillary
extrudate swell. In this case, the extrudate’swell ratio (B)

is defined as the ratio of the diameter of the extrudate, D,

to that of the die, D_: - A X . ‘

B = D,/D, o C(2.1)

¢ i

Extrudate swell can occur even in the case of Newtonian lig-

.uids at low Reynolds numbers (2), but the effects are more

~

)

=
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pronounced in the case of viscoelastic liquids. Polymeric

<. . - .
melts exhibit viscoelasticity and fading memory. Thus, they

~are characterized by the ability to snap back, when the exter-

nal deforming forces are removed. Polymeric melts exhibit’

exhibited by Newtonian fluids, but swell to 2-4 times the die

diameter at high shear rates (3).

From a structural point of view, it is believed that

extrudate swell occurs as a result of disorientation of‘the

:molecules that have been oriented within the capillary by the

shear and/or elongational flow fields. From the rheological
point of view, on the other hand, it is believed that extru-
date swell occurs as a result of the recovery of the elastic

deformation -imposed in the die.  The swelling of viscoelastic

s ¥

fluids is connected to a sudden recovery of stored elastic

¢

energy and a subseguent continuation of relaxation at a slower
rate. l

Extrudate swell is a very complex phenomenon, which de-
pends upon fundamental properties of Ehe polyher such as the
moleculgr weighi, molécular Lweight distribution and chaip
branching, as well as on the flow condi;ions such as the shear
rate, shear stress, geometry and dimensions of the die (L/D
ratio) and melt temperature. .It also depends on the elapsed

1

time'agter exiting- the die.

3

,approximately the same De/Dc values at low shear rates as
* .

o

\



2.1.2 The Origin of Extrudate Swell

" Extrudate syell ‘is not limited to vf&coelastic fluids.
It is established now that Newtonian jets swell by about 13%
at very low Reynolds numbers (2). This is apparently due to
streamline adjustments, as the liquid emerges from an opening
into air and acquires a free surface (3). The swelling o%
viscoelastic fluids is connected to a sudden recovery‘ of
"stored elastic energy and subsequent stress relaxation. Dif-"~
ferent extrudate swell mechaniéms,/whgch have been proposed,
will be preserrted in this section.

According to Chapoy et al. (4), two aspects dominate the
efforts to elucidate the mechanism which is responsible for
prdducind the swell. The first considers the swell to result.
only from the partial récovery of tensile strains imposed at
the die entrance, which relax during die passage. Thé dissi-
pation. of these strains, du;ing the period of travel through
the capillary, can be'esp%yated by using a Maxwell model with
one or more relaxation tiﬁes.' This aspect is nc doubt impor-
tant for short dies (small length to diameter ratio), which

¢ \
may often be the case for commercial processing equipment, or
-for materials having long rélaxation times.

The second aspect considers the swell to result only from

recoverable elq§tic shear strains imposed during die passage.

The swell can be related to the recoverable elastic strain via

I3

HooK's law, using Je’ the equilibrium elastic compliance and.

the steady state shear stress, 912° Th%s aspect pre—supposes
\ v v . -



steady state conditions: (a) entrance strains have xelaxed
during capillary passage, and (b) flow 1is fully developed,
with respect. to both shear and normal stresses. For a giv?n
shear rate, this aspect is clearly independent of the resi-
dence time in the capillary. ]

Maxwell and Nguyen (5) and others (6-9) emphasized that
elésticity of the melt is the cause of the extrudate swell.
As the melt‘passes through the die, it is sheared according to
~the velocity gradient ackoss the diameter of the\die. In the
region of high velocity'gradient, this shearing orients molec-
ular segments in the direction of the flow. The molecules are
thus fdrced into a higher energy state and a less probable
configuration. As the extrudate leaves the die, the shearing
stress disappears and the molecules are free to return to
their preferred, random-coiled configuration -~ the lower
energy state. A unit volume of oriented melt inside the die
wiil become shortér in length and greater in width, when the
shear stress is removed as the melt exits the die, thus pro-
ducing the extrudate swell. The rate and, amount ;f swell will
be dépendent on the elastic recovery from the sheared configu-
ration to the random-coiled configuration. The amount of
recoiling determines the amount of extrudate swell, and the
rate of recoiling determines the rate of extrudate swell.

Leblanc (9) supported the suggestion that extrud#¥te swell

results from disorientation of macromolecules previously

aligned within the die. The observation that extrudate swell



increases with weight average molecular weight and polydisper-
sity supports this hypothesis, since the orientation along
flow lines increases with macromolecular chain size.

Cotten (&0, 11) used a laser‘beam to follow the swelling
of a filled rubber extrudate. He, found that almost half of
the ultimate swelling occurred in less than 0.2 seconds, and
this was followed by a much slower relaxation, which took 4-=5
minutes to reach approximately 95% of the ultimate swell., He
suggested that two distinct relaxation mechanisms contribute
to the observable swell of thé ext?udate, and both of these
originate from the deformation imposed in the extensional flow
region at the die entrance. The initial, very fast recovery
represents solid-like elastic recoil of the qgquasi-network.
The much slow?f relaxation that follows could be the result of
disorientation of molecular chains that were aligned in the
direction of flow. An increase in die length reduces the mag-
nitude of the very fast (instantaneous) swell.<'Cotten attrib-
uted this to the relaxation of the quasi-network, possibly due
to slippage of chain entanglements. However, an incrgase in
die length has almost no effect on the magnitude of the subse-
quent slow swell (relaxation) region. This interpretation is
at variance with t?é more common view relating die swell (at
least partially) ég the normal forces generated by the shear
flow within thewéagillary. ©

Vlachopoulos (3), in an extensive review of extrudate

swell, suggested four combined mechanisms to be responsible
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for extrudate swell: Newtonian swell, sudden elastic rec&v-
ery, stress relaxation and inelastic recover}. Whilé the
first three mechanisms are widely accepted -among researchers,
the inelastic recobery theory was ?proposed only recently by

Tanner (12), who assumed that swell is due to:.an increase in

- the resistance to deformation of elongated filaments near tpe

extrudate surface. He considered the extrudate as consisting

Xf two layers: an outer layer of thiclgness equal to 0,05~0.17

.. diameters, which is in tension, ‘and an inner layer which is in

compression. - '

<

{
/
2.2 Factors Affecting Extrudate Swell:

Extrudate swell is a ‘complex phenomenon which is affected
by many factors. Among others, it depends on the.wall shear

rate or shear stress in the die, the die geometry, the extru-~

. . -
sion temperature and the elapsed time after exiting the die.

It also depends on the molecular structure of the polymer and

[

on the filler content in the melt. The effects of these fac-—

-

tors are discussed in this section.

El

2.2.1 Shear Rate and Shear Stress

One would expect extrudate swé;l to: increase with shear
rate, since, as suggested above, dwell is largély the manifes-
tation of the recovery by the matez:.ial of strfains imposed dur-
ing extrusion. 1Indeed this has been ’obse‘rved (6, 9, 13-19)

with both thermoplastics and rubber compounds. )

-~

4,



2.2.2 Temperature \ ' ’ .

There is no general agréeme‘nt in the literatur:/e regarding
‘the dependency of extru@ate .swell on the capillary _(or extru-
sion) temperature. A number of studies (15, 20-23)_ have found
that -extrudate swell decreases with temperature ir;crease, if
plotted as a function of shear rate. However, some of these
s}:udies (15, 2i, 22) have found that plotting extrudate swell
against shear stress (wall shear stress i{\ the die, o, = -
DAP}H.) eliminates, the temperature aependenlc:e-. . According to
Graessley et al. (15), the collapse of data at different t:e;n—o
peratures to a single curve suggests that extrudate swell -is
primarily a function' of sh_éar stress. ’ -

On the othex" hand, it was reﬁported that extrudate swell
increased with temperature at constant shear stress for poly-
pro‘pyleune-polyethylex}e blends (24) and for pPVC (25;. In the
case of PVC, this anomalous behaviour was interpreted by the

melting of partigulate structures of the-polymer in the inves-

.

tigated temperature“range.

leblanc (9) suggested that, at constant extrusion rate,
the swell should decrease as temperature rises, since, at
.constant shear rate, the visvcosity decéeases with increasing
temperature, and, consequently, the elaét{.c strain related to
flow resistance within the die also decreases. " In addi:tion,
the rela:;ation rate of viscpelastic materials increases with

tempe'rai:ure and, therefore, a ]}.arge percentage of the elastic

. b

o
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strains will decay within the die itself as temperature in-

Creases.

~

“ .

[

’

2,2.3 Length to Diameter (L/D) Ratio

It is well—known (3, 8, 14, 20, 23) that the swelling

ratio decreases as L/D increases, approaching a constant level

at large values of L/D. Polyéthylen‘e usually requires 1ongi

capillaries (L/D” » 20) to reach the asymptotic swelling ratio
(21,. 14), while polystyrenes. exhibit a relatively constant
ratio at L/D » 12. an extensive‘review of the effect of L/D
on extrudate swell is available.{13).

The dependence of sweil ratio on L/D méy\be explained \by
considering that the elastic strain at the entrance oé the die
is larger than the-equilibri&m strain associated with flow
within the ‘die. Depending on the iength ‘of' the die, the ex-
tent of molecular relaxation determines the value of di.e swell
at the exit. 1If the die is sufficiéntly long, only a steac‘ly.
equilibrium \;alue remains. This constant value 1is a materi.;l
characteristic, depending only upon the shear rate and the
'tempe rature. .

]

2.2.4 Filler Effect

~

Because of the technological and commercial importance of .
fillers, many studies exist regarding the effe;:ts of fillers

on viscoelastic properties, including extrudate swell (8, 11,

© 26-30). Fillers used commonly are carbon black, glass beads,

’

ca’ m carbonate, calcium silicate, titanium oxide, etc.
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(26). It is now well-established that the addition of fillers .
reduces the -amount of extrudate swell (11, 26, 29). As the

-

filler concentration increases, the swelling ratio decreases.

2.2.5 Molecular Structure

' Extrudate swell s 2ip£+uenced by molecular structure
parameters such as molecular weight (MW), molecular \“veigh\t
dis‘tribution (MWD), and the frequency of long chain branching
(LCB). For éolystyrene, most authors ;gree (15; 16, él) that
extrudate swell increases with weight average molecular weight
.(Mw) and polydispersity. For high density polyethylene, the
same trend has been obgerved (31), although Me;ndelson and
Finger (33) and Shroff and shida (32) have reported the con-

verse., Rheological studies with low density pol};ethylgnes
’ [

have shown that, among other fact:ors, the frequency of LCB is

. ]
of great importance. While Mendelson and Finger (34) have

. reported that extrudate swell decreases as LCB increases, most

" recent investigations (35, 36) suggest that the opposite is

true, t:h'at; is, extrudate syell increases, for the same condi-
tions, as LCB increases.

While the true molecular origin of elastie properties of
polymer melts is not yet clearly understood, tit: is generally
accep-ted that higher molecular weights are associated with
Higher levels of stored ela;stic energy at a given shear rate.
Consequently, it is reasonable to expect that extrudate swell

will increase as the molecular weight is increased.
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2.3 Methods of Preé]icting Extrudate Swell

2.3.1 Models Based on the Theory of Rubber Elasticii:y

Several theories, based on elastic s0lid analysis, have
been p'roposed in the literature to predict extrudate swell.
These theories generally incorporate the observation that

extrudate swell is related to the recoverable shear strain,

S_R . defined as: . .

g = 12%e . oo (2.2)

,where I is the steady state shear compliance and 12 is the

shear stress. Since this equation applies to‘ the region of
linear viscoelastic behaviour, it cannot be relied upon except
at low sheciar rates., However, it is often observeci that Equa-
tion (2.2) continues to fit experimental data, even at higher
shear rates (37). It has been shown (38) that §, can be cal-
culated from normal stress measurements in the limiting lo;v
shear rate region, where the viscosity is Newtonian and the

2

first normal stress difference, Nl' is proportional to ¥°.

For this particular case:

SR = !‘11/2112 . __ . (2.3)

The various relationships proposed to relate recoverable
’ .

shear strain and extrudate swell ratio, B, were reviewed by .
.

Vlachopoulos et _al. (3, 17), Utracki et _al. (39) and by
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Vinogradov et _al. (40). A summary of some of the important

i

relitionships is given in Table 2.1.

Utracki et al. (39) extrapolated the experimental first

_normal stress difference versus shear rate data to higher

shear rates and thué determined the recc;{rerable shear strain

values on the basis of Egquation (2.3). Comparison of the

experimental extrudate swell values to those predicted by the

various relationships revealed that the experimental results

' agreed best with the relationship proposed by Tanner (Equation

~

(2/)13))' .
In order to account for Newtonian swell, Equation (2.13)
is often rearranged and the term 0.l is added. The following

14

equation is thus obtained:

B = (1 +s2)Y8 4 00 ' - (2.14)
4

The theories qiscusseg above neglect velocity and stress
field rearrangeﬁnents at the die exit. The work carried out by
Whipple and Hill (48) showed that pronounced non-linearities
in the velocity profile can exist at the die exit and that
what happens experimentally is grossly different from what is

assumed to occur in elastic~like fluid theories.
In general, experimental studies indicate that the pro-~-

posed relatior{ships between extrudate sgswell and recoverable

shear strain are useful to some extent, However, they suffer

from limitations associated with some of the assumptions em-~

a

B



TABLE 2,1
¥ Proposed Rela'tionahips Between Capiilary Extru;:late ?
Swell lnfl Recoverable Shear Sktrain _—
Rgf;rence ; Proposed Relati'onshipt
Spencer and DMllon (41) . Sg = gl - g2 (2.4)
Nakajima and Shida (42) g ~ B4 -84 T (2.5)
Bagley and Duffey (6) st - B _ w2 éz.s)
’ LA
Bagley and lufey (6) st = B+ 2872 - 3 (2.7)
Vlachopoulos et al. (16) i S: - J(Bl‘ + 2872 - 3) (2 ;
Mendelson et al. (43) . s? = 68%inB (2.9)
Rigbi (44) , 8§, = 4(B - 1) o (2.10)
Spencer (45) o s, = (B ~,1)/0.1555 | o aw
Cogavell (46) B2 = (25,/3)(1 + S;H)¥2 - 572 (2,12)
N 5‘ .
Tanner (47) s2 = 285 ~ 1) | . (2.13)

i
* Sw {8 the recover'al?le shear strain at the wall, 1.e. Sw - Je'lz,w‘

-,
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_pioyed. One problem that is associated with these theories is
that recovery (swell) is assumed to be instantaneous, whereas,
in reality, recovery isutime-dependent, and only some part of
it takes place instantaneogsly. Another problem is that these

relationships are generally derived based on the assumption pf

linear\ viscoelasticity, although the practical applications

\

<
are always outside this range. An additional complication

arises@in connection with the attempt to relate analytically

"yiscometric material functions to non-viscometric flow (37).

BEven if the proposed relationships were assumed to hold, their
utility would still be limited, due to the unavailability of
direct experimental technigques to/ measure the first normal
stress difference values' in the high shear rate range e;lcoun-

tered in actual processes.

2.3.2 Models Based on Numerical Methods

As mentioned earlier, even WNewtonian fluids exhibit ex-
trudate swell. The value of capillary extrudate swell for

Newtonian fluids varies from .1.13 at low shear rates to 0.87

at high shear rates (2;. Polymer melts exhibit the same low

f
shear rate swell value in the Newtonian plateau region (49)¢

Theories on extrudate swell based on elastic solid analysis
cannot explain this behaviour. 1In recent years, studies were
carried out to predict qxtrudate swell of Newtonian and vis;o—
elastic fluids by employing the finite element methods to

N

solve the relevant transport equations.

~a
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Tanner (50) and Nickell et al. (51) used a finite element
\\
program to solve the dynamic and continuity eguations for a
, .

Newtonian fluid in the neighborhood of the capillary exit.
They determined pt-\e shape of the emerging free surface by
applying the boundary conditions specifying that the normal
stress, the shear stress and the normal veloltrey _are zero at
the surface. They predicted a swell ratio of .1.13,‘ in agree—‘
ment with experimental observations. Finite element and fi;'
ni}:e difference analyses of Negtonian swell were also made by
Allan (52) and by Ryan and Dutta (53).

AThe swell value of 0.87, valid at high Reynolds numbers,
can be predicted by using a simple combination of mass .and
momentum balances (2). Thus, the Newtonian flow problem is
well understood, and the theory 1is in good agreement with the
data at both low and high Reynolds numbers.

The numerical calculation of die swell for a viscoelastic
%

fluid has been considered more recently by several authors

» (54-62) . Only limited success has been achieved at the pre-

sent time, since the calculations extend over a very limited

~range of elastic forces. Several different die geometries

' were studied; capillary, .slit, straight annular, converging

5

and ;iiverging annular dies.
Crochet and Keunings (56-58) carried out their numerical
analysis for creeping flow of Newtonian, Power Law and Maxwell

fluids. Results could be obtained up to A?;' = 0.75, where A

is the relaxation .time and ?w i's the shear rate at the wall.
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experimental data was given.

AR
The dimensionless number, A-?w, is ‘known as: the Deborah Number
and it gives a measure of elasticity. In a subsequent" paper
by the same authors (59), the Oldroyd three-constant model was
used. This .model introduces a~retardation time and redu.ces to
the Maxwell fluid for viscometric flows. It was observed that
the addition of a retardation time has a considerable in;pacti
upon the qualitysof the finite element calculation of die
swell ;:nd that higher elasticity\(values of h-}w = 4) could be

accommodated. Capillary and slit die swell values were calcu-

lated and c~ompared with Tanner's (47) elastic solid theory

. predictions. Good agreement was obtained. Capillary extru-

date swell predictions were also in agreement with experimen-
tal data Feported by Racin an;i Bogue (21). -

Reddy and Tanner (60) studied the swelling of a sheet of
fluid modelled by the second order fluid equation. Finite

element computer methods were utilized. No “comparison with

¢

+

Cole-n’lanT (55) calculated slit die swell for a Maxwell
fluid- usﬁing a finite element method, differen{: from that used
by Crochet and Keunings (56-58). He was able to obtain con-
vergence up -to kiw = 1,25, which is higher than the maximum

—_—
value reached by the latter (56), using. the same constitutive
equation, Similar swell values were obtained  in these two
studies.

Recently, Mitsoulis (62) performe‘d extrudate swell calcu~

lations, using a finite element technique which involves an
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upwinding scheme., He was able to obtain convergence for
higher elasticity levels (x?w = 4.5), by employing an ‘erﬁpiri-
.cal constitutive equation.

The outstanding problem in the numerical simulation of

- viscoleastic flows con‘cerns the upper limit on the din'\ension;-
- /less elasticity parameter (Deborah Number), above whic’h the-

numerical algorithms fail to converge. The 1limit is rela-
o —tivel_y low, so low in fact that many of the importarit experi-

mental results fall outside the range of numerical simulation.:
In thg cagse of extrudate s»:eoll simulation, the presence of the
free surface makes the  problem even more complex. Detailed
reviews of numerical simulations of extr(xdate‘ swell were given
by Vl;achopoulev(Br and more receni:ly by Tanner (63),

All of the models dispUssed al:;ove assume 1isothermal con-
ditions. However, in the actual case, due to the generation
of heat by wviscous dissipation,’the viscosity of the melt 1is

reduced and the flow patterns are more complex than in' the

isothermal case.

¢ Al

- .Phouc' and Tanner (61) investigated the flow during.extru-
sion of a Newtonian fluid, with a temperature-dependent vis-
cosity. A finite element method was used, and it was founbd,
that extrudate expansion up to 70% of the die diameter wés;
obtained due to temperaturé effects.

.In summary, it can be concluded that no satisfactory

theory "has been developed so far which can predict swell from



basic rheological properties, especially at high shear rates

or Deborah Numbers. 4

2.4 Capillary Extrudate Swell Measuyrement Technigues

-

The developmeent of dependable relationships between ex-

trudate swell, B, and SR has been hampered by ina¢curacies in

the experimental techniques employed to measure the parameter
B. Since the unconstrained recoil of the extrudate is dep&n-
dent on the time allowed for recovery and other phenomena,
iike sagging of ~the,extrudate under its own we,ight and 1its
pos§ible cooling, the technique and conditions involved in the
determination of extrudate swell affected the reliabilit).( and
scope of the experimental results. Thus, it is not surprising
that a survey of the existing techniques for determining the
extziuaate swell of polymer melts indicates that‘ there are many
discrepancies among the experimental data reported. The prin-
cipal experiméntal m"et-:hods for measurement of capilléry :?well
are described below,

One of the’ ’;:ommonly employed techniques is to cool the
extrudate, in cold water or ambient air, after erﬂesging from

the capillary and to measure the diameter of the solidified

extrudate employing a micrometer }16-—18). The diameter of the

‘extruglate is approximat;ely dgtf:ained by means of a density

correction which is< based on the assumption of isotropic

N

shrinkage., Y
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D = Ds(ps/pe) (2.15)

r

where D and p are the diameter and the density of the extru-
date, respectively. Subscripts e and s refer to the extrudate
melt in the die and the solidified extrudate, respectively.
However, in r;any cases, t;le complete recovery of the extrudate
requires a substantial amount of time (in the order of min-
utes). Therefore, it 1is possible that the extrudate solidi-
fies £aster“than the elastic stresses can relax, thus "freez-
ing" the stresses into the solidified strand. As a result,
the extrudate does not achieve its equilibrium degree of ex-
pansion. Furthermore, interfacial effects in water cooling
and gravitational sagging in air cooling could affect the
extrudate diameter. It is important that the density correc-
tion shf)uld be applied cautiously. This is particularly rele-
vant in the case of semi-crystalline polymers, where the solid

>

density is known to depend on crystallization kinetics. Thus,
A

it 1is evident that the extrudate swell obtained using this

method is susceptible to signiffcant errors.

A number of techniques lkave been developed to allow the
extrudate to recover compfetely by annealing in an oven for a

long duration of time at|l a temperature lower than the extru-

sion temperature (15, 19, 42). Han (13) and Racin and Bogue

{21) extruded the polymer directly into an oven kept at the

extrusion temperature and took phgtographs of the extrudate to

determine the swell. Although Racin and Bogue found sag to be

~

o

Ly
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an unimportant source of error in their studies, iy is gener-~

ally believed that gravitational sagging reduces gﬁé extrudate
-

diameter.

White and Roman (64) compared capillary swell values for

HDPE, obtained ﬁsing the following four different technigues:

(1)

(2)

(3)

(4)

The frozen extrudate diameter was measured ‘using a

micrometer.

Direot photographs of the extrudate were taken as it

emerged from the capillary.

The solidified extrudates were annealed in hot sili-

cone o0il at Eemperatures above the melting tempera-

ture until they reached constant diameter. The

extrudates were then removed and measured with a

micrometer.

The melt was extruded into a bath of silicone oil at

the same temperature as the extrusion temperature.

Photographs of the extrudate in the bath were taken
W

between 5-10 minutes after the extrudate ‘emerged

from the wapillary.

The above methods gave substantially different results.

The first two methods yield extrudates with frozen-in residual

s tresses,

, samples.

while the last two involve completely recovered

The third method does not remove the effect of sag

and tends to be associated with the flattening of the extru-

date on one side, due to the procedure used in annealing.

Swell was found to increase in the order of listing, i.e. the



 highest value was obtained with the fourth method. This con-
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lowest swell value was obtained with th$ frozen.extrudate and

clusion agrees with the results obtained by Han (13), which
indicate that swel;;i of frozen extrudates 1is significantly
lower than that obtained when the ex{:rudate was held at the
extrusion temper‘:ature for a period of time, in order to permit

complete relaxation.

A more elaborate procedure, which allows measurement of

swell as a function of time, over long periods in the absence

of sqag, is to extrude the polymer into a bath contéining a

relatively low viscosity oil at a temperature higher than the .

melting temperature of the polymer.  The density of the oil
should be equal to %r slightly lower than'that.of lthe meit‘.
This technique was developed by Utracki et‘al, (39), and it
was used extensively at McGill University (1, 65~68). They
extruded the melt into a series of oil-filled test tubes at a
sequence.of wall shear rates. | After waiting a sufficié’nt'

length of time for the ‘equilibrium swell to be attfained,

-

photographs of the diameter of the still molten extrudate

,samples were taken' through a side window in the thermostating

bath containing the tiest tubes. The melt diameter was then
deter;ninéd by comparison of the melt images to th‘at of a gtan-
dard. - SR

By taking a series of photos of a ‘single'eXtrudate at
different times, this technique has been used to study the
time dependency of swell (1, 65-68) . This ’technique 'r'e‘pre;—

W

»
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sents a distinct improvement in comparison with other tech-

niques. However, the procedures of téking photographs and’

’ A
subsequent ‘'development of films are cumbersome and time-con-

suming.

When extrudate swell measurement is conside;ed, thetrmo-
plastics and elastomers exhibit fundamentally different types
of behaviour. ' The. former, in the melt state within the die.
give extrudates ‘which solidify rapidly after leavipg'the die
and, theréfore, must be annealed at a suitable temperature to
allow for the equilibrium swelling value to be reached. Con-
sequently, all techniques developed for assessing the extru-

date swell of thermoplastics must involve some relaxation

period before the measurement. With elastomers., the glass

transition temperature,.Tg, is so low that macromolecular

motions still occur at room temperature, allowing the extru-
date to relax after leav1ng the die and to reach the equ111b-
rium Value of swelling thhln a reasonable time and w1thout
further annealing. Consequently, fast and automatic measuring
techniques ‘are easier to develop for the extrudate swell of

rubber. '

The weighing method (9), which is -the most commonly used

technique with elastomers and rubber compounds, consists of,

weighing a given extrudate ‘length and calculaéing the extru-

date swelling according to

B = [(w/Les )1/% - 1] x 100 (2.16)

-

-
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whe;e B is the swelling (in %), ‘L is the‘extrudate length (in
cm), ﬁ is its weight (in g), p is the density of the materia}
(in g/cm3) and Sofis thé die g?oss-sectional area (in cmz). A
standard procedure has been recommended in conjunction with
this method for the assessment of extrusion characteristics 6f ]
rubber, according to which it is recommended .to allow the
extrudate to relax for at least 30 minutes before cutting the
length L (9).

Pliskin (30) has described an 1nstrument that can be used
for the rapid measurement of extrudate swell. This device was
designed for in-plant- gquality control of elastomers and con-
sists of a piston-driven capiilary extruder tobether'with a
pair of photocells mounted to permit the precise measurement
of the time, t, required for‘the‘extrudate to travel a dis-

tance L. The velocity of the extrudate is- (L/t) and the swell

ratio is:

LIRS

172 1/2

(&) | - (2.16) -

’ P(1s) vt
L

- Vv
| D, _ [(L/t)] ,
: , - | ]

!

where V is the average velocity of flow in the die and TS is
the éemperature of the solldlfledlextrudate; A modlfication‘
of this devxce was descrlbed by Toklta (69).

When Pllskln s method is used for determining B,’ the'gime

is usually too short to allow the equilibrium swell to be

attained. \ ‘ . -
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Another device, which ma,kés ‘a direct determination of
swelling during extrusion, is the ‘Monsantod Automatic Die Swell
Detector (37, 70-72). The basic components of this device are
shown in Figure 2.1. A laser beam (25 microns in diameter) is
projected through a rotating prism, so that it passes across
the extrudate. A receiver senses th\e time during which the
sweeping beam is interrupted by the extrudate. A vertical
scanning mechanism can be used to determine the shape of the
extrudate and thus "the short-term time-dependency of the
sv'vell.’ According to the commercial specifications, extrudate
diameters between 0.25 and 5.0 mm can be measured, -and the
vertical scanning di{sta‘nce\is 308 mm. Cotten (11, 29) and"
Leblanc (73) used this technique to measure extrudate swell of
filled rubbers as ‘a function of time. From the available
description, the details of the measurement procedure are not
clear. Additional information could not be-obtained from the
mangfacturer. Cur exﬁérience, as (will be shown latgr in this
work, suggests that this technigue cannot be used with unpig-
mented molten polymers, where the 1light pagsses through the
central part of the extrudate; ‘

The C.W. Brabender (74) Die Swfell Tester was des;igned for
continuous on-line measurement of extrudate swell. The unit
employs an opto-electronic measuring system to continuously
provide contact freée measurement of the extrudate diameter.

Infra-red light is scattered as it impinges on the measured

object (the extrudate in this case), and, then, the intensity

o+



‘o )
M =
LLasER s COLLmATOR . .
/ CONBENINS LENS
S -
4s°FRST T agTaTmG SOUARE emisu / -
SURFACE
WRRON
/ s ”~ R CATAUSON
- 0EMe
- §£ D imis pETECTON
AR
L T 4 S > > ’lmsm’
é P_AY
SYSTEMS
STYNCROMZED
- ELEC TROMC
SCAMMER RECEIVER COMPENSATION
- .
S «. ELECTROMC
i ' YA ASSEMBLY
¥
'V
4

FIGURE 2.1. The Monsanto Automatic.Die Swell Detector
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is compared with the intensify of a reference beam. The diam-"

eter or the thickness of the object is calculated and display-

-ed using electronic circuitry. This device would be hard to

use in conjunction with a thermostating chamber. Therefore,
ig would be more applicable to the measurement of transient
swell in rubber.

Figure 2.2 shows the basic elements of a Digital Dimen-
sion Meter, developed by Zimmer Ohg and marketed by the
Optikon Corporation (75). This device can be used for on-line
honitoring/ofkthe coutside diameter of opague and transparent
tubes, rods and fibers. Collimated 1light, from a halogen
lamp, back-lights the measured object, projecting its image
onto a quantization plane, through .a magnifying lens. The
quantization plane, probably a photodiode array, is scanned
once every 1 mS and the number of obstructed photodiodes is
counted. This corresponds to the diameter of the measured
object. In the case of transparent objects, the array is
scanned from the outside towards the center. In this way, the
transparent zone in the middle is ignored. This device gives
an instantaneous digital readout and a corresponding analog
signal. The device does not have any faciiity for digital
storage of the data. No published data are available to\con-
firm thd suitability of this device for ext;udate swell mea-
surement.

A photodiode array and collimated light source constitute

the basic components of a measurement device developed~ by
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Metrelic Sarl” in France (76). It was successfully used by
Magnin (77) to measure the diameter of thin éibers {50-200
um) . Utilizing ;he diffraction phenomenon, he 'counéed the
fringes of the interference pattern to define the diameger. A
similar device has been used b§ dgassant (78) for extrudate
swell measurement. The extrudate was scanned vertically, just
below the tip of the die. The data were acquired on a chart
recorder. The measurements were ‘performed nonisotherm;lly.
This explains the fact that the prohlems associated with the
transparent melt, as will be shown later, were not encoun-
tered., Since the work h#s not been published yet, no details
‘can be given here.

& A

2.5 Diameter Detection Systems

For the accurate measurement of the diamefer of soft,
delicate, hot or moving objects, non-contacting sensors must
be used. Devices of this type include optical sensors, sonic
sensors and capacitive gauging sgﬁsors, which make use of the
dielectric properties of the object.

thical sensors have advantages emanating from the nature
of light itself. The principal advantages are:.

(a) They do not .require direct mechanical- contact be-

tween the sensor and the object to be measured.
1

(b) The response time is limited only‘by the photodetec~

tor and associated electronics (extremely fast).

~
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(c) Light variations are directly converted to electri-
A cal sigpéls. ' '
Among the many types of optical sensors, -solid state
image scanners are gaining popufarity, both for research and. *
- industrial gpplicatioﬁs. A brief discussion of the operating

characteristics of optical sensors will be presented 'in this

‘section. More detailed information can be found elsewhere

t

(79"'84) .

.

2.5.1 Scolid state Image Scanners

) The principle of operation of solid state image scanners
is based on the generation of a pattern of charge carriers in
silicon crystals, when these crystals are illuminated. These

silicon crystals are kﬁown as photodiodes.

2.5.1.1 Silicon as a Photodetector

Pure silicon, at a temperature of absolute zero, in dark-

ness, is an insulator, sPnce the electrons which form pari of

+ the atomic structure are segurely attached té'individual atoms
in the crystal. 'If energy is imparted to the—crystal, some
éiectrons enter - a state in which they are free to.move lhgough
the crystal as though it were a metal. The electrons leave
holes in the crystal lattice. These holes can also move
through the crystal and behave as positive chargeg. Heat
could result from these electronfhole pairs (dark current).

{ Also, light can be generated, if the protons are gsufficiently
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energetic, that is, if the wavelength is less than 1.1 um,
corresponding to the near infra-red ‘and visible regions of the
spectrum.. Thus, in order to measure the light intensity inci-
dent on the silicon, one measures the concentration of elec-
tron-hole pairs. This is most readily done- with an electric
field, by measuéing the current which pa;ses between the elec-
trodés forming the field. The photodiode is a structure giv;
ing an electric field localized within the surface of the

silicon crystal. .

. 2.5.1.2 Photodiode Arrays

Solid state photodiode array devices are available in two
basgsic designs: a self-scanned photodiode érray (SSPD);‘and a.
charge-coupled photodiode array (CCPD). Both devices are in-
tegraﬁed solid state structures comprising: (i) a linear or
two-dimensional array o} sensing elements, in which incident
light is absorbed and converted into electrical charge, (ii)
Aan érray of one=to-one correséondence storage elements, ‘on
‘:hich charge is integrated and stored, and (ii{) a sampling
circuit for generating a sequential readout of the charge
stored in individual elements. \

The major differences between the SSPD and tﬁe‘CCPD de-
vfces‘are the sampling or readout technique -and the associated
circuitry. The SSPD employs digital shift register scanning,
which entails a multiplexed sequential sampling of the photo-

diode charge storage. The CQPDvemploys charge-coupled shift

-



. régisters, which entails simultaneous samplipg of the photo-
diode charge followed by sequential readout. \

Photodiode sensing elements are utilized by both thq SSPD
and the CCPD. The charge-coupled shift régister device (CCPD}
provides superior low fixed pattern and readout noiSe. rFofp‘
this reason, CCPD was used in this study. Hereafter in this
discuséion, the ECPD device will be referred to simply as
"photodiode array".

Photodiode arrays are functionally similag to Vidicon
‘(TV) tubeé, but they offer the added advantages of great geo-
metric accuracy, b:oader spectral range, higher scan rates,
.Smaller size, low voltgge and power requirements, plus solid
state ruggedness énd~rel;ability (85).

For one—dimengional measurements, - such as the width of
plates, diameters ¥ rods and fibers, 'levél,“and thickness,

“etc., a linear photodiode array is normally usea.

The principle of ‘the technique is outlined below. An
»image of the object to be measured is formea on the array, in
éiihouettq or in reflected light, and the number of elements
obscured or illuminated is counted electronically by the se-
quence of operations indicated in Figure 2.3. The video sig-
nal from every element is proportional to the incideht light.
intensity. These signals are compared with a preset threshold
value and, consequently, a pattern of black and white (illumi-

néted or obscured) elements 1is achieved. ~ Since the element

_spécing and the optical magnification are known, the dimension

)
9
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of the object in the direction of the array axis can be calcu-
lated. The edges in the image will not necessarily be spa-
cially synchronized with the elementaspacing, sSo one element
in the vicinity of each image edge w{kl give a signal level
part way'between black and white. This causes a one-element
uﬁcertainty in the position of each edge, as defined by the
thresholding operation. Also, o;:ical edges may not be per-
fectly sharp, and this may cause additional uncertainty in the
measuremt. Therefore, tsgé measurement accuracy is not abso-
lute, and it is determined by the optical magnification and
the number of elements which can be disposed across the width
of the image. Accuracy depends also oh theﬁsﬁacing between
the elements. Smaller elementg (and, therefore, smaller cen-
ter-to-center spacing) and larger magnification of the object
being measured, would reduce the error in the measurement.

Linear, matrix and circular ;rrays are available, offer-
ing a wide chqice of both resolution and sensitivity. Linear
arrays, with a number of elements ranging from 64 to 4096, and
métrices, in the 256 x 256 size range, are now commercially
available (86, 87). Matrix arrays, as large as 1024 x 1024,
have  been reported (86). 7

Linear photodiodé arrays have been widely used in high
precision non-contact measurements of objects, shape recogni-

tion and sorting, and defect detection. A wide range of exam-

ples of their usage has been reported (88-92).

’vﬁ



2.5.2 Illumination Sources : ,

Some of the common illumination sources are tungesten,

5

quartz halogen, fluorescent, mercury and xenon lamps or

7

lasers., The common ways to arrange these sources include
‘front:-line or -spot and back-line or -~spot illumination, as
well as collimated back lighting. Front-line illumination is
used normally with a linear solid state image sensor, when the
details of the object are to be obtained. Back-line illumina-
tion is used, when on](the ‘edges of the object are to be
located. Back illumination normally gives better contrast.
When back~spot illumination is wused, ogly one photodiode is
needed, but, in this ce;se, the 1light source must be scanned
along the dimension of the object to be measured. This tech-~
nigue is employed in the Monsanto Die Swell Detector (71, 72)
described earlier. ' , »

%ile the 1light intensity required for the image sensor
is well-defined, only a sx;\all percentage of the light actua’l..ly
reaches 'the sensor. Therefore, in choosing aosuitable light
source, such factors as "f" number and magnification of the
lens and the sgrfac‘}e of the object (light or dark, diffuse or
specular)'must,be considered. More detailed information may
be found elsewhere (93, 94).

White light contains many frequencies (colors) and inten-
sities, and it comes from many directions. It is described as

incoherent light. Beams of incoherent 1light spread out after

- a short distance, becoming wider and less intense with in-

: N
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creasing dis.iance. ‘Ev’en if a‘ Eéam of white light is. fiitered

so that it 4is (pono‘éhromat§é,‘ it will still be. inccherent, as
its waves are not in phase with one another. On the other
hand, lasero beam is K monochromatic and coherent. ' This allows’

it to maintain a high level of brightness (95, 96). .
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CHAPTER 3

APPARATUS AND EXPERIMENTAL PROCEDURE

- ' ¥ N

3.1 Apparatus ' .

The main objective of this’std'dy was to deyeldp an appa-

"ratus which "automatically and accurately measures capillary

extrudate swell. Such an apparatus was designed, constructed

and tested.

-

3.1.1 The Extrusion System

An In§tron Universal quting Instrument (Floc;r Mo‘c‘iel,
TT-CM-L) was used in conjunction with' an Instron Capillary -
Rheometer (Type MCR, Instron Co., Canton, MA, U.,S5.A.) to ex-
trude the polymer, Figure 3,1 shows a schematic diagram of
the major components of the Instron capillary rheometer sys-

tem. The barrel 'consi\sts’ of a hardened stainless steel cylin-

der, with an accurately ground 9.525 mm inside ‘diameter,

H

mounted on a special support assembly underneath the moving .
crosshead of the Instron tester. A hardened plunger, Khich is
aléo accurately ground to fit the inside of the barrel, Iis
driven by the moving crosshead of the machine. The crosshead
car; be driven.at speeds i)n the range of O.S—Sb cm/min, The
force on the sample is detected by a strain gauge load cell

(Type CFM). The force on- the samb_le is detec't,:ed by*a strain

— <
B ¢4
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gauge load cell mounted on a ball-and-socket in the support

assembly so that the system is sélf-aligning. The capillary

is inserted in the bottom of the barrel and is held in place

with a clamping nut. The barrel and the capillary are‘heated

using a 3-2zone heatfm; system in the extrusion barrel. Tem-
peratur; control 1is provided with a SpeedomaxNE currené ad-
justing type controller, and the system is capable of main-
taining the temperature within :0.5°C of the set poht. Fur-
ther information regarding the Instron cagillary rheometer can

be found elsewhere (97).

Thg capillary used in this study had a diameter of 1.32

mm (0.052 in.), an L/D ratio of 40, and an entrance angle of

90°. ' ‘
. 5

3.1.2. The Overall System

A general scheme of the overall measuring system is shown
in Figure 3.2. The resin is éxtruded from the Instron barrel
through the die and into a thermostating chamber. An expanded
and collimated laser beam 'is used as a back-light source to
cast the shadow of the polymeric extrudate onto a linear
photodiode array. An achromatic lens is used to magnify this
shadow. The electriéal signal from the photodiode array is
then précessedtwith‘specially designed circuitry (sidnal con-
verter). The unit which contains the array and the signal

converter is designated as the Camera Module. The Data Log-

ger, which is also called the Sample Controller, was designed

-

¢ < '
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to enable real time acquisition of data, usiﬁg a microcomput—"
er. Photogréphs of the various components éf thé apparatus
are shown 1in Figure; 3.3, 3.4 and 3.5. 8
: The apparatus consists of three major parts:
(1) The.Thermostatlng Chamber
o : (2) The Data Detectlon System
(3) The Data Acquisition System
A detailed description of each of these parts is present-

ed below.

3.1.3 The Thermogtating}Chamber

As mentioned earlier, two problems caula arise during -
extrusion of the polymer directly 1nto air for the purpose of
extrudate swell measurement, Firstly, if the polymer melt 1s
extruded 1nto ambient arr, then’ th1s could lead to premature
freezing and thé development ot frozen-in stresses. Secondly,
1f the melt 1s extruded into a heated oven, then the extrudate
would sag under 1ts own welyght. %kgna("bf ‘these factors would
lead to ‘lnaccurate extrudat®. swell measurement, especlally
wilth thermoplastics. The use of an‘Gappropriate oil-filled

thermostating chamber elimilnates ‘both of these problems. Fol-

lowing the original design of Utracki et al. {(39), a new ther-
mostating chamber was designed and constructed. Many modifi-

cations were implemented to 1ncorporate this chamber into the

new apparatus.
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The Overall Measuring System
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The chamber as shown in Figures 3.3 and 3.6 consists of. a

rectangular stainless steel container,  the outer compartment,

4

- and of two rectangular stainless steel inner compartments.

Th%a inner compartments were equipbed with two quartz windows
each, to allow the laser beam to pass through. The windows.
were mounted on flanges welded to the outer sides of the com-
partments. Viton-0-rings were used to prevent ieakage.

Either of the inner compartments could be used to collect the

- . .

molten extrudate during swell measurement. Normally, when one
of the inner compartmenté was aligned with the optical mea-
suremént system, two thermocouples were xmmerse;d into the
other compartment. One of the thermocouxples provided feedback
to the temperature ‘controller, while the other was connected

to a digital. thermometer used to monitor the actual tempera-

~

ture.

The chamber was equipped with two piug—sccew type 300

-

watts immersion heaters (RIO-1300, Chromalox, Rexdale,

Ontario). The heaé:ers were installed .through the side walls

of uﬁ? buter compartment as shown 1n Figure 3.6. A propor-

tional temperature controller {Model 550, Finwal, Ashland,

Ma.), operating in conjunction with a type J thermocouple, was

used to monitor the temperature 1n the inner compartme'nts.
'The chamber was fitted with a removable stainless steel
co‘vér provided with two openings to allow extrudate entry into

the inner compartments. The cover was provided with metallic

guides to support two magnets, which, when displaced towards .
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each other: met at the center of the openings, as showpn 1in

“

Figure 3.3. 1Two pins on either side of each opening insured
that the magnets held the extrudate at the center of the inner
'compartment during the swell experiment.

The .cham,ber Uw;as mounted on a double base. This base,
Equipped with four pillow blocks, clould slide on two metallic
bars fixed to the base of the Instron. Such a do'uble base
arranyement made it possible to move the chamber both paraliel
to the optical path and perpendicular to it. This was neces-
sary, 1n order to position the 1nner compartment under the die

and for optical alignment purposes . Stoppers were provided to
G\
confine the movement of thHe chamber in either directidn. The

chamber was equipped with three discharge valves, to enable

the cleaning of the compartments, if necessary.

Y

- The outer compartment was filled with 200 centistokes

]

(cS) silicone 01l (200 Fluid, Dow Corning, Toronto, Ontario).
The 1nner compartments contained a mxture of silicone oils -
mainly 2 cS ‘'and 5 c¢§ Dow Corning 200 Fluid. The oils were.

' mixed in such proportions to obtain a density slightly lower
. t %

\ .
than- the melt density at the test temperature., When othe{r oll
. :

' grades were used in the inner compartments, the molten. extru-

- date tended to f loat at~ g:he surface of ‘the 0oil, and thus no

measurement could be made.,

During the early stages of testing the apparatus, double

- A '

layer quartz windows were used. However, it was noticed that

o, L . 4
siliconhe oil vapour condensed into small droplets on the inner .

H
\
‘¢



gides of the two layers. Consequently, the outer quartz.lay-
ers were removed. This permitted easier access to the inner
gquartz layers for cleaning during the experiment, if neces-
sary. It did not result, however, in any significant in=
crease of heat loss from the inner compartments.

As estimated, it was found that operating both heaters
simultaneously" made it possible to heat the thermostating
chamber .up to the required temperature within a reasonable
period of time (=~ 50 minutes). Subsequently, heat losses
could be offset by using one heater only. A 25 mm layer of
Mariniteawas used to insulate all the metallic parts of the
chamber. Sevéral tests showed that the temperature profile in
both inner compartments were identical.

An important advantage of using the chosen configuration
of the outer and 1inner compartments was that the convection
currents, in the o1l of the outer compartment, do not inter-—
fere with the optical path (the path of the laser beam).. An-
other advantage of such a configuration was that a less expen-
sive and practica‘ll)./ involatile 200 ¢S o0il could be used in
the outer compartment, .

The following considerations had tg be taken into account
for choosing the dimensions of the inner compartments:

(1) The distance between the extrudate and center of the

chosen magnifying lens should not exceed 62.5 mm for
a magnification factor of (4. For a magnification

factor of 2, this distance could extend up to 75 mm.



\

(2)

(3)

(4)

-

~

(5)

{6)

'+ “vided in Section 3.1.4.2.

/‘ -52'-

¥

The f‘omu,lae used to ;efine this ‘dista?ce are pro-
The glass windows should be greater in width and in
height than the expanded beam diameter (s 10 mm), to
avoid diffraction on the edges of the windows.

The compértment must not bekvery small, to prevent
the extrudate from sticking to its walls.

Large dimensions of the inner compartments could

lead to significant convection currents. These cur-

rents could cause undesirable optical noise. More

_importantly, they could result in the displacement

~

of the extrudate from the optical path, which would
complicate the measurements. |

The o1l used 1n the i;'\ner compartments ig both v?la—
tile and expensive. The velatility of the 2 ¢S oil
at 150°C 1s 25 pércent {mass) per 24 hours. A
sm_\aller cqmpaPtment would result in sv@ler losses
of both o1l and of heat.

The lower halves of the inner’ compartments (below
the quartz windows) contributed to. increasing ‘t.he
heat - transfer area, thus reducing the time required
for heat transfer from the outer o©il to the inner
oil. The bottom parts of the compartments also
served as receptacles for coliecting the cut-off

parts of the extru&ate.

&
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3.1.4 The DiameterZpé{Lctipn.Syétemu v

The diameter detection system makes precise, non-contact
‘and automatic me;surements of extrudate swell. Its function
is based on the analysis of the shadow cast by the extrudate,’
when 1t 1is back-illuminated by a collimated laser beam. The
shadow 1s cast through a magnifying lens onto a photodiode
array. Each photodiode gegerates a charge, which is amplified
add then digitized. The digitized value 1s then pa;;ed to the
dafa acquisition system for storage and analysis. A clrcuit
is provided i1n the camera module to count the number of photo-
diodes with light below a selected threshold. The number is
conveyed to the experimenter by means of seven segmented
light-emitting diodes (L.E.D.'s) 1installed on one of the outer
51d;s of the camera module. A correspondlng adaloé signal can
be used to drive a chart recorder.
The diameter detection system can be divided into the
following components: -
(1) Light source
(ii) Magnif}xng léns )
(iii) Camera Module
(iv) Oscilloscope ' A .

(v) Chart Recorder L .

Iy
3

3.1.4.1 The Light Source
e

A 2 mW Helium=Neon (HeNe) gas laser (LSR~2, Optikon, Cor~

‘peration, Waterloo, Ontario) has been selected as a light

’

.
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source (78). As mentioned in Chapter 2, due to its coherence,

the laser beam maintains high intensity for long distance.

.The HeNe laser emits monochromatic light, at a wavelength of
632.8 microns. This Qavelength lies within the range of the
max imum response of the silicon-based bhotodicde array. This
laser consists of a lasing tube and a power supply connected
w}th a céble. Calculatiens have shown that a 2 mW laser is
suitable for use along with the chosen photodiode array. -

A laser beam expander (16X, Optikon Corporation, Water-
loo, Ontario), equipped with a spatial filter (pinhole), has
been used to collimate the laser beam and expand lt from 0.67
mm to l0.6 mm Lﬁ diameter (16 times). The pbeam expander is
mounted on the head of the laser tube. A transvérse—lateral
slide, mounted on an optical bénch, 1s used to adjust the

~

position of this assembly in the XY and Z directions.

<

3.1.4.2 The Magnifying Lens
“ An achromatic lens, 50 mm .in focal length, was. used to
magnify the ext;udate. <Magnification led to the reduction of
the error 1in the diameter measurement. The lens was mounted
on a special lens holder, and 1ts pbsxtlon could be adjusted
using a transverse-lateral slide. )
To calculate distances of the object and the 1m9geufrom

the lens, which correspond to certain magnification ratios,

the laws for simple thin lenses were’applxed, namely:

.
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L E*"otI (3.1)
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M’a (3-2)

where
‘ f is the focal length of the lens in mm,
O’is the distance between the object and the i;ns ié mm
(in this case, the object is the éxtrudate).
I is the distanhce between the image and the lens in mm

- (in this case, the image is cast on the photqdiode

.
array),

M is the magnification ratio. 1 R
For a magnification ratio of 2, the exﬁrudate distance
would be 75 mm, while thHe array would be 150 mm away from the
lgns. For a magnification ratio of 4, these distances- would

~

be 62.5 mm and 250 mm, respectively.

- o - -
\

3.1.4.3 The Camera Module

The camera module rebresenés thé heart of the diameter
detection system. It consists of a photodiode arréy, with its
f\associated circuitry, and of the signal converter, which |is
discussed in more detail below. A block diagram of the signal
converter is shown in Figure 3.7. Detailed electronic sche-
.matics are provided in Appendix A.

A Reticon linear photodiode array (RL~512G, EG & G

" Reticon, Sunnyvale, California,.U.5.A.), amplifier and sample
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-and hold package (RC 100/105, EG & G Reticon, Sunnyvéle, Cali-
fornia, U.S.A.) has been used to perform the light sénsing
function (86). The "G" series array chosen provides 512

photodiodes at a spacing o£'25 microns, Electronics have been

provided to scan the array at a nominal rate of 4 mS per scan.

The Reticon circuitry also provides a sample and hold func-
tion. This 1is fequfred, becausg the individual photodiodes

emit current, as a result of the built-up charge, for only

about 300 nS, when selected. The .sample and hold circuit

.*board holds the peak value of each photoaiode for the approxi-

mately 8 né'period between selection of one photodiode and the
next in line. The board also provides external access for
clock and b%ankxng signal. The blankind signal is maintained
low for 8 clock periods after completion of each scan of the
array. This period 1s rtequired for resett1hg the scanninyg
circuitry. o . .

The voltage from the sample and h51d101rcu1tgy was taken

from the Reticon board and then amplified into the 0-10 V

: range of an analog to digital converter (A/D). A high-speed

amplifier was required because of the very fast rise time and
settling response required. A high-speed analog to digital
converter, capable of making ‘8-bat conversion 1n 1.8 pS, was

used. The A/D converter and all the necesary functions, 1in-
)

cluding voltage reference and clock oscillator, were contained

on board one chip. An "End of Conversion" (EOC) signal was

used to indicate that the digital data output was ready. It



was lééer‘used to enable a comparator EOr‘the hard-wired digi-
tal threshoﬁd circuitry. The digital output was passed
“through a buffer to provide-the drive necessary for transmit-
ting the data to the data logger, as well as ta a digital
cgmparator.

The digital comparator was used for counting thé number
of photodiodes illuminated below a certain threshold value,
] The threshold value was set by eight switches. These switches
were posltioned in the front panel of the signal coéverter,
and, hence, they were easlly accessible to the user. The
éomparator was enabled by a pulse of about 300 nS duration.

The comparator emits a’bulse if, and only if, the photo-
diode value is less than the switch set value. The puise 1s
used as tfe input to two sets of counters. The first set of
counters copsists of three cascaded, 4-bi1t, binary counters:
The binary oYytput is sampleg at‘the,beglnnlég of the blanking
pulse (from the Retlicon board), and the counters are cleared
at the end of the blanking pulSe. . The output 1s sampled by
D-latches. The outputs of the D-latchés’are fed 1nto a‘dlgi-
tal-to-analog (D/A) converter. The output range 1s 0-10 V.
The purpose of this output 1s. to drive a chart recorder, when
used.

The other set of counters cdonsists of three cascaded BCD
counter/driver chips. They can count up to 999 and d;rectly
display the result on three 7-segment L.E.D. displays. This

provides a direct-view digital reading of the shadow count.
' /

N
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jﬁsiL.E.D.'s are fixed on the front panel of the signal con-

verter.

Two sets of counters were used, because more chips wouid
have been required to convert éhe output of e}tﬁgr set into
the form required by the functi@n of the other.

Another D/A converter was used to convert the digital
value of the threshold switchss to an analog level displayable
on an oscilloscope. This is a very useful function. A dual-
trace oscilliscope can be used to display both the valtage
level per photodiode and the threshold level.

Physcially, the camera module 13 contained 1n two boxes.

For simplicity, they. are designated as the sensor and the

signal converter. | fp

v

The sensor was a small (7 x 7 x 2 cm) box made of card-
board. It contained the photodiode array with its 1mmediate
supporting cir;uitry. The sensor was held on allateral~trans-
verse slide for the adjustment of 1ts position. This slide
was placed on the same optical bench as the one holding the
lens. An opening (1 x 1.5 cm) was made to expose the surface
of the photodiode array. The outside surfaces of the box were
painted 1n black to minimize any reflection of the laser beam.
Ambiént fluorescent llgﬁk caused some fluctuations 1n the sig-
nal. These fluctuations were practlcaliy-ellmxnated by using
a shielding paper cylinder around the photodiode array.

The signal converter was a metallic box (30 x 30 x 20%cm)

connected to -the sensor by an 18-wire cable. Thxﬁsbox con-
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tained the méin circuitry, as well as a triple output power
supply (+5, +15 and =15 V). The power supply was\connected to
“the main circuitry with a power cord. A switch, installed on
tbé hack panel of the box, was used to turn the power supply
on and off. The 7-segment L.E.D.'s and the threshold switch
set were fixed on the front panel. i

Five different outputs could be derived from five coaxial
plugs,’installed on, the front panel of the signal convertgr.
These ouﬁpugs, designated as follows, ‘were: !

“(1) video - the aaplexed voltage from éach photo-
diode, which helps the alignment of the optical
system and monléorlng of the experiment during the
measﬁrements.

(ii) Threshold - an analog representation of the digi-

tal threshold switches.

. ' - -8 )
(1i1) Detected ~ a pulse for each photodiode counted as
_dark. ~

(iv) ‘Trigger - a signal at thé beginning of each scan;
this is used to externally trigger the oscillo-
scope.

(v) Plot - an analog signal (0-10 V), which corre-
sponds to the sum of the photodiodes counted as
dark; a chart recorder can be driven by this sig-

nal.
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The digitgzed sidnal from the photodiodes was delivered
via a socket on the frokt panel. It was then transferred

.

© through a l4-wire cable to the 'data logger.

3.1.4.4 The Oscilloscope‘ )

‘A 20 MHz storage oscilloscope (5020ST, Kikusui, MOntéeal,
Quebec) was used for the al}gnment of the optical system and
the constant monitoring of this alignment. Tke operator must
make sure that the photodicde array is fully covered by thg
laser beam and that the extrudate image falls within the sens-
ing area. This is achieved by observing the video image re- '
ceived Erqm the photodiodes. The oscilloscope makes 1p/po$-
sibie to identify dirt particles or other obstructions that
might interfere with the accuracy of the measurement. It is

also useful for establishing the threshold level, especially
!

if a chart recorder 1i1s used for data acquisition.

3.1.4.5 The Chart Recorder '

The camera module proyides aﬁ analog output 0~10 V to
drive a chart recorder. géi;ver, as wiil be explained in Sec-
“tlon 3.2 below, this king'of output could be used-anly to mea-
sure the diameter (or the swell) of opaque materials, includ-
ing pigmented polymers, In the common case, where 1light
passes through the'central part of the trangbarent extrudate,

the digital values of the signals received from the photodiode
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array need to be'proéessed by the software in the microcom-

puter, in order to obtain the actual diameter. ‘

3.1.5 Data Adquisition System . .

The data acquisition system is designed to collect, store
and later analyze the resulté of the dynamic extrudate swell
measurements. Moreover, due to tfie nature of the. optical
system employed, the use of a}mlcrocomputer for data analysis
is an important facfor in expediting the automatic measurement
oﬁ the diameter of transparent extrudates. v

When thevshadow of an opaque object is cast on the photo-

.

diode array, the photodiodes which are obstructed by the ob-
- : &
ject give a base (zero) level signal. ‘on the other hand, the

illuminated photodiodes give a saturation level signal. This

N

is readily seen from the oscilloscope video signal, as shown
in Figure 3.8. Correction can be made for the effect of dif-
fraction near the edges by adjusting the threshold level, be-
low which khe photodiodes are considered darﬁ (obstructed).
Thus, by counting these photodiodes and adding them Qith t;e
help of a counter, it 1s possible to obtain an accurate mea- ) )
surement of the diameter of that'opaque object. )
In many 1instances, it 1s desirable to measure extrudate _
swell for unpigmented polymers. When the temperature'of an
unpigmented polyﬁer is within or above the melting range, the

extrudate' becomes transparenti. In this case, the laser beam ‘

penetrates. the central part of the extrudate, thus, fully
\ . B
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i}l&minating the photodiodes at the center of- the shadow. Due
to the cylindrical ‘shape of the extrudate, the rays falling on

the'édges refract towards the center. Thus, the imageﬁof the

extrudate, as shown_ in Figure 3.9, consists of three regions:

/

dark, white and dark again. The measured diameter corresponds
tdfthe sum of these three regions. However, the white central
part of the image would be excluded, if only the photodiodes
with intensity bélow the threshold level are éounted. The
snumber of the photodiodes counted and, tonsequently, the ana-
log gignal corresponding to it would not- represent the actual

[

diameter. An attempt to solve the problem using optical means

"is presented in Appendix B.

This problem can be solved lé the digitized signals re-
‘ceived from the photddigdes are .respectively fed to a éom—
buter, where a specially prepared soféware package discounts
the illuminatiqnlof the central part of the image. This pro-
cedure permits the automatic measurement of the true diameter.
Such a system was implemented in the present work. |

4

The data acguisition, system consists of three major

parts: . ’

(1) The Data Logger . .
(2) A Microcomputer .

(3) A Printer ) A
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3.1.5.1 The Data Logger (Sample Controller)

The rdata logger 1is a microprocessor-controlled device,
designed to sample data from the camera,an,_u\}e. The data are
subsequently transmitted to a microcomputer (IBM PC). The
logqgr acceptsvthe ciata from the camera module at 1 pyte per 8
uS and then trénsmits it at a rate of 9600 bauds (9600 bits
per second). The IBM PC can accept input ac only 9600 baud
(or leés), including start, data and stop bits. The start a‘ng
stop protocol adds a 20% overhead to the system and limits the
data gathering rate of the IBM PC to 960 Dbits pe;' second.
This translates to 1.875 scan lines per second. A scan line
here means 512 numbers, representing the diqitized signals
from the 512 photodiodes. The device could be set to .this

¢

speed by inputting gt:a?x'e decimal equivalent of the command byte
in thé logging program. The command byte is the command \rsent
by the IBM PC to control the $dmpling. The device was mainly
used with 34 as a “command byte, which instructs 1t to deliver
one séén line per second. For more details the reader is
referred to Appewdix C.

A further;’ fea‘ture of the data iogging'device is i:ts ca=-

pacity to collect several consecutive line scans before trans-

ferring the data to6 the 'IéM PC. This permits the a'veraging of

several line scans taken clgsely together. The device tis

capable of storing up tp 7 cdonsecutive samples, before trans-

mittind‘ the dafa over the serial line. The time interval

-8
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between each burst of sampling is limited to the 1.875 samples

. (line scans) per second. .

The speed of the‘ data logger can bel increased to 9.2 K
baud@ or ',3.75 samples per second, without any modifica'tion.
mHighér Speeds {up to 300 K baud) are possible,\with some hard-
ware modification. However, any ihcrease in speed requires
;either another type of microcomputer or an addition to the IBM
PC, in order to permit direct memory access (DMA) and thus
fagster data acquisition.

The circuitry of the data logger is con‘\ained in a metal-
lic box, with two press buttons on the front panel. One of
the buttons serves to put the logger on or off, while t};e
other resets the contents of ;he buf fer.

The data logger is connected by a 1l4-wire cable to the

.can;e“ra modules and by a 3-wire cable to the IBM PC.

3.1.5.2 The Microcomputer and the Software

An, IBM Personal Computer (PC) equipped with two disk
drives and 256 K of RAM was used in this study to collect and
l process the data and to transmit it to the oqutput device, e.g.
- a printer. |
The data lt;gger, transmits the data to the PC, where they
‘" are recorded on a floppy disk as ASCII characters, Thig is
accomplished upon the execution of a program, especially writ-
ten in BASIC. The prog”ram listing is given in Appendix D

under the name LOG 5.



The program enables the,,operatot’to specify up to five
sampling times, for which different numbers of line scans are
to be collected. Sampling time, here, means the time elap‘sed
between collecting one line scan and another. This time can-
not be less than a minimal value of 0.53 (1/1.875) sec, but
it ca\n assume any multiple of it, The number of line scans
(data points), which could‘bel collected for one experiment, is
limited only by the memory available on the floppy disk.
Standard double-sided, double~density, 5-1/4" diskettes
(disks) have been used. Each of these diskettes provides.360
K's of meéemory. Each data point occupies 512 byte or 0.5 K.

Therefore, a maximum of about 700 data points (line scans) can

4
\

be stored on each digkette.

In order to count the “dark” pho,tod‘iodes, it is necessary
to set a threshold level.. On the basis of measurements car-
ried out with calibration sam;les, it has been observed that a
threshold level between 180 and 220 yields an invariant number

(count) of the dark photodiodes.’ Abovesthat level, some opti-

‘cal noise and slight electronic drift start toc interfere with

the count. The number 200 was chosen as a threshold level.
The program DECODE 6 (listed in Appendix E) converts the
ASCII characters i1nto numbers and then comparés the numerical
value from each photodiode with the set threshold value.
Thus! usihg a counter, the number of the dark photodiodeg is

determined. The program is written in such a way as to ignore

any illuminated zones in the middle of the image. It is also

o



-

- 69 - . ~ .

/- ~ - |
, .

N

'designe'd to ignoré any small particles (up to 20C microns) of

dirt which would otherwise be added to the measured diameter.
The final count from each line scan is multiplied by 25 (the
s:paciqg between the photodiodes) and then divided by the mag-
n;.fication ratio, in order to obtain the true diameter. An-'
other cour;ter indicates the elapsed time corresponding to the

diameter measurement. Extrudate swell is obtained by dividing

the measured diameter by the die diameter. The calculated

extrudate swell is stored in a sequential file for further
;nanipulation. With the help of a color—-graphics card, a
graphical plot of swell versus time could be shown on the
screen. The sequential files with the data do ndt occupy much | ..
memory, and, %thus, they can be stored on the disks permanent- l
ly: On the other hand, the files with the ASCII characters
are normally erased after decoding, due to the associated very
large memory requirements. . -

The data, as stored i1n files, can be easily subjected to

any mathematical manipulation.

3.1.5.3 The Printer

An Epson RX-80 printer was used "to obtain printouts of
the data files. It ,was also used in conjunction with the
LOTUS 1, 2, 3 software paclzage to obtain all the graphs in-

cluded in this thesis.



3.2 Experimental and Méasurement Procedure

3.2.1 System Alignment and Calibration . -

The thermostating chamber, with its double base, is in-
stalled on the base of tﬂe Inskron; The optical bench, which
holds the laser tube and the beam expander, is placed on a
table in front of the Instron.. The 'secondi optical bench,
which holds the lens and the sensor, is placed on another
table behind the Ingtron. The system is aligned in such a way
that the laser beam is perpendicular to the surface of the
quartz windows, from which it passes to the magnifying lens
and onto the photodiode array.

The positions of all the, K components are adjustable, as
described earlier. The distance between the front lens of the
bésm expander and the quartz window isvpractically unimpor-
tant. However, this distance should not be less than 20 cm,
ta avoid any effect of radiated heat on the front lens of the
expander. The distance bhetween the chamber and the lens and
between the lens and .the photodiode array are defined by the
magnification ratio.

Magnification ratios of up to four are possible, using
the 2 mW laser. However, for magnification ratios higher than
two, the optical and electronic noise levels become more pro-
nounced. Hence, the threshold level has to be defined accu-~

‘rately and carefully. Consequently, a magnification factor of

two was used throughout the experimental part of this study.

S
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The distances must be set accurately. Normally, a metal-
;iq or glass rod of a previously measured standard diameter 1is
placed in ‘the inner compartment and aligned with the system.
The distances are then adjusted carefully, until a correct
measuremént result is achieved. Several other standards of

different diameters are.-afterwards measured to ensure that the

distances are observed accurately. Henceforth, the above

procedure will be referred to as “"calibration”". In this work,

the standard diameters were defined under the microscope with-

an accuracy of %12 um. -

In aligning the system, the first step is to check that

éhe whole length of the photodiode array is illuminated by the .

laser beam. This' is done by monitoring' the video signal de-
rived from the camera module, using the oscilloscope. This
signal 1is monitored constantly, during the experiment, to
ensure that the shadow of the extrudate falls.on the array.
The oscilloscope 1s connected to the camera module by
three connectors. The "video" output 1is connected to its
first channel, while the output designated threshold 1s con-
nected to the second channel. The output "Trigger" -8 con-

nected to the external trigger of the oséilloscope. The out-

put designated "Plotter" on the camera module provides an'’

input to a chart recorder if one is used.
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3.2.2 0il Selection ,

The studies made by Utracki et al. (98, 99) and similar
experimental work carried out at the Chemical Engineering lab-
oratories of McGill University were helpful in this regard.
Among available oilg, the 200 fluid silicone o©il manufactured
by Dow Corning and based on poly(dimethyl siloxane) was found
to be the most appropriate, especially for polyethylene res-
ins. This subject will be discussed in greater detail in
Chapter 4 of the thesis.

To obtain a density, which matched the density of the
melt at the test temperature, a mig(tur.e of 2 ¢S and S5 c§ oils
was used with all the low density polyethylenes (LDPE) and the
polypropylene (PP) resins tested in this study. The exact
proportion of the two components was defined experimentally.
The proportion was considered satisfactory, if two conditions
were met at the test temperature. Firstly, the extrudate
should not float at the surface, which would have made the
measurement impossible. Secondly, the extrudate should not
neck down, even after thirty minutes had elapsed after the
moment the experKiment was started.

For all the LDPE's used, a mixture of 55% 2 ¢S and 45% §

cS o0ils was found satisfactory.

3.2.3 0il Heating

=]
A temperature of 150°C was used for the oil bath, when-

\ .
ever a mixture of the 2 ¢S and 5 ¢S oils was used, Higher



temperatures could not be used. .'I‘“his limitation was imposed
by the low flash points of these oils. .

The inner containers were filled with the prepared mix-
ture, leaving some space to accommodate the thermal expansion
of the oil. The outer chamber was filled with the 200 cS oil.
The quaftz windows of the inner containers werg maintained
clean, using lens cleaning paper.

\ The thermostating chamber was brought to the required
temperature, by setting the heat controller appropriately. A
stable temperature was reached after abQ}‘xt 50 minutes,

N )

3.2.4 Melt Extrusion

The detailed procedure of operating and calibrating the

Instron system can be found elsewhere (97). Some brief com-

ments are given below.

After heating to thé requl.red temperature, the barrel
(shown in F1guie 3.1) is gradually filled with the resin pel-
lets or powder. Then, the plunger is placed in the barrel.
The resin requires 5-6 minutes to meit and reach the test
temperature,

T9 release entrappedh air bubbles, one must extruge some
of the polymer and wait until the load returns to approximate-
ly zero. Following this, some more polymer should be ex-
truded_, unti1l an extrudate free of air bubbles is obtained.

The chamber is moved from below the die, while the above

preliminary extrusion takes place. When the extrudate is



bubble-free and the shear stress has reached a steady level,
the polymer stream is C;.lt just below the die. Immediately
afterwards, the chamber is moved back under the die, and a
fresh extrudate of about 7 cm 18 extruded downward into the
chamb'er. Then, the extrudate is held by entrapping it between
the two magnets. This can be achieved by simply pushing one
of the magnets towards the other. The computer program LOG 5
is executed and thus data collection starts. -

The Instron is then stopped. However, extrusion does not
stop immediately. This results in the accumulation of some
polymer melt on the upper surface of the magnets, especially
if high shear rates are emplo}ed. It is reasonable to assume

that this does not affect the results of the measurements.

3.2.5 Extrudate Swell Measurement

‘The measurement starts only 3-4 seconds after the swell
actually starts,nsince some time 1is required before the extru-
date can reach the inner compartment. For low shear rates,
the time could be longer.

The program LOG 5 has to be prepared for, execution in
advance. The file, where the data is to be storec;, should be
specified, as well as the time 1intervals and the number of
line scans (Section 3.1.5.2). After the expgriment is com-

plete, the extrudate is removed from the inner container and

the barrel 1is cleaned for new experiments. Meanwhile, the

-
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data is decoded using the program DECODE 6. A printout and a

graph of the data can be obtained after each experiment.

¢

3.2.6 General Remarks

A slight'amounf of the o0il mixture was added after evefy
experiment to compensate for evaporation. The fact, that no
detectable change was observed in the oil density, appearg to
justify the assumption that the two components of the mixture

evaporated approximately in ‘proportion to their respective

concentrations. .

‘The laser power supply should be turned on, at least
thirty minutes before starting the experiment, in order to
obtain a stable output. Precautions should be takéen so ‘that

neither the direct laser beam nor its reflections fall into
the eyes. These precautions do not, in any way, interfere

with the carryind out. of the experiments.

-

5

3.3 Error Analysis, Limitations and Constraints T

3.3.1 Error Analysis

Some of the important factors affecting the accuracy of

the diameter measurement are listed below:
(1) The spﬁcing between adjacent photodiodes.
(2) The magnification ratio.
(3) The accuracy of the set distances,between the opti-
cal components: the extrudate, the -lens and ‘the

photodiode array.

L 4
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(4) The effect of diffraction of light on the edges of
the measured object, W

The edges of the image will not necessarily be spatially
‘'synchronized with the element spacing. So, one element in the
vicinity of each image edge will give a signal level, part-way
between biack‘and white. This causes-a one-element uncertain-
ty in the poéition of each edge, as d;fined by the threshold-=
ing operation. The element-~to-element spacing in ;he array is
equal to, 25 um. Hepce, an efror of %25 um would be intrinsic
to the measurement, if the image is ndt magnified. .

'Magnification of the image would reduce this error. A
magnification ;atio of two, for instance, would result in a
two~-fold reduct:.ion of this error {(down to 712.5 um). One
would justifiably “expect Eﬁat ﬁigher magnifications should
decrease the error accordingly. However, higher magnification
could lead to a higher error of a different nature.

The distances between the optical components should be
set properly. Any ihaccuracy in thege digtahces would lead to
an error. When higher magnification ratios are employed, this
error ingreases. Such error 1is significant, in view of the
fgct that the extrudate 1is susceptible to some movement,
though slight, in the oil.

* The effect of diffraction decreases with the °increase of

the width of the measured object. This effect decreases sub-’

stantially, when the object is magnified. If a magnifying



lens is used, diffraction becomes significant (> 5% error)
only for objects 500 ym in width or 1less. -
’ Thé accuracy of the measurement was evaluated in conjunc-
'ti\on with eight standards (glass rods and metallic wires).:
The diameters of these standards, which ranged between 600 pm
Qiand 3600 um, were measured under the ;nicroscop,e, with an accu-
racy of ¥12 pm. Afterwards, the diameters of' these standards
were measured again, using the apparatus with a magnification
ratio of two. It was found that the difference did not exceed
12,5 pym. The rpeasured results of measurement using the micro-
scope and the app.aratus are tabled in Appendix F. ‘

Subsequehtly, the reproducibility of the measurement
technique was tested. Three’' sets of extrudate swell experi-
ments were performed. Each experiment was reéeated five times:
under the same conditions. For each set, the diameters were:
measured and compared 12 m;nutes after extrusion. .Th’e differ-
ence between the maximum and minimum values withih;}each gset
di:d not ex’ceed 37.5 um. The measured diameters we;e in the
range of 2000-3000 um. Measurement results for the three sets
are listed in Appendix F.

For a magnification ratio of two, the error in diameter
measurement does not exceed 37.5 um. b
The temperature in the barrel was maintained within

¥0.5°C of the set point. One would expect this to result in

an error in the Xwell measurement. The absolute magnitude of
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’
this error depends on the‘}affect of temperature on extrudate

i

swell (see Appendix P). ~

3.3.2 Limitations and Constraints

The proposed apparatus has the following limitations and

constraints. . -

(1)

(2)

(3) -

(4)

(5)

used (2 mW).

- Viton-0-rings were used for sealing the quartz glass

windows. Therefore, the thermostating chamber.could
not be heated abové '230°C, which is thé max imum
operating temperature for Viton.

The flash point of the oils used in the chamber can
impose further restriction on the maximum temper-

AN
ature which can be used.

A maximum magnification ratio /of four can be used.
This limitation is' impoéed by the power of the laser
o

In its presént configuration, the apparatus cannot
be 'used to g.;uge .objects wider than the expanded
laser beam. The width of this beam is 10.6 mm. It
is8 not recommended to use it for objects less than

>

500 pm in width, because of diffraction on the
edges.

No extrudate swell measurement could be recorded in
the first three to four seconds. This is the time
needed for the extrudate to travel through air into

the viewing section of the chamber. It is also the



(6)

(n

(8)

o ’ "79‘

time needed for the operator to entrap it and start

the experiment. The 1lost time is longer for very

low shear rates. In order to solve this problemn,

& . r-'-\/
the die barrel assembly has to be altered so as to

have the tip of the die within the viewing section
of the chambée:n~ This would require an additional
miniatures automatic cutting and holding c"ievice.
There is an upper limit impos‘ed' on the linear speed
of the extrudate, and accordingly the shear z;ate,
that could be handled with the present design. A
max imum speed‘of 8.7 cm/sec could be handled. This
corresponds to a cross-head speed of 10 cm/min for
the barrel and die used in this work, At higher
speeds, it was not possible to collect and hold the
sample, without ’material accumulation at the bottom
of the inner compartment. This problem c¢ould be
probably solved if a more efficient tautomatic cut-
ting and holding device is used.

As a continuation of this project, it would be of
interest to use either a stepper m'9tor or a scanning
mirror to scan part of thg extrudate vertically.

A maximum of 700 line scans can be collected in the
course of one experiment. The maximum speéd of the
data acquisition system, in its presenlt configunxa-

tion, is 0.53 scan lines per second.



(9) The refractive index of the extrudate material must
be different from the refractive index of the oil in
the inner containers.

A

All the,‘ above limitations notwithstanding, the apparatus
is an effective and ur;iversal tool. In addition to the mea-
surement of extrudate swell, which was the original reason for
its development, the apparatus can be used for dimensional

gauging and continuods monitoring in a variety of areas of

research and industry. .



CHAPTER 4

REPRESENTATIVE RESULTS AND DISCUSSION

¢ -

In this chapter, the results of dynamic extrudate swell
measurements for some resins are presented: The primary pur-
pose of these measurements was to test- the apl;arat:us and to
illustrate its reliability. JEvery experiment was repeated at
least once. The results were reproducible withi’n a‘maximum\
deviation of #2%.

All the swelling "data were corrected,'using the appropri-
ate thermal expansion coefficient (100), to account ‘fgr the
difference between.the extrusion ‘temperature and the tempera-
ture of the thermostating champer. Isotropic thermal expan-
sion was assumed. This assumption is not neceésarily :correét',
especiallyk with crystalline materials such’as ~polyet:hylenes..

However, the correction is quite small (ca. 18%). There £ore,

the assumption does not contribute substantially to the. mea-
o .
surement error. »

4.1 Materials -
Extrudate swell was measured for commercial wire 'coating

polyethylene resins, supplied by Norlhern Telecom- Canada Ltd.

For reasons of confidentiality, the commercial names of the

resins cannot be revealed. However, a de‘tafilad rheological

°
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and physical-chemical characterization »f the resins has been

-

reported by Al-Bastaki (1).
The true shear rate, i , ‘was ottained from the apparent
shear rate, by using the Rabinowitsch correction. The true

*shear rate is presented for all measurements conducted at
190°C. " ‘

For the. sake of simplicity, the ¢same coding of 'resfns
(Wl, W2, W3, W4 and W5), as used by Al-Basteki-was retained.

Resgsins W1l an® W5 were linear low density polyethylene (LLDPE),

‘resin W4 was a linear medium density polyethylene, and resins

~ , . :
W2 and W3 were medium demsity branched polyethylenme. Resins

'W2. and W3 were blends of high and low dens'ity polyethyienes,

b
whlle the remaining three resins were homopol}(mefrmk

i ".\’“ .
Various properties of the resins are listed in frable 4.1,

as supplied by Norther;n Telecom. .
' In addition to the polyethylene resins, an injection
molding grade polypropylene resin (PRO-FAX 6501, _Hercules

Canada, ontreal) vas tasted. Moreover, a shdrt glass fiber
¥ X gls

i reinforced compound, &ncorporating the above polypropylene

. resin and 30% short glass . fibers, was included in the, study.

The compound, which was available in the form, of pellets con-

taining fibers approximately 3 mm in length and 10 pm in diam-

eter, way especially extruded by ‘E‘iberfill\‘Canada. Di_;lision of

Dart Indus tries.



TABLE 4.1

Various Properties of the Polyethylene Resins

Employed in thée Study

©

. Wl w2 w3 , w7 WS
Density, gw/n’ 0.92 0.932 0.932 0,935 0.92
Melt Index 0.1 0.21 , 0.2 o.; 1.6
Melting Point, °C 18 B 16 & 122° 124 us

Blerd . Blend / .

S 1.116 x 104 1.625 x 104 2.328 x 10* 1.095 x 10° 2.505 x 10*
K, 9.407 x 10 | 1500 x 10° 9.871x 10! | 2.006x10° | 116 x10°

M, 4.259 x 10° 8.508 x 10° 3.558 x 10° 1.073 x 10° 5.636 x 10°

M, 9.494 x 10° 1.955 x 10° - 7.752 x 10° 2.685 x 10° i.449 x 10°

MM 8.429 .-9.236 7 4.240 18.320 4.635 °
e 7.189 x 10° 1.098 x 10> 8.029 x 10 1.267 x 10° | - 9.144 x 10%-

[n], av/g - L3 185 1.48 2.04 162

-~

- €8 -
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The last resin” tested was a liquid crystal polymer (LCP)
suppli;d bg} Celanese Corporation under the name LCP 2000. It
)‘ls-z; thermotropic liquid crystal polymer based on 2,6-naphtha-
l‘vene dicarboxylic; acid, 2,6-dihydroxynaphthalene, 6-hydroxy-2-
naphthoic acid ané poly(hydroxy\benzoic acid). Some of its
characteristics are listed below:

pe;xs‘ity = 1.4 g/cm3 A\\

Viscosity Average Molecular Weight, n-MW = 10,000-30,000

Melting Poir;t, T, = 280'(;

Glass T}an%ition Temperature, Tg = 90°C

Y

4.2 Polyethylene Resins

R

The dynamic (time—debenden!:) extrudate swell was measured

for the five polyethylene resjins eﬁployed in this study at

different shear rates. .'I;he.upber; limit of the rates 'used was

. imposed by the onset’ of melt f‘r,aét:u’ré'. .All the polyethylene

resins were extruded at 190°C. The oil 'bath temperature was
[ ] . .

|

" 150°C.

]

The duratio‘n‘ofl"the mea;é.urements was "12lmi.nut:es (725
sec). Al-Bastaki (1) found.that this time was sufficient to

achieve equiiibtium extrudate swell, ' However, as shown in

" Figure 4.1, it was noticed that swell did not reach the ' ex-

pected ei;uilibrium'plateau. The s@zel_ling continued to in-.
crease steadily, though slowly. 'Figure 4.2 shows that, even
after one " heur af,tet‘ the beginning of the ;i:aasurement( the

swelling did not level off completely.

-
a“ . ) , ' ' . !

-

-

Y
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* g\ sAl-Bistaki (1) has shown that no significant degradation
was .kobserved during at léast 16 "mi)nute's, at a test temperature
» . .

* of, —220'C. The déviation of the storage modulus, G', the loss.

* P , .
modu],us, G", and the complex viscosityh , were the criteria
#
-used to evaluate degradation. - This confihns that no degrada-

tlon has occurred with the time scale of the measarements (16

_minutes at 190°C). ' —

It has been suggested that 40 x relaxation time is a

‘sufficient period for elastic recovery (39). The relaxation

-time for the polyethylene melts is unlikely/ﬁtoxgccee‘d 4 few

seconds. Therefore, it is reasonable to s’usp'ect that the
perslstipg increase. in extrudate swell’ after a certain period
may be due to oil absorption by these polymers. ‘ ‘

It is important to note that . 'although the time coordinate

in all extrudate swell graphs reproduced here starts at 2ero, -

the true exper}iment&i time should be 2-3 seconds -lc;ng'ar- 'This,

o is due to the ‘fact that swelling starts at least 2~3 seconds

befoa:e ‘measurement begins, as explamed in Chapter 3. : .

»

4.2.1 o0il Absorption by Polyethylenes '%,

Utracki et al. (98; 99) have found that 'Dow Corning 200

‘fluid silicone oils do not swell polyethylene, if "mediumiv,ls—
‘cosity” grades (50 cS and 100 cS) were employed. 'Héwé;'ret,
grelater mteracticn between the oil and polymer occurs,v\’when
low vi\?osity silicone oil grades are ’used with polye"thylehe

! . .
(101). : N s

P
33



S - 88 - : ’ »\
. In the presefrt’ study, a mixture of low viscosity grades
of silicone oily (2 és and 5 cS) had to be used in the: inner

cornpartments of the, thermostating chamber, in order to provxde

an oil density slightly less than the polymer melt density.

. For polyethylene and polypropylene, the melt density is around

°

. in oil for varying times and then weighed again. In this way,

RS

N\

-

0. 78 g/cm|. . T ;

In order to estimate the. amount of oil absorbed by the

'polymer'.iresin Wl was extruded dire'ctlpy into ai"r at a wall

,8hear rate of 77 s-l. The extrudate was cut into strips of

approximately equal length, about 15 cm each., The strips
(extrudates) were carefully handled and weighed to the nearest

0.1 mg. The strips ‘were then dmmersed into the inner contain-

ers of the thermostating chamber. The oil mixture was the.

séme as t})e one used during the swell measurements. . The tem-

-

. perature was also the same, 150°C. The extruciate,s were left

v

the . absorption of oil \by the extrlidate was obtained, as a

function of time. The results were Feproducible within 3%3%.,

The percent weight . oil absorption, based on the original

weight of tﬁe extrudate strip, was calculated. It is common

to use the square root of time as.a parameter in the analysis

of similar absorption experiments ( 02). The results are

I

f . .
plotted versus time in Figure 4.3(a) and versus the square

‘root of time -in’ Figure 4.3(b). "Figure 4.3(a): shows that an

asymptotic equilibrium absorption level is.abproache‘d. How-~

ever, the equilibrium value; which is above 5.4%, could not be

o
s

—

v
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reached after one hour of immersion of the polymer in

I

+ 'The plot in Fig 4.3(b) nis linear 'in the early stages of the
‘experimeht which indicates a‘diffusion controlled pfocess. |
Ideally, it would be desirable to isola‘te the swelling

7 due to the absorption of o0il from the 'measured extrudate
swell. The solution of this problem requires detailed knowl-—

edge and understanding of the mutual intefactiog between ‘%he
polymer and the oil and extensive theoretical analysis. Both

.« +of these were beyond the scgpe of the present work. There—

\ [
-fore, a semi-emgirical approach was used,6 to handle the prob-—
lem‘o ’ ’
i ’. 3 A . >
i Resin W1l was extruded directly into air, again, at a wall

1

s’h’q'a,r rate of 77 8~ . ~Cut extrudate strips were' annealed for

20 minutes in an oven-at 175°C 6n a bed of talc. The talc
allowed the extrudate to swell and contract freely, without
adhering to the surface of the container. Annealing}at lower

L4

temperatures was not successful, although the melting range of

the resin starts at around 120°C.

The annealed samples were placed in the heated thermo-
’ ™

stating -chamber, and extrudate swell was xhb}/as:x}:ed at 150°C..

It would be reasonable to assume’ that, afiter annealing at
175'C; all Ehe stresses were relax‘ec'i and equi'iib:?i.um extrudate
swell was obtained¥™ Consequently, any additi:mal 'swell'would
.be duye to the interacti;:m\_with oil, Tglgrefore as evidence of
c.omplete annealing, it was reéuired that the extrudate should

‘no¢ shorten at all after immersion in oil. - ,
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The’ swell was then measured using the apparatus. Curve 3
’

. in Figure 4.4 shows the swell during the o‘i,,l absorption exper-~

o

iment. ' This curve was subtracted from extrudate swell of Wl
‘ 7

measured according to the standard procedure (Curve 1). In

this way, the "estimated" or "apparent” net swell without the

¢

_.effect of oil was obtained (Curve 2). It can be seen that

Curve 2 appears to approach a plateau, indicating that equi-

“ librium extrudate swell is approached. All the time-dependent

sw’eli data for polyethylenes were corrected in this fashion
using Curve 3. Th&s assumes that all the polyethylene ;esins
show the same swell as'a resulz of interaction with oil.
Also, i_t has been assumed that the oil absorption effect jis
the s~ame at all shear rates.

« Obviously, SOme' of the a’bove assumptions. and some aspects
%f the experimental procedure (e.g. guenching and relaxation
in _talc) interfere wi‘th % accuracy ;af the estimates.. Ideal-
ly, a more theoretical analysis .would be most useful. . How-
ev\’er, it is considered that the preliminan-/ ‘results reported
here are re:asonably accurate. ‘ 5

From a gener:al viewpoint, .t:he best solution t:c‘)“}tlahe oil
abso’rpt‘ion problem_ should be based on extrusion of the meit
‘into‘ an inert medium ghat meets ;11 the requi‘rements indicated
eatlier. It is' recommended that this objective should be .

pursued with vigor.
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4.2.2 Extrudate Swell‘of Poiyethylene Resins

With all the polyethylene resins, -a mixture of 55% {vol-

ume) 2 ¢S and 45% S5 ¢S siiicone oil was used in the inner

compartments of the thermostating chamber, The polyethylene’

Y

resins were extruded at 190°C. The temperature of the inner
A .

\ L .
compartments was maintained at 150°C. As mentioned earlier,

’ . . s
the flash point of the mixture imposed an upper limit-on this,

temperature.

During 720 seconds, 5‘10) data points- were obtained  for

N ¢
each experimental- measurement.

points are shewn o¢n each,6 graph of time-depeﬁhent extrudate

]

swell. - e
4 ’ » N ) \ s b -
The time-dependent swell of the five: polyethylene resins,

corrected for oil absorption,'is shown in Figufes 4.5 to 4.9.

-

A comparisoh of Figures 4. d to 4 5 shows the sxgnlflcant ef -

fect of subtractlng the swell due to oil absorptxon to obtaln
4

can clearly see that , the swell curve levels off. For Wl and

~

For clarity, only 90 data

&

the ~true .swell for resin' Wl.: For resins W3, W4 and W5, one~

3

W2, it is interesting to note'that{ at low -shear rates, éhe'~,

1

sweliing curve level§ off completély, whilg, for high shearﬁ

rates, it still maintaing some slopé~though very slight.

The tlme-dependent swelling curves are formed by a se-

guence of data points. GenErally, ‘thQSe curves ,should he
# N

smooth. However, the sweﬂd curves shown here show the  mea-

R

sured valges in discrete steps:. Thxs artlfaqt ls,due to, the

hature: of operation of the camera module.

3
Pl

A phptddiqde
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changes its gtatus from light to ~dark only wheén the signal it>
transmits exceeds the threshold level. 1If- the change in diam-
eter (s;elk) is ve;y”slow,.then the previous'value of'diameter
Qould\ be\ recorded, until the- tequired ’supfsce atea of the
photodiodey is obstructed, so that its’ status is changed to

dark. The slight fluctuations in the curves may ‘be attrxbuted

to roughness of the extrudate.

v

For resin W3, the sweli curves at three different shear

r

that extrudate swell of resin W3 is indepen?eht of shear rate
1h‘the testee range. - ‘It is important to repeat that each
curve shown in Figure 4.7 has been‘repfoduced to wiqﬁin 37.5
um in diameter measurements. ', ' . ’

It is apparent from the precedlng results that about 80%
of the swellxng ogcurs a;most 1nstantaneou51Y,(}h the first 2
to 3 seconds). The remaining 20% of the swelling takes place
in abqht 5 minutes. fThis confirms the gereral belief that ex-.
trudétegswellrcah be divided .into two.ptoeesses; with two d{f—

ferent time constants. The first, which is_ very fast, resem-

> bles solid-like elastic recovery. The second, which is much

slower, is in the range of time .constants obtained in stress

A

relaxation experiments. : -

bquilibripm "extrudate swell, for all the resins, was . ;

approxlmated by the time-dependent swellxng value after 720

secqnds. The results, at different shear rates, are presented

in Table 4.2. The dependency of the estimated equllibrigy

1

5

"

- - -

.
.
_K.

‘rates are identical, as shown in Figure 4.7. This indicates

|
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1
y

o
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' TABLE 4.2 ‘
‘Extrudate Swéll Values for Poly_e’thyilena
Resins at Different Shear Rates
; . After 720 Seconds Vv
- \
Wl w2~ , w3 w4 W5 -
LShea“r Rate swell|Shear Rate|swell Shear Rate|Swell|Shear Rate|Swell|Shear Rate|Swell
; fur 871 B | %, 57} B | ty. 87! B | %, s”! B | 4, s~} B
14 1.86 3.3 |1.68 3.2 [1.58 7. {131 |/ ea  J1.70
39 [1ven 6.4 |1.74 6.4 |1.58 14 [1.40 | 128 [1.76
| 77 " |2.01 14.3 _f1.84.] 13.8° [i.58 | 36 1.53. )
144 2.09 -36 . 1.96 1 1.62 N
g 366 2.15 42 © [1.75 -
) 732 2.22 . 370 1.88
! 760 2.09 , =
™ 1 3 “(\ R
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swell values on ,shear -rate, for the five polyethylene resins,,

v

is shown in Figures 4.10 to 4.12. Equilibrium extrudate s&ell

b

increases with shear rate for all the resins, except W3. Com-

v

- parison shows that Wl swells the most, followed by W4.

Comparisons between time-dependent data obtained using

the present apparatus and data obtained by Al-~Bastaki (1) for

the same resins and 4nder the same conditions is shown in Fig-—

~

ures 4.13-4.17. Al-Bastaki used a photographic technique to
- N s

v

record Qxﬁrudate'swgll. It is.-.evident from the comparison

that data obtained with the present-method apééat to exﬁibit a

\
Y

more systematic and reasonable trend.

4

Equilibfium extrudate swell data obtained ‘using the .two

‘techniques are cohpafed in Figures 4.18 to 4.22. In general, -

the present data apbear to be more consistent and reasbnable.

"Furﬁhérmore; the swell»results obta1ned by Al:Bastakl (1) are

»

much higher than those obtained in thls study. The dlsCrep-

ancy can be partially attributed to the fact that,Al-Bastaki

»

-~did not account for that part of ﬁhe swell due to the absorp-

.tion of oil by the extrudates. Also, measurements made using' .

&
. the - photographic technique are sensitive- to errors. resulting
' from poor calibration or if the extrudate“is tilted or bent.

&
Data obtained using the present apparatus are less sensitive

to these effects. .

#
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© 4.2.3  Effect of Temperature :
L Resin W1l was' extruded “at 210°C and the swell was nea- .
,s.ure;i. The time-dependent swell at di;fferent“ shear raitfes"is"
shown in. Figure; 4.23. The é'ame trend is obs,e;:ved as at 190\'C.‘
. 'I"ime-d.ependent swelj~ data, at the two éifferent temperatures
’ -—(210" and 190°C), are compar.:ed in Figures 4.24 to 4.27.
A\ _The équilibrium swell data ag:. both temperatures and \for
different shear ‘ra;tes are presented in Table 4.3. The equi-
lit;rium swell data, as a function of Aapparent: 'sheér raté,'§,
for b'oth_ temperatures are plotted.in Figure 4‘.28. C -,

The résults confirm that extrudate swell .decreases,

though 'slightly in this case, when. extrusion temperature in-

-

_ creases.

I

X

4.3 Polypropylene and the Effect of Glass Fibers
Both the\ur’tfiwll'ed pol}propylene (PP) resin and the fibef-
‘reinforced resin (30% short‘.g.lasz;.,—fiber‘gontent’) were extrude;i
at 200°cC. Fo:' the unfilled PP, ehe ‘inner compartmént:s.of\ thé
thermostating éhamper were filled with a mi;cture of low vis=’
cosity. silico;\e oils. The mixture c-méd "o‘f 43% (Qolume) 2

¢S and 57% 5 cS oils., For the filled PP, the- compartments

‘ ";ieré filled “with 20 csS §ilicone oil. The temperature of the
compartments vas 'main‘tained at 160°cC. _‘Equilaibrium swell of‘ f‘P_
'was reached in about 5 minutes, after the experiment had .

séartqd. mTher‘efore; the ‘effect of 611 absorption was consid-

ered to be negligible. This needs to be co_r;firmed.
\ . . " T \ )

“
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Extrudate swell of unfilled PP was measured at 3 differ-
ent shear rates. The time-dependent gwell is'shown in Figure
4:25. It. is seen that extrudate swell increeses yith shear
rate. The true shear rates are indicated in the figure.

"The filled PP exhibited no detectable swell under the

indﬁcated conditions. This can be seen iHuFigure 4.30, where

the time-dependent swell data for the filled as well as the

unfilled resins are shown at comparable shear rates. Only the

‘.

'apparent shear rates for the fllled PP are indicated.

‘rhe results on the swell of polypropylene support the |

general bellef that the addition of fillers to the polymer

melt reduces extrudate swell’ substant1ally. In this case, the

'swell is effeotively eliminated, because of the h1gh filler

content. The relatlvely large scatter in the data-is probably
due to the rough surface of the extrudate. ‘
A

¢

4.4 Liquid Crystnl Polymer (LCP 2000)-

LCP 2000 resin was- extruded at 300 c. The inner compart-
ments were filled with 20 cS 5111cone 011 and heated up to
QOO C. ) ' .

Extrudate swell was meldsured at 3 dxfferent shear rates.

The results for apparent ‘shear ra;es 26 s -1 and 104 s 1'are

shown in Figure 4.31. Extrudate swell at: 52 s”! was measureo,

‘ ~ /
«

but the result is hot,shoﬁnﬁbeéause'it showed similar behav-
iour. No extrudate swell was detected. This is' in general

agreement with the results obtained by White (103), who found

-~
“ ,
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that LCP melts exhibit a behavioyr siﬁilar'to the behaviour of .
fiber~-filled melts. ‘It is important to note that the ‘thermo-
stating chamber .temperature was only 200°C, while the melting

point of the resin is around 280°C. Thereforé, the effects of =

1
thermal expansion' and frozen stresses are not accounted for..

. . ) ’ 5 '
More detailed studies are needed to confirm these results. -
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.t "~  CHAPTER 5

b

CONCLUSIONS AND “RECOMMENDATIONS

« \

(Y

. A 'new semi-automatic apparatus to'measure true capillary

extrudate swell of polymer melts‘~was designed, con=-

structed and tested. -~ Y :

The apparatus provideé two kinds of output. An analog

. output capable of driving a chart Eecordqr and a digital

output. The digital‘ouﬁput is passed through a data

logger to an IBM PC, where the data can be analyzed and
} -

stored. «

It was illustrated that consistent and reliable'dé;a‘éan

~ .

be obtained using the proposed apparatus.

'Timefdependent, as well as equilibrium extrudate swell

data could be fobtained with'good reproducibility. The
* : LY . .
spread in the {(measured values of the diameter obtained

%

-

from different runs, under the same conditions, did not
% >~ X -

exceed 37.5 um. .
The apparatus was used in conjunction with an Instron

Capillary Rheometer. However, the apparatus can be
~ {

. easily used withA any capillary extrusion syétem that

offeré‘an unobstructed view of the extrudate.

The ' apparatus can be used without. any modification to

@

measure extrudate swell as well as to monitor dimensions |
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\ ~

of products in the rubber and in the wire coating indus=

tries. . ' S
(7) The die-barrel assembly shguld be modified in sucﬁ‘a‘yay
a§ to provide a view of the tip,?f tﬁg die through thg
‘Qlass windows of" the thermostating chamber. .This would
. enable the measurement of the swellipg as soon as the: -
o ) extrudaté emerges from thé die.

” . \

(8) To take full advantage of the previous suggestion, it {s

recommended to acquire a Direct Memory  Access .(DMA)

device. Such a device would enable the logging of data

into the IBM PC .at high speed. In this way, the early, .

stages of swell can bé studied., In the present configu-j\

— ) ration, the maximum rate o§ data acquisitiqﬁ by ghe’com—.
puter is one line Ecan ever§ 0.53 seconds. The data -can
be collected by the ?amefa module at a maximum speed of

4000 1ine,scan§ per second. . L.

() 'Using a stepper-é;tor, one can scan the extrudateé verti-
?cally. This would permit, ﬁéasurémeﬁt of the diameter at

differené'lqcations‘below the die. -

. - (10) It is important to continue the search for a proper
‘ therqostating medium. The  medium should match the. den-
sity of the polymer melt but not interact &ith it. It

N ‘

e should also be transparent and thermally stable.

P~

r
-#

N
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NOMENCLATURE -~ . .

Pt

03

B _Extrudate swell ratio , )
D Diameteﬁ ' S
De - Diameter of ;he'capiliary  ’
Dg Diameter of the extrudate
Dg Diameter of the solidified extrudate
g \Stofqéé modulus o
G" Loss modulus-xa ' }
Ja - . Steady. state shear compliante
‘L. ' Length af thé capfllary ‘
v ' ‘ [N
gn Nuﬂbérvaverage molec?}ar_weighﬁ : )
w - Weight averagefmolecﬁlar weidht .
z Zz-average molééuiar wéight, ’
Ny . First no;ﬁal.étrgs§‘d§ffeféncé
Sp ‘Recoverable’ shear strain -

[ R \’

Greek Letters " .

P} -

7. : Shear, rate. , . .. °, 7g - :
¥ * Apparent shear rat‘“‘ )

Y "True wall sheaf rate \

ﬂ* o éomplex,vlscésity_ .

A ' éelakation‘tim? .

p' N Density N o . j ‘ f>f

’ F)

Ps . Density -of the solid polymer .

9
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b . APPENDIX B )

~

.ILLUHfNATION OF THE CENTRAL PHOTODIODES:

‘AN OPTICAL SOLUTION -

[}

As menti;)néd earlier, when the temperature of the oil was’
sigh@ficaptiy‘ below the freezing point of - the ‘resin, theLdi@m-
eter could be measured- easil"y and -accurately without problems
by setting thehappfopria‘te thresholld l'evel.' However, as soon

as' the temperature of' the oil approached the melting regién,

.
the central part of the image became bright. The photodiodes

in the central part of the imggé gave a siégnal correspond ing
to fuli illwuminat‘ion. Oné appro‘aéh to’ overfcome tﬁis problem
involves t.h"elqse oif corr{puter: software to compensai:e for the
illlumi,nation of the central -part. . This is ‘the\ approach which

has been employed in the present study.

- * A

it would be. desirable to overcome tlie above problem b)}

\ B

using optical means only. Under such co?ditions, it  would be

-
0

possible to use a chart recorder to measure the swell of A

unpigmented molten extrudate, Theraefore, an ‘attempi; wAas nade

-

N

to obtain an optigal solalion.

The insertion of a pinhole ‘l?etween the pho-todioc’le drray
and the magnifying lens, at the focal p‘oint’ of the latter,
might filter out the light originating from the central par.;t

of the extrudate, as shown schematically in Figure B-=1.

‘
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Four pifiholes of different diamet;‘ers (100, 300, 500 and
1000 um) were tried. The:pinholes werk held, one at a time,
on a lateral-transverse slide. The slide could be moved on an
-opt:ical, bench. Thus, the position of the pinhole could be
adjueted in all three directions. The- 1000 and 500 um pin-
holes reduced the cent-;ral 'bright part of t‘he image subsgtan-

tially, but did not el:.mmat:e it completely. No optical npise

9

-'was observed, when these two plnholes were used. The 100 um

pinho.‘_l.e practically ellminated the central bright part of the

image.  However, the optical noige increased draeticall_l.'y,,

" making it wvery difficult to mak.e'reliable measurements. This

-

noise might be due to ve~ry small mechanical vibrations. The

1

300 pm pinhole performed somewmfjere in the middle between the

. 4
two extremes.. .

! The noise could probably be el1m1nated. if the experiment

is performed .on an optical table and if very prec1se posuion—

.ing equipment was used._ ,However. thzs wauld make the appara-

\
- tus expensive and sengitive; vf not: 1mpractlca1. However, it

I

would he of interest to pursue a practlcal optical solutlon t‘:o

2 k3 v
!

this problem. .
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? APPENDIX C

w’

DETAILED DIAGRAMS OF THE DATA LOGGER

-

1

Input DB-25 pin Assignment

Pin 1 — DO (LSB)
Pin 2 — D1
Pin 8 — D2
Pin 4 — DS ‘ . .
Pin 5 ~ D4 - T :
Pin6 —Ds \, k
Pin 7 — D8 N .
Pin 8 — D7 (MSB) ~ ; .
Pin 9 — Ground -
o . Pim 10 — Ground
o Pin 11 — Byte Ready(L)
- . *Pin 12 — Bleck Ready(L) , ‘
Pin 13 — Ground ,
Pin 14 — Ground , . ‘ .

o

Command Byte Deﬁziition,

. Bit 0 — Reserved for future tieﬁnition/expanaion.'
' ~ (LsB) - 0

Bit 1 — The next $ bits define the number of 512-byte blocks to be captured
. Bit 2 — during the next possible moment. It must be borne’in mind that
x Bit $ — a maximum of 7 513-byte blocks can remain iIn memory at any time.
— If this is somehow exceeded, the ERROR light will come on. This
— condition will peraist unti} the reset button is hit (hardware
— reset), by the abort command whose definition will follow.

Bit. 4 — The lant 4 bitn define the number of half-second (0 5s) intervals .
Bit & — at which the sampling ie done. Thus the shortest interval at
) . Bit 6 — which the sampling can occur is 0.58. The longest deflned within
. Bit 7 — one command byte is then 7.5 seconds. However, nearly any multiple
. (MSB) — of 0.5 second can be achieyed under the supervision of the host.
” Al ) -

m ' - - -

¢ Since the function of the command word is quintessential, its integrity has to be pre- |

& w



”

served. To this end, the command byte is to be repeated, and the data-logger will compare
both transmissions. If the command integrity is intact, then it will respond with one "A”
(41H) - for acknowledge, ie 01000001 Otherwise, one "N” (4EH), ie 01001110 cotnes back,
and the hoct thould repeat the commmand byte twice again.

o e

Should an unexpected condition occur from whxch the data-logger cannot recover, or
if the host wishes to abort a command or reset the machine, it can be done in software
by sending to it 2 (two) bytes of 00. Note that a before change to umpling modes can be
effected, the data-logger has to recexve these two bytes of 00’s, and then the new command
twice.

§ S

Note that the data-logger transmits the 512-byte block immediately upqw completion of
capture. No provision has been made to store the captured block in memory until instructed
by the host to send. . .. o

v

Switch Settings
Four baud rates are sthch selectable from the DIP-swich on the back of the unit. The
first switch corresponds to bit 0 (LSB). When thrown in the QPEN position, it nteans that

that particular mitch setting isal. :

~
03 R - =

00 - 1200 Baud; K1135 setting — 0111 {7H) N . '
01 - 2400 Baud; K1135 setting — 1100. (GH) ‘
10 - 9600 Baud; K1136 setting — 1110 -(EH) AR
11 - 19K2 Baud; K1135 setting — 1111 (FH) : :
o ) . ® .
Together with the four sele:table baud rates, are four selectable uttings for parity.
“These are set via switches S aud 4. . @

.
® . Y

oy

Switch 8 - Parity Even (0) '/ Parity 0d4d(1)
Swltchsd Panty Enable (0) / Panty Disable (1)

-
v

Port and Bit Assignments ‘

Yo
Write Command Port — OCH v )
Run(H) - Bit 0 .
Light Error Lamp(H) - Bit 1 _ )
_'SIO Base — ICH .. . )

- . - - - -
»

. Lo Counter<Bank ’

~



e

~ - . 4 ' ‘ 2
] rd * ' « - . - . < '
- . R ., , » . . « CL3
: ’ . v hd

o v “a .

- . Porto‘n A ) :'A/- . - ‘:\Q 'h . . -

- Hi Counter Bank .

Port OSH o ) ¢
A v

Baud Rate Initialization >

Port O0H

Status Read Port ,
- Port 00H . . ) {
Job Dene(L) - Bit 0 . °
Error (L) - Bit 1 :

£
The table in the following pages indicate combinations of baud rates and the rates

" at which 512-byte ‘blocks can be sampled AND transmitted at the specified baud rates.
’ Combimtiom that cannot be carried out due to any incompatibility in the input and output
‘rates are flagged by the label "IMPOSSIBLE”. Execution of any of these combinations will

result‘in the error lamp being turned on. Combinations that are possible, on “the other
hand, hive the entry labelled "Next” inserted into the location (400H + the asscaciated
”Loc” of the entry) of the.EPROM.

?

Considerations for Increned Throughput

Given the current environment in which t.he data-logging is to take place, the speed at
which data can be icquired is severely constrained by the speed-at which it can be acquired
by the IBM PC from the RS-232'line. -Current operation of the IBM PC serial port is at
9600 baud. If this can be speeded up to 19.2k baud, the rate of sampling can be increased to

-more than twice that at 9600 baud. This is an attractive option as no modification on the
" data-logger is needed for operation at that baud rate. Baud rate settings of the data-logger

for various rates of communication are described above. / i .
P . - . i

. Should even higher band rates be needed, hardware, and maybe, software modifications ;

have to be effected. The receive and trapsmit clock rates of the SIO have to be speedéd up

for increased throughput. One possibility would be to feed the receive and transmit clocks

with some fraction of the 2.0MHs CPU clock such that its speed is compatible with that

of the receiving hardware. Considerations must be given to the fact that the SIO used has -

a maxjmum frequency of operation of 2.0MHz, or the equivalent of 500Kbits/second.

It is likely that with higher speeds of operation, there would. be a need to change the

" communication protocols. -Little more can be said about this without having yet obtained

the documentation for the receiving hardware except that the receive protocol should be
understaod wgll, before effecting agy changu ta tlie current transmission protocol

3 -

-

f,""‘ -,,v Comidentionl for lncreaned Timing Accuracy

’ Although much careful thought has been given(o the désign of the timing loops, there
may be occassions that require higher criticality in timing. On board the data-logger, the

*



* Baud
8sud.

Baud
Baud
Baud
Baud
Baud
Baud
Bmud
Baug
Baud
Baud
Baud
Baud
Baud
Baud
Baud
Baud
Baud
Baud
Bavuag
wdud
Baud
Baud
Baud
Baud
Baud
Baud
Baug
Baud
Bauog
Baud
Baud
Baud

' Baud

Baud
Baugo
gaoa
Baud
Baud
Baud
Baud
Baud
Bsud
Baud
Baudg
Baud
Baud
Baud
Baud
Baud
Baud
Baud
B8aud
Baud
Baud
Baud
Baud

Baud

Baud
Bsud
Baud
Baud
Baud
Baud

. Baud

N

-

Rate = ¢ Totsl time =
Rate = .t otal time =
Rate = 1200 Total time =
Rate = 1200 Totsl time =
Rate = 1200 Total time =
Rate = 1200 Time avsil.
Rate = 1200 Tots! time =
Rete = 1200 Total time =
Rate = 1200 Totesl time =
Rate = 1200 Total time =
Rate = 1200 Total! time =
Rate = 1200 Tofal tims =
Rate = 1200 Time avall,
Rate = 1200 Total‘time =
Rate = 1200 . Tota) time =
Rate = 1200 Tota! time =
Rate = 1230 Total time =
Rate = 1200, Total time =
Rate = 91200 Total time =
Rate = 1200 Time avail,
Rate = 1200 Total time =
Rate = 1200 Tota) time =
Rate = 1200 Tgtal time =
Rate = 1200 Tota! time =
Rate = 1200 'Total time =
Rate = 1200 Total time =
Rate = 1200 Time avail.
Rate = 1200 Total time =
Rate = 1200 Tota) time =
Rate = 1200 Tota) time =
Rate = 1200  Totsl t¥me'=
Rets = 1200 Totht time =
Rate = 1200 Totll Cime =
Rata_= 1200 Time avail.
Rate = 1200 Totd) time =
Rate = 1200 Total time'=
Rate = 1200 Tota) time =
Rute = 1200 Total time =
Rate = 1200 Totel time =
Rate = 1200 Tote'l! time =
Rate = 4800 yTotal time =
Rate = 4800 Tota! time =
Rate = 4800 “Total time =
Rate = 4800 Totel time =
Rate = 4800 Tota! time =
Rate = 4800° Tots! time =
Rats = 4800 Total time s
Rete = 4800 Total time =
Rate = 4800 Total time =
Rate = 4800 Tota} time =
Rate = 4800 Total time =
Rate = 4800 Total time =
Rate = 4800 Total time =
Rats = 4800 Total timp =
Rate = 4800 Tihe avail.
Rate = 4800 Total time =
Rate = 4800 Total time =
Rate = 4800 Tota) time =
Rate = 4800 Total tima =
Rate = 4800 Total time =
Rate = 4800 Totp! time =
Rats = 4800 Time -availl.
Rate = 4800 Tota) time =
Rate = 4800 Total time =
Rate = 4800 Total time =
Rate = -4800 Total time =

.

v

$.000
$.000
5.000
5.000
5.000

sacs
secCs
SeCS
secs
secs

# of blocks
# of blocks
#,0f blocks
# of biocky
# of blocks

HRENR

S$.500 sscs # of blocks =

5.500
5.500
5.500
5.500
.5.500
5.800

6.000 secs # of blocks =

8.000

" 8.000

7.000 secs # of blocks
7.000 secs # of blocks
7.000 secs & of blocks
7.000 secs # of blocks
7.000 secs # of blochks
7.000 secs # of hlocks

7.500 secs # of blocks =
7.500 secs # of bidcks
7.500 sscs # of blocks
7.500 sscs # of blocks
7.500 secs # of Dlocks
7.500 secs # of bliocks
7.500 secs # of “blocks
0.500 secs # of blacks
0.500 secs # of blocks
0.500 secs # of blocks
0.500 secs # of blocks
0.500 secs # of hlocks
" 0.500 secs # of blocks
0.500 secs # of blocks
1.000- secs # of Llocks
1.000 secs # of blocks
' 000 ssces # of blocks
1.000 secs # of blocks
1.000 secs # of blocks
1.000 secs # of blocks
1,000 secs # of blocks

1.500 secs # of blocks =
1.500 secs # of blocks
1.500 sdcs # of blocks
,1.500 secs # of Dlocks
1.500 secs # of blocks
1.500 secs # of blocks
1,500 secs # of blocks

2,000 secs # of blocks =
2.000 secs ¥ of blotks
2.000 secs # of blocks
2.000 secs 7 of Llocks
secs # of blocks

6.000
6.000
6.000
6.000

6.500 secs # of blocks =

6.500
6.500
6.500
6.500
6.500

.8.500
7.000 secs » of Dlacks =

2.000.

of blocks
af blocks
of blacks
blocks
of blocks
of blocks

secs
secs
secs
secs
secs
saca

Nwwanw
0
-

of blocks
of blocks
blocks
of blocks
of blocks
of blacks

secs
secs
secs
sacs
secs
secCs

L3 A RN Y
-]
-

secs
secs
secCs
s8cCs
secs

secs ¢ of
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byto'

= -2580 Time needed

IMPDSSIBLE

3 # of 6 Time nesded = 12.800
4 # of bytes = «6 Timé needed = 17,067 IMPOSSIBLE
S # of. bytes = 2560 Time nesdesd = 21,333 IMPOSSIBLE
6 # of bytes = 3072 Time needed = 25.600 IMPDSSIBLE
7 #°of bytes = 3584 Time neaeded = 29,867 IMPOSSIBLE
1 # of bytgs * 512 Time nesded = ‘3‘ 287 Next = 5
2 # of bytes = 1024 Tim.'no.d.d = §.533 IMPOSSISLE
3 7 of byfes = 1536 Time needed = 12,800 INPOSSIBLE
4 § of bytes = 2048 Time nseded = 17.067 IMPOSSIBLE
5 # of bytes = 2560 Time neaded = 21,333 IMPOSSIBLE
6 # of bytes = 3072 Tima neadsd = 25,600 IMPOSSIBLE
7 # of bytes = 3584- Time needed = 29 .867 IMPOSSISLE
] ) of bytes » 512 Time nesded = 4,267 Next = 7
2 # gf bytes = 1024 Time nesdad = 8.333 IMPOSSISLE
3 # of bytes = 15368 Time needed = 12 800 IMPOSSISLE
4 5 of bytes = 2048 Time needed = 17,067 IMPOSSIBLE
5 # of bytes = 2560 Time needed = 21.333 IMPOSSIBLE
8 # of bytes = 3072 Tims needed = 25.600 IMPOSSIBLE
7 # of bytes = 3584 Time needed = 29,867 IMPOSSIBLE
1 # of bytes = 512 Time needad = 4.267 Next = §
2 # of bytes & 1024 Time needed = 5,533 IMPOSSIBLE
3 # of bytes = 1536 Time needed = 12,800 IMPOSSIBLE
4 # of bytes = 2048 Time needad = 17.087 IMPOSSIBLE
§ # of bytes = 2560 Time neaded = 21,333 IMPOSSIBLE
8 # of bytes = 3072 Time nesded = 25,8600 IMPOSSIBLE
7 # of bytes = 3584 Time needed = 29,867 IMPOSSIBLE
1 # of bytes * 532 Time needed = 4.267 Next = 1t
2 # of bytes = 1024 Time needed'= 0.533 IMPOSSIBLE
3 # of bytes = 1536 Time needes = 12,800 IMPOSSIBLE
4 # of bytes = 2048 Time needed = 17.067 IMPOSSIBLE
$ # of bytes = 2560 Time needag = 21,332 IMPOSSIBLE
€ & of bytes = 3072 Time needed = 25,600 IMPOSSIBLE
7 # of bytes = 3584 Timg neadsd = 29.867 IMPOSSIBLE
P # of bytes = 512 Time nesded = 4_.267 Next = 13
2 £ of bytes = 1024 Time needad = 8,533 INPOSSIBLE
3 # of bytes = 1536 Time naeded = 12.800.IMPOSSIBLE
4 5 of bytes = 2048 Time needed = 17,067 IMPOSSIBLE
S # of bytes &= 2560 Time needed = :21,333 IMPOSSIBLE -
6 # of bytes = 3072 Yima needed = 25,600 IMPOSSIBLE
7 # of pytes = 3584 Time needed = 29.867 IMPOSSIBLE
1 7 of bytes = 512 Time nesded'= 1,087 IMPOSSIBLE
2 # of bytes = 1024 Tima needed = 2,133 IMPOSSIBLE
3 # of bytes = 1536 Time neesded = 3,200 INPOSSIBLE
4 5 of bytes = 2048 Time needed = ' 4,267 IMPOSSIBLE
S & of bytes = 2560 Time needad = 5.333 IMPOSSIBLE
6 ¥ of byteas = 3072 Time needed = 6,400 IMPOSSIBLE
7 # of bytes = 3584 Time needsd = 7.467 INMPOSSIBLE
) # of bytas = 512 Time needed = 1,067 IMPOSSIBLE
2 7 of bytes = 1024 Tima needad = 2.133 IMPOSSIBLE
3 # ©f bytes = 1536 Time nseded = 3,200 IMPOSSIBLE
4 # of bytes = 2048 Time needed = 4,267 IMPOSSIBLE
5 # of bytes = 2560 Time needso = 5,333 IMPOSSIBLE
€ # of bytes = 3072 Time needed = 6.400 IMPOSSIBLE
7°# of bytes = 3584 Time needed = 7,467 IMPOSSIBLE
1 # of bytes = 512 Time nesdsd = 1 067 Next = 2
2 # of bytes = 1024 Time nesded = 22,133 IMPOSSIBLE
3 # of bytes = 1536 Time needed = 3,200 IMPOSSIBLE
4 # of Dytes = 2048 Tims needed = 4.267 IMPOSSIBLE
S # of bytes = 2560 Time needed = §,333 IMPOSSIBLE
6 # of bytes = 3072 Time needed » 6£.400 IMPOSSIBLE
7 # of byteas = 3ISB4 Time needed = 7_.487 IMPOSSIBLE
\ # of bytes = 512 Time nesded = 1.067 Next = 4
2 # of pytes = 1024 Time needed = 2,133 IMPOSSIBLE
3 # of bytes =,1536 Time needed = 3,200 IMPOSSIBLE
4 # of bytes = 2048 Time needed = 4,267 IMPOSSIBLE
5 # of bytos s 5.333 IMPOSSIBLE

”

.



Rate
Rate
Rate
Rate
Rate
Rata
Rate
Rate

Rate

Rate
Rate
Rate
Rate
Rate
Rata
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rste
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Ratnm
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rutse
Rate
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L1118
4800
4800
4B00
4BQ0
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
4800
800
800
4800
4800
4800

4800 ' Timk availtl.

PR

otal time
Time avail.
Tinie avsil.
Tatal time
Total time
Total time
Total time
Tota! time

Time avall..

Time avajl.
Tota) time
Totaltima.
Totai“time.
Total time
Total time
Time availl,
Time avall,

e R AN

Tima avatl.,

Total time
Total time
Total time
Total time

,Time avail,

Time avail,
Time avalld,

Total time
Total time
Total time

Total time,
Jime avdil,
Tile avatl.
Time avall.
Timg avail.
Toti\ time
Total_ time’
Total time
Time avail.
Tios avail,

4800 +Time aveil,
4800° Total time
4800 Total! time
4800 Yotal time
4800 Time avatltl.
4800 Time avail.
4800 7Time avall.
3800 Time avaitl.
4800 Time avatll.
4800 TYota! time
4800 Tota! time
4800 Time svall.
4800 Time availl.
4800 T!pe avai).
4800 Time avail},
4B00 Time avalil,
4800 Total tima
4800 Total time
4800 Time avail,
4BO0 Time avaitl,
4800 Timp avail,
4600 Time avail.
4800 Time avail,
4800 ,Time avail.

480C Total time = 6.500 secs #

v

®
=
=
=

LI "

ol
C Yotal time = 2,000 secs # of dblocks = 6 ‘e of bytc’ ’

=
=

=
-

x
=
=

=
A
=

noouuu [LI VI I I 1 Hran
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2 Time needed = 6,400 IMPOSSIBLE
7 # of bytes = 4 Time needed = 71_467 IMPOSSIBLE
1 # of bytes = /512 Time needed = 1 087 Next = &

2 # of bytes = 1024 Time nesded =, 2.133 Next = 2
of bytes =,1536 Time needed 5?200 IMPOSSIBLE

of byteg = 2048 Time needed 4.267 IMPOSSIBLE
of bytes = 2560 Tims Needed 5.333 IMPOSSIBLE
2.500 secs # of blocks of bytes = 3072 Time needed 6.400 IMPOSSIBLE
2.500 secs # of blocks # of bytes = 3584 Tims nesded 7.487 IMPOSSIBLE
3.000 secs # of blocks = 1 # of bytes = 512 Time nesdsd = 1.067 Next = 8

3.000 secs # of blocks = 2 # of bytes = 1024 Time needed = 2.133 Next = 4

2.000 secs # of blocks =
2.500 secs 7 of blocks =
2.500 secs # of blocks =

2,500 secs # of blocks

2.500 secs # of bLlocks

2.500 secs # of Dlocks

¥iH AN
~NOOaW
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3.000 secs # of blocks = 3 # of bytes = 1538 Time nesdad = 3,200 IMPOSSIBLE
3.000 secs # of biocks = 4 # of bytes = 2048 Time needed = 4,267 IMPOSSIBLE
3.000 sacs # of bDlocks'= S & of Dytes = 2560 Time nesded = 5,333 IMPOSSIBLE
3.000 secs ¢ of blocks = 6 # of bytes » 3072 Time needed = 6,400 IMPOSSIBLE
3.000 secs # of blocks = 7 & of bytes = 3584 Time needed = 7.467 INMPOSSIBLE

1.067 Next = 10
2.133 Next = 8
3.200 Next = |
4.267 INPOSSIBLE
5.333 IMPOSSIBLE
6.400 IMPOSSIBLE
7.467 IMPOSSIBLE

3.500 secs # of blocks = 1 # of bytes = 512 Tima needed »
3.500 secs # of blocks = 2 F of bytes = 1024 Time needed =
3.500 secs # of blocks = 3 # of bytes = 1536 Tims nesded =
3.500 secs # of blocks = 4 # of bytes * 2048 Time needed =
3.500 aecs # of biogcks = S & of bytes = 2560 Time needed %
3.500 secs # of bDlocks = 6 & of bytes = 3072 YTime nesded =
3.500 sece # of blocks = 7 # of bytss = 35684 Time needed =
4.000 sacs # of blocks = | # of bytes = 512 Time needed »
4.000 secs # of blocks = 2 # of bytes = 1024 Tims needed =
4.000 secs # of biodks 3 # of bytes = 1536 Time needad =
4,000 secs # of blocks = # of bytes 2048 Time needed =
4.000 secs # of Dlocks = # of bytes 2560 Time nesaded =
4.000 secs # of blocks = & of bDytes 3072 Tima needed =
4.000 secs # of blocks = # of bytes 3564 Time needad =
4.500 secs # of blocks i # of bytes 512 Tims needad =
4,500 secs 7 of blocks 2 £ of pytes 1024 Time nesded =
4_500 secs # of blacks 3 # of bytes 1536 Time neeaded =
4.500 secs # of blocks 4 7 of bytes 2048 Time needed =
4.500 secs # of blocks = 5 ¢ of bytes = 2560 Time naedad =
4.500 secs # of blocks = 6 # of bytes = 3072 Time needed =
4.500 secs # of blocks = 7 # of bytes = 3584 Time nesded =
5.000 secs # of blocks 1 & of bytes 512 Time needed =
5.000 secs # of blocks 2 # of bytes 1024 Time neseded =
$.000 secs # of blocks J 7 of bytes 1536 Time needed =
5.000 secs # of blocks 2048 Time needed =

2.133 Next = @8
3.200 Next =- 3
4.267 IMPOSSIBLE
5.333 IMPOSSIBLE
6.400 IMPOSSIBLE
7.467 IMPOSSIBLE
1.067 Next = 14
2,133 Next = 10
3.200 Next = §
A4.267 Haxt = 1}

u
0Hnan

~NOU L

wouun

wona

7.467 IMPOSSIBLE
1.067 Next = 16
2.133 Next = 12
3.200 Next = 7

Hwon
LU

5.333 IMPOSSIBLE ~
6.400 IMPOSSIBLE -

4 # of bytes

4.267 Next = 3

5.000 secs # of blocks = 5 # of bytes = 2560 Time needed = 5,333 IMPOSSIBLE
§.000 secs # of blocks = 6 # of bytes = 3072 Time nmeded = 6,400 IMPOSSIBLE
5.000 secs # of blocks = . 7 # of bytes = 3554 Time needed = 7.467 IMPOSSIBLE
$.500 secs # of blocks = "} # of bytes = 512 Time nseded = 1).067 Next = 18
5.500 secs # of blocks = 2 & of bytes = 1024 Time needed = 2.133 Naxt = t4
5.500 secs # of blocks = 3 # of bytes = 1536 Time needed = 3.200 Next = §
§.500 secs # of blocks = 4 7 pf bytes = 2048 Time needed = 4.267 Naxt = §
5.500 secs # of blocks = 5 & of bytes = 2560 Time needed = $.333 Next = 1

5.500 secs # of blocks =
$.500 secs # of bDlocks =

6 # of bytes
7 # of bytas

3072 Time naeded =
3584 Time needed =

6.400 IMPOSSIBLE
7.467 IMPOSSIOLE

6.000 secs # of blocks = 1 # of bytes = 512 Time needed = 1_067 Next = 20
6.000 sacs # of blocks 3 2 # 6f bytes = 1024 Time needed = 2,133 Next = 1§
6.000 secs # of blocks = "3 # of bytes = 1536 Tima needed * 3.200 Next = 11
6.000 secs # of blocks = 4 & of bytes = 2048 Time needed = 4.267 Next = 7
6.000 sacs # of blocks = 5 # of bytes = 2560 Time needed = S.333 Next = '3

6.000 secs # of blocks =
6.000 secs # Of bDlocks =

6 » of bytas
7 # of bytes

3072 Time needsd =
3584 Time needed =

6.400 IMPOSSIBLE
7.467 IMPOSSIBLE

€.500 sacs #-of blocks ¥ 1 # of bytes = 6512 Time needed = 1.067 Naxt, = 22
6.500 secs # of bDlocks = 2 # of bytés = 1024 Time needed = 2.133 Next = 18
6.500 secs # of blocks = 3 # of bytes = 1536 Time-needed = 3.200 -Next = 13
6.500 secs # of bDlocks = 4 # of bytes = 2048 Time needed = 4.267 Next = ‘9O
6.500 sacs # of blocks = 5 # of bytes = 2560 Time needed = 5,333 Next = §
6.500 seca # of Dlacks = B8 # of bytes = 3072 Time needed = 6.4900 Next = 0

. of blocks =
4800 Time avail. = 7.000 secs # of blocks =- 1| # of bytes =

7 # of bytes = 35684 Time nseded =
512 Time needed =

'3

~

7.467 INPOSSIBLE

1.067 Next

= 24

1.067 Next = 12 ~



Baud
Baud
Baud
Baud
Baud
Baud
Bawa
Baud
Baud
Baud
Baud
Baud

Baud,

Baud
Baud
Baud
Baud
B8avd
Baud
Baud
Baud
Baud
Baud
faud
Baud
8aud
Baud
Baud
Baud
Baud
Baud
Baud
.Baud
Baud
Baud
Baud
Baug
Baud
Bavo
Baud
Baua
Baudg
Baudg
Baug
Baudg
Baug
Baud
8audg
Baug
Baug
Baud
Baud
Baud
8aug
Baud
Baud
Baud
B8aud
Baud
Baud
Baud
Baud
Bavd
Baud
Bdua

Rate
Rate
Ratse
Rate
Rats
Rate
Rate

Rate

Rate
Rate
Rate
Rate
Rate
Rage
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rata
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Ratd
Rate
Rate
Rate
Rate
Rate
Rste
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate

‘Rats

Rate
Rate
Rate
Rate

1

0.500 secs # of blocks
0.500 secs # of blocks
0.500 sacs # of blocks
0.500 secs # of blocks
0.500 secs # of blocks
0.500 secs 7 of blochs
0.500 secs # of Dlocks
1.000 sacs # of blocks
1.000 secs # of blocks
1.000 secs # of blocks
,1.000 secs # of blocks
1.000 secs # of blocks
1.000 secs # of blocks
1.000 secs # of blocks
1.500 saecs # of blocks
1.500 secs # of blocks
1.500 secs # of blocks
1.500 secs # of blocks
1,500 secs # of blocks
1.500 secs # of blocks
1..500 secs # of blocks
2.000 sacs # of blocks
2.000 sacs # of blocka
2.000 secs # of blocks
2.000 secs ¢ of bliocks
2.000 secs' # of blocks
2.000 secs # of blocks
2.000 secs £ of blocks
2.500 secs # of blocks
2.500 sacs # of blocks
2.500 secs # of blocks
2.500 socs # of blocks
2,500 se # of blocks
2.500 secs # of blocks
2.500 secs # of blocks
3.000 secs # of blocks
3.000 secs # of blocks
3.000 saecs # of blocks
3.00D0 secs » of blocks
3.000 secs # of Dlocks
J.000 sacs # of blocks
3.000 secs £ of blocks
3.500 sece # of biocks
3.500 secs # of Dlocks
3.500 seca # of blocks
3.500 secs # of blocks
3.500 secs # of blocks
3.500 secs # of blocks
3.500 segs # of blocks
4.000 sécs 7 of blocks
4.000 seds # of blocks
4.000 sechp 7 of blocks
4.000 seZs # of blocks
4,000 secs £ of blocks
4.000 secs & of plocks
4.000 secs # of blocks
3. 4.500 secs # of blocks
4.500 secs # of blocks
4.500 secs # of blocks
4.500 secs # of blocks
4.500 secs # of blocks
4.500 secs # of bliocks
4.500 secs # of Dlocks

= 120, Total time =
= 1200 Total time =
= 1200 Totml! time =
= 1200 Total time =
= 1200 Tota) time =
= 1200 Totwl time =
5 1200 Tots) time =
= 1200 Total time =
s 1200 Total! time =
= 1200 Total time =
= 1200 Tolal'time =
= 1200 Total-tima s
= 1200 Total’time =,
31200 Total time =
= 1200 Total time =
= 1200 Total time =
= 1200 Tote) time =
= 1200 Total time =
= 1200 Total time =
= 1200 Total time =
= 1200 Total time =
= 1200 Total time =
= 1200, Total time =
= 1200 Total time =
= 1200 Total time =
= 1200 Total time =
= 1200 TYotal time =
= 1200 Totel! time =
= 1200 Total timg =
= 1200_\To§ab time =
= 1200 TYotal time =
= 1200 Total tima =
= 1200 Totpl time =
= 1200 7JYotal time =
= 1200 Total time =
= 1200 Total tims =
= 1200 Tote! time =
= 1200° Total time =
= 1200 Tofal time =
= 1200 *Total! tima =
= 1200 Total time =
= 1200 Total time =
= 1200 Total time =
= 1200 Total time =
= 1200 TYotal time =
= 1200 Total time =
= 1200 Tota! time =
= 1200 Total tims =
= 1200 Totel timg =
= 1200 Total time =
=z 1200 TYotal time =
= 1200 TotAl time =
= 1200 Tqtsl time =
= 1200 Total timp =
= 1200 Total time =
= 1200 Total tima =
= ¥200 Time avail.

= 1200 Total time =
= 1200 TYotasl tims »
= 1200 Total time =
= 1200 Total time =
= 1200 Total time =
= 1200 Tota) time =
= 1200 Time avail.

= 1200 Total! time =

\

$.000 seocs # of blocks =

p]
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5.000 secs # of blocks =
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bDytes
bytes
bytes
bytes
byteg
bytes
bytass
bytesx
bytas
bytas
bytes
bytes
b;toa
bytes
bytas
bytes
bytes
bytes
. bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytas
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytas
bytes
tbiytes
bytes
bytas
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
! # of bytes
bytes
bytes
bytes
Dytes
bytes
bytes
4 2 of bytes

\
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512 Time needed =
2 # of bytes = 1024 Time needed =

= L,12 Time. needed = 4,267
= 1024 Time neoded = B8.533
= 1536 Time needed = 12.800
= 2048 Time needed = 17.067
a 2560 Time neseded = 21.333.
* 3072 Time ‘needed = 25.600"
,= 3584 Time naeded = 29.867
= 512 Time needesd = 4. 267
= 1024 Time needed = 8,533
2 1536 Time neaeded = 12.800
= 2048 Time needed = 17.067
2 2560 Time needed = 21,333
= 3072 Time needed = 25,600
= 3584 Time needed = 29.867
= 512 Time needed = 4,267
2 1024 Time needed = B.53%
= 15386 Time nesded = 12.800
= 2048 Time needed = 17.067
= 2560 Time neaded = 21,333
z 3072 Time needed = 25,600
= 3584 Time nseded = 29,867
= 512 Time nesded = - 4 287
= 1024 Time needed = §,533
= 1536-Time neeaded = 12.800
= 2048 Time needed = 17,067
2 2560 Time needed = 21.333
= 3072 Time needed = 25,600
= 3584 Time needed = 29 867
= 512 Time neeaded = 4,267
= 1024 Time needed = 8.533
= 1536 Time needed = 12,800
= 2048 Time needed = 17,067
= 2560 Time nesded’s 21,333
= 3072 Time neaded = 25.600
= 3584 Time neesded = 29.867
= 512 Time nesded = 4,267
= 1024 Time needed = 8.533
= 1536 Time needed =2 12.800
= 2048 Time neseded = 17,067
= 2560 Time neesded = 21.333
= 3072 Time needed = 25.600
= 3584 Time needed = 29.867
= 512 Time needed = 4,267
= 1024 Ti{me needed = 8,533
= 1536 Time needed = 12.800
= 2048 Time neaeded = 17,067
= 2560 Time needesd = 21,333
= 3072 Time needed = 25,600
= 3584 Time needed = 29.867
= 512 Time needed = 4_.267
=-1024 Time needed = 8.533
= 1536 Time needed = 12.800
= 2048 Time needed = 17,067
= 2560 Time nesded = 21.333
= 3072 Time nesded = 25.600
= 3584 Time needad = 29.867
= 512 Time needad = 4.267
= 1024 Time needed = 8,533
= 1536 Time needad = 12.B00
= 2048 Time needed =-17.067
s 2560 Time needed = 21.333
e 3072 Time needed = 25,600
= 3584 Time needed = 29_.867

8.533

4,267 Next =

a ~
1Y

IMPOSSIBLE
IMNPOSSIBLE

IMPOSSIBLE

IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPQOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
INPOSSIBLE
IMPOSS1BLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE

IMPOSSIBLE ~

IMPOSSIBLE
IMPOSSIBLE
IMPQSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSS1BLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSS1BLE
IMPQOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
Next = |
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
3
IMPOSSIBLE



Baud
Baud
‘Baud
Baud
8asud
B8aud
Baud
Baud
Baud
Baud
Baudg
B8aud
Baud
Baud
Baud
Baud
Baud
Baud
Baud
Baud
Baud
Baud
8aud
Baud
Baud
Baud
" Baud
Bauvag
Baud
Baua
Baud
Baud
Saug
Baud
Baua
Bavd
Baud
Baud
Baud
Baud
Baud
Baug
Baud
B8aud
Baud
Baud
Baud
Baud
Baud
Baud
Baud
Baud
Baud
Baud
Baudg
Baud
Baud
Baud
Baud
Baud
Baud-
Baud
Baud
Baud
Baud
Baug

Rate

Rate

Rate

Rate

Rata

Rate
Rate

Rate
Rate
Rats
Rate
Rate
Rats
Rata
Rags
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rata
Rate

.Rate

Rate
Ratp
Rate
Rate
Rate
Rata
Rata
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate

¥ Time

s
\

avail,

v

7.000

of

= = secs ¥ blochs =
2 “u0u fime avail. = 7.000 secs # of blocks =
= 4B00 Time avai). = 7.000 secs # of -bDliocks =
= 4800 Time avatl., = 7,000 secs # of blocks =
=2 4800 Time avatll, = 7 000 sacs # of blocks =
= 4800 Tota! time =. 7.000 sacs # of blocks =
= 4800  Time avail. = 7.500 secs # of blocks =
= 4800 *Time avail. = 7.5C0 secs # of biocks =
= 4800 Time avail, = 7,500 secs # of blocks =
= 4800 Time avail, = 7.500 secs # of blocks =
= 4800 Time avall, = 7,500 secs # of blocks =
= 4800 Tihe Aavail. = 7.500 secs # of blocks =
= 4800 Time availl. = 7.500 secs # of blocks =
= 9600 Total’tims = 0.500 secs # of bDlocks =
= 9600 Tota! tima = 0.500 sece # of blocks =
= 9600 Total time = 0.500 secs # of blocks =
= 89600 Total time = 0.500 secs # of blocks =
= 9600 * Tota! times = 0.500 secs # of blocks =
= 9600 Tots! time = 0.500 secs #°qf blocks =
‘= 9600 Total fime = 0.500 secs # of blocks =
= 9600 Time avall, = 1,000 secs # of biocks =
= 9600 Total time = 1.000 secs # of blocks =
= 9600 Total time = 1,000 secs F of blocks =
= 9600 Totsl time = 1,000 secs # of vlocks =
= 9600 Totsl time = 1,000 secs £ of blocks =
= 9600 Total time = 1.000 secs # of blocks =
= 9600 Tota! time = 1.000 secs # of blocks =
= 9600 Time avall. = 1.500 secs # of blocks =
= 9600 Time svall. = 1.500 secs #.0f Dlocks =
= 8600 Total! timg = 1,500 secs # of Dlocks =z
= 9600 ,Tota! time = 1.500 secs # of hlocks =
= 9600 Tota! tima = 1.500 secs 7 of blocks =
= 8600 Total time =, 1.500 secs & of blocks =
= 8600 Totgl! time = 1.500 secs # of biocks =
= 9600 Tim availl, = 2.000 secs # of Dlocks =
= 9600 Time avail. = 2,000 seca # of blocks =
= 8800 Timo svail. = 2.000 seca # of blocks =
=z 9600 Total time = 2,000 secs # of blocks =
= 9600 Totel time = 2.000 aecs # of biocks =
= 9600 Total time = 2.000 secs # of bilocks =
= 9600 #Total time = 2.000 secs # of blocks =
= 8600 Time,avall, = 2.500 secs # of blocks =
= 9600 Time avail. = 2500 secs “#:0f blaocks =
= 9600 Time.avail!. = 2.500 secs #.0f bDlocks =
= 9600 Time avall, = 2,500 secs # of blocks =
2 9600 Total time = 2.500 secs # of blocks =
2 B600 Total time = 2.500 secs # of blocks =
= 8600 Tota) time = 2.500 secs # of blocks =
= 9600 Time svail. = 3.000 secs # of blocks =
# 9600 Time avail. =" 3.000 secs # of bipcks =
= 9B00 Time svail, = 3.000 secs # of blocks =
= 8600 Time avail., = 3.000 secs # of blocks =
= 9600 Timw avail. = 3.000 secs # of blocks =
= 8600 Tqtal times = 3.000 seca # of blocks =
= 9600 Total! time = 3.000 saecs # of blocks =
= 9600 Time avail, = 3,500 secs # of blockes =
= 9600 Time avail, = 3.500 secs # of blocks =
= 9600 Time avall. = 3.500 secs # of blocks =
= 9600 Time svail, = 3.500 saecs # of blocks =
= 9600 Tims avall. = 3.500 secs # of blocks =
= 8600 Time avali, = 3.500 secs # of blocks =
= $600 Total time = 3.500 secs # of biocks =
=. 9600 Time avail, = 4.000 secs # of blocks =
= 9600 Time svail, = 4,000 secs # of blocks =
= 8600 Time avail. = 4,000 secs # of blocks =
= 9600 Time avafiil, = 4,000 secs # of blaocCks x

AN

oyl s

2 & of 24 Time nesded =
3 s of bytes = 536 Time. needed =
4 # of bytes = 2048 Time needed =
5 # of bytes = 2560 Time needed =
& # of bytes = 3072 Time needed =
7 ¢ of byteg = 3583 Time nesded =
1 # of bytes = 512 Timé needed =
2 # of bytes = 1024 Time needed =
3 7 of pytes = 1536 Time neadad =
4 # of bytes = 2048 Time needsd =
5 # of bytes = 2560 Time nseded =
6 # of bytes = 3072 Time needed =
7. # of bytes = 3584 Time needed =
1+# of bytes = 512 Time needed =
2 # of bytes = 1024 Time needed =
3 # of bytes = 1536 Time needed =
4 # of bytes = 2048 Time needed =
S5 # of bytes = 2560 Tima needed =
6 # of bytes = 3072 Time needed =,
7 # of bytes = 3584 Time needed =
1 # of bytes = 512 Time nseded =
2 # of bytes = 1024 Ti{me nesded =
3 # of bytes = 1536 Time needed =
4 # of bytes = 2048 Time nesded =
S # of bytes = 2560 Time neaded =
6 # of bytes = 3072 Time neaded =
7 # of bytes = 3584 Time nesded =
1 # of bytes = 512 Time nesded =
Z # of bytes = 1024 Time needed =
3 # of bytes = 1536 Time neasded =
4 2 of bytes = 2048 ‘Time nesded =
5 # of bytes = 2560 Time neseded =
€ # of bytes = 3072 Time needed =
7 # of bytes = 3584 Time neaded =
1 # of bytas 512 Time nesded =

2 # of bytes

3-# of hytes
4 # of bytes
5 # of bytes = 2560 Time needesd =

= 1024 Time needed =

1536 Time needed =

2048 Time

needed

.6 & of bytes = 3072 Yime needed =

7 # of bytas = 3584 Time needed =
‘1 # of bytes
2 # of bytes
3 # of bytes
4 f of bytes
S # of bytes
6 # of bytes = 3072 Tima needsd
7 # of bytes = 3584 Time naedad =

M b LK -
L B N

of bytes
of bytes
of bytas
of bytes
of bytes

= 512 Time
= 1024 Time
= 1536 Time
= 2048 Time
2560 Time

512 Time
1024 Time
1536 Time
2048 Time
2560 Time

Hnpnp

nsadec
neeaded
needed
needed
needed

needed
neaded
neaded
neaded
neaded

LI

=

anuwun

6 # of bytes = 3072 Time needed =
7 # of bytas

[ O AN S

aknann

af bytes
bytes
bytes
bytes
bytes
bytes

3584 Time
512 Time
1024 Time
1536 Time
2048 Time

.2560 Time
3072 Time

#Hunonnwnn

needed
nededed
needed
neaeded
neaded
needeod
needed

7 8 of bytes = 3584 Time nesdad =

BUN -

LA WY

of bytes
of bytes
of bytes
of bytes

= 5§12 Time
2 1024 Timas
= 1536 Time
= 2048 Time

nesded
needed
needeod
needed

N ]

2.133
3.200
4.267
5.333

6.400.

7.467
1.067
2.133
3.200
4.267
5.333
8.400
7.4867

0.533

1.067
1.600

2.133

2.867

3.200

3.733

>, 0.533

1.067

1.600

2.133

2.6867

©3.200

3.733
0.533
1.067

1.600

20
18

Next
Next
Next
Naxt ?
Next 2
IMPOSSIBLE
Next 28
Next 22
Next 17
Next 13
Next
Next - 4
Next 0
IMPOSSIALE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
Next = 2
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
IMPOSSIBLE
Hextia= 4
Next = 2
IMPOSSIBLE

LI N
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2.133-FMPDSSIBLE
2.667° IMPOSSIBLE
3.200 IMPOSSIBLE
3.733 IMPOSSIBLE

0.533 Néxt =:'@

1.067 Next = ' 4

1.600 Next = 2
2.133 IMPOSSIBLE
2.667 IMPOSSIBLE
3.200 IMPOSSIBLE

3.733 IMPOSSIBLE.

0.533 Next = 8
1.067 Next = 8
1.600 Next = &
2.133 Next = 2
-2.667 IMPOSSIBLE

. 3.200 IMPOSSIBLE

3.733 IMPOSSIBLE
0.533 Next = 10
1.067° Next = 8
1.600 Next = 6
2.133 Next = &
2.667 Next = 1

3.200 IMPOSSIBLE

3.733 IMPOSSIBLE

0.533 Next = 12
1.067 Next = 10
1.800 Next = 8
2.133 Mext = §
2.667 Next =~ 3
3.200 HNext =.

3.733 IMPOSSIBLE
0.533 Next = 14
1.067 Next = 12
1.600 Next = 10
2.133 Next = 8



« Baud Rate
8aud Rate
Baud Rsate
Baud Rate
Baud Rate
Baud Rate
Baud Rate
Baud _Rate
Baud Rate
Baud Rate
Bauo Rate
Baud Rate
Baud Rate
Baud-Rate
Baud Rate
Baud Rate
Baud Rate
Baud Rate
Baua Rate
B8aud Rate

. Baud Rate
Baud Ratae
Baud Rate
Baud Rate
Baud Rate
Baud Rate
B8aud Rate
Baud Rate
Baud Rate
Baud Rate
Baud Rate
Baud Rate
Bauo Rate
B8aud Rate
Baud Rate
8aud Rate
Baud Rate
B8aud Rate
Baug Rate
Baud Rate
B8aug Rate
Baud Rate
Baud Rate
Baud Rate
Bauo Rate
Baud Rate
Baud Rate
Baud Rate
B8aud Rate
Baud Rate
Baud Rate
Baud Rate
Baud Rate
8sud Rate
8aud Rate
Baud Rate
B8aud Rate
Baudg Rate
S8aud Rate
B8aud Rate
Baud Hate
B8aud Rate
Baud Rate
Baud Rate
Baud Rate
Baud Rate

e

luInuuuuuuunnnnuunnunuunnunnuunnnuuuununuuuunnuunnnnuuunlunuuuugnuu

if

» 0L
9600
9600
8600
9600
89600
9600
9600
9600
9600
9600
8600
9600
29600
9600
8600
9600
8600
9600

. 9600

9600
9600
9600
9600
9600
5600
9600
9600
9600
96Q0
9600
9600
9600
9600
9600
9600
9600
9600
9600
9600
9600
9600
9600
9600
9600
9600
98600
9600
9600
9600
9600
19K2
19K2
19K2
19K2
19K2
19%K2
192
19K2
19K2
19K2
19K2
I9K2
19K2
19K2

Tima svail.
fime svail,
Time availl,
Time aval),
Time avail.
Timae avsil.
Time avail,
Time avail.’
Time avail.
Time awail,
Tima avaiv.
Tiha avail.
TAma avail.
Time Bvell.
Time avall.
Timo avatl.
Time avall.
Time avail.
Tima avail.
Time avail,
Time avail,
Time avail.
Time avail.
;[ Time avall,
Time avail.
Time avail.
Timeg-avail.
Time avail.
Time avatl,
Time avail.
JTime avdil.
Tire avall.
Timp avatl.
Tim? availl.
Time avail,
Time avail.
Time availl.
Time avail,
Time svail.
Tinfe avail.
#fTime avall,
Time availl,
Time avairv.
Time avall.
Time avall,
Time avafli.
Time avail.
-Time availl.
Time avail.
Time avail.
Timag avaii.
Time avall.
TAme avall,
To}al timg
Total time
- Total time
Total time
Total time
Total time
Time avail,
Tipp avail.
Time avatl.
Total time =
Totad t1mn.=
Tota! tima &
Total time = .
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4.000
4.000
4.000
4.500
4.500
4.500
4,500
4.500
4.500
4.500
5.000
5.000
5.000
$.000
5.000
$.000
5.000
$.500
5.500
5.500
5.500
5.500
5.500
5.500
6.000
6.000
- 6.000
6.000
6.000
6.000
6.000
6.500

- 6.500

6.500
6-.50Q
6.500
6.500
6.500
7.000
7.000
7.000
7,000
7.000Q
7.000
7.000
7.500
7.500
7.500
7.500
7.500
7.500
7.500
0.500

0.500 secs
secs
secs
0.500 secs
0.500 secs
0.500 secs

0.500
0.500

secs
secs
secs
secs
secs
secs
38C8
L 1.1+
sucs
secs
s0CS_
sece
secs
secs
secs
secs
secs
86Cs
sBcCs
sechs
secs
secs
secs
sacs
secs
secs
s5ecCs
secs
sacs
s0CsS
sacs
secs,
secs
secs
secs
secs
sacs
secs
secs
secs
secs
sacs
s36Cs
secs
secs
secs
secs
socs
36CS
secs
sacs
secs.
secs

LB R N N N

of Blocks
of blocks
of blocks
of blocks
of blocks
of blocks
of biocks
of blocks
of blocks
of biocks
of blocks
of blocks
of blocks
of blocks
of blocks
of blocks
of blocks
of blocks

of blocks
of blocks
of blocks
of blochs

of bilocks
of blocks
of blocks
of blocks
of blocks
of blocks
of blocks
of blocks
of blocks
of blocks

of blocks
of blocks
of biocks
of blocks
of blocks
of blocks
of blacks
of blocks
of bliocks
of blocks
of blocks
of blocks
of blocks
of blocks
of blocks
of blocks
of blocks
# of blocks
of blocks

of blocks

of blocks

of blocks

of blocks

of blocks
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of blocks

of blockg

of blocks

’

#uaouwnuy

1.000 secs # of blocks

1.000 sacs # of blocks

1.000 secs # of Dlocks
1.000 secs # of blocks
1.000 seces & of blocks
1.000 secs #.0f blocks
1.000 secs # of blocks
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1

# of pyt! . 60 Time needed
# of bytes = J72 Time needed
# of bytes = 3584.Time needed
# of bytes = 512 Time needed
# of bytes = 1024 Time neaded
# of bytps =°1536 Time neaedad
# of bytes = 2048 Timé needed
# of bytes = 2560 Time needed
# of bytes = 3072 Time needed
#£ of bytes = 3584 Time neaded
f of bytes = 512 Time nesded
# of bytes = 1024 Time neaded
# of bytes = 1536 Time needed
£ of bytas = 2048 Time needad
# of bytes = 2560 Time needed
# of bytes = 3072 Time needad
# of bytes = 3584 Time neesded
# of bytes = 512 Time needed
# of bytes = 1024 Time needed
# of bytes = 1536 Time needed
# of bDytes = 2048 Tima needad
# of bytes = 2560 Time needed
” = 3072 Time neseded
] = 3584 Time needed
14 = 512 Time needed
K4 = 1024 Time needed
’ = 1536 Time needed
’ = 2048 Time needed
[ 4 = 2560 Time needed
” = 3072 YTime needed
F = 3584 Time needed
’ = 512 Time needed
£ = 1024 Time needad
Fs = 1536 Time needed
s = 2048 Time- needead
] = 2560 Time needsd
# = 3072 Time needad
K4 = 3584 Time needed
[ 4 = 512 Time needed
F = 1024 Time needed
’ = 1538 Time needed
I = 2048 Time needed
’ = 2560 Tima needed
s = 3072 Time néeded
’ = 3584 Tima nesded
” = 512 Time.needed
r = 1024 Time needed
L4 = 1536 Time needed
I = 2048 Time needed
’ = 2560 Time nesded
s = 3072 Time needed
’ = 3584 Time needed
s = 512 Time needed
of bytes = 1024 Tima needed
of bytes = 1536 Time nseded
of bytes = 2048 Time needed
of bytes = 2560 Tima needed
of bytes = 3072 Time needed
of bytes = 3584 Time needed

B0 ouw iy

of bytes = 2560 Time needed =&
of bytes # 3072 Time needad =
of bytes = 3584 Tims needed =

~

2.667 Next
3.200 Mext
3.733 Next
0.533 Next
1.067 Next
1.600 Next
2,133 Next
2,667 Naxt
3.200 Naxt
3.733 Next
0.533 Next
1.067 Next

2.133 Next
2.667 Next
3.200 Next
. 3.733 Next
0.533 Next
1.067 Next
1.600 Next
2.133 Next
2.667 Next
3.200 Next
3.733 Next
0.533 Next
1.067 Next
1.600 Next
2.133 Next
2.667 Next
3.200 Next
3.733 Next
§.533 Next
1.067 Next
1.600 Next
2.133 Next
2.667 Next
3.200 Next
3.733 Next
0.533 Next
1.067 Next
1.600 Next
2.133 Next
2.667 Next
3.200 Next
3.733 Next
0.533 Next
1.067 Next
1.600 Next
2.133 Next
2.667 Next
3.200 Next
3.733 Next
0.267 Next
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1.600 Naxt
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- )

22
20
‘18
16
13
ar
9
24
22
20
18
15
13
11
268
24
22
20
17
15
13
28
26
24
22
19
17
15
1

- 0.533 IMPOSSIBLE
0.800 IMPOSSIBLE
1,067 IMPOSSIBLE
1.333 IMPOSSIBLE
1.600 IMPOSSIBLE
1.867 IMPOSSIBLE

# of bytes = 512 Tima needed = 0.267 Next

2 # of bytes = 1024 Time needed

3 # of bytes = 1536 Time needad = (.800 Next

of bytes = 2048 Time needed =

= 0.533 Next

=
x
=

J
2
-1

1.067 IMPQSSIBLE
1.333 IMPQSSIBLE

1.600 IMPOSSIBLE -

1.867 IMPOSSIBLE



A

Rate
Rate
Rate
Rate
Rate
Rate
Rate
Ratse
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Ratse
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate
Rate

BOWON NN ONTOU RN MM H R M N W R R n R NN W B R DB B MR 0RO RN HN RN RN G RN

7

s

(2 T ime
Kz ime
18K2 Time
192 Time
19K2 Time
19K2 Total
19K2 Tote!
19K2 Time
19K2 Time
19K2 Time
19K2 Time
19K2 Tima
19K2 Time
18K2 Time
19K2 Time
19K2 Time
19K2 Time
19K2, Time
19K2 Time
192 Time
19K2 Time
19K2 Time
19K2 Time
192 | Time
19K2 Time
I9K2 Time
19K2 Time
19K2 Time
19K2 Time
19K2 Time
19K2 Time
19K2  Tinle
19K2 Timg
18K2 Tima
19K2 Time
19K2 Time
19K2 Time
192 Time
19K2 Time
19K2 Tinfe
19K2 #Time
189K2 Tima
19K2 Time
19K2  Time_
19K2 Time
19K2 Time
19K2 Time-
1982 Time
18K2 Time
19K2 Time
192 Time
19K2 Time
19K2 Timd
19K2 Time
19K2 Time
19K2 Time
19K2 Time
18XK2 Time
19K2. Time
192 Time
192 Time
19K2 Time
19K2 “Fime
189K2 Time
19K2 Time
19K2 Time

availl
avail
avail
avat)
avail

time
avai!
avatl
svail
avail
gvatl)
avail

avail.

avail
avall
avail
aviasi)
avail
avatil

availl,

avat!
availl
avail

avatl.

avail
avail
avail
aval)

avai)
avdil.,
avail,
avail,

avail

avail,
avail.,-

avat}
avail
avail
avail
avail
avail

avall,
avalil,

availi
avalil
avatl
avall
avall
avail
availl
avail
avail
asval)

-

avat).

avail

avail,

avail

LA B

time =

[T D O O T I (I (O A OO 2O (O T B Y Y I B

LN T I T OO LI I TN T R I (I IO L

.500
.500
.500
.500
.500

secs
saecs
secs
s26CS
seCs

— . -

2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.500
2.500
2.500
2.500
2.500
2.500
2.5Q00
3.000
3.000
3.000
3.000
3.000
3.000
3.000
3.500
3.500
3.500
3.500
3.500
3.500
J3.500
4.000 secs
4,000 secs
4.000:s38Cs
4,000 secs
4.000 secs
4,000 sacs
4.000 seocs
4.500 secs
4.500 secs
4,500 secs
4.500 secs
4.500 secs
4.500 secs
4.500 secs
5.000 secs
5.000 secs
5.000 secs
5.000 secs
*5.000 secs
5.000 secs
5.000 secs
5.500 secs
5.500 secs
5.500 secs
5.500 secs
$.500 secs -
$.500 secs
5.500 sacs
6.000 secs
6.000 secs
€.000 secs

$8Cs
secs
secs
86CS
secCs
secCs
sacs
secCs
seCS
secs
secs
secs
secs
56CH
secs
secCs
secs
secs
secs
secs
secs
secCs
secs
secs
secs’
s$9Cs
secs
secs

s
4
*
L4
1)

I\h‘.\\‘I\‘\Q\\‘QI\I\l‘\\‘\\\\I\\\‘\“\\\\,‘_\\\\\!\\I\\\\h\

of

of
of
of

blocks
blocks
blocks
blocks

biocks,
1.500 secs # of blocks =
1.500 secs # of blocks

pblocks
blochs
blocks
blocks
blocks
blocks
blocks
blochks
blochks
blocks
blocks
blocks
blocks
blochks

_blocks

blocks
Blocks
blocks
blocks
blochks
blocks
block~
blocks
Wlocks
blocks
blocks
dlocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
bliocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
biocks
blocks
blacks
blocks

[ LI I T 1]

LI U O T L O L O O I O L T T LI O O O T O T ¢ O O T U (T T (O T (O I IO DO I

hWwN -
Raay e

DNV LBLOUN =~V LWUN OB WUN NN BWRN =N LUN=~NODBIUNYANAUN -~ L LN~

ARRRANAVARERNAN QRN QAN R QA RANARN NGO RRRRARARRAN R RGN GTRRRANND

of
of
of
of
of

of
of
of
of
of
of
of
of
of

byt

Dytex
bytes
bytes

P

12
24
1536
2048

bytes = 2560
6 # of byteg = 3072 Time nesded =
7 # of bytes = 3584 Time needed =

byteas
bytes
bytes
bytes
bytes
bytas
bytes
bytas
bytes
bytes
bytes
bytaes
bytes
bytes
bytes
bytes
bytss
hytes
bytes
bytes
bytes
bytes
bytes
bytes

bytes

bytes
bytaes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytass
bytes
bytes

LI O T TN OO T LU O OO LI (N OO ¢ SO IO T T IO (T2 T < LI I R IO T

512
1024
1536
2048
2560
3072
3584
512
1024
1536
2048
2560
3072
3584
512
1024
1536
2048
2560
3072
3584
512
1024
1536
2048
2560
3072
3584
512
1024
1536
2048
2560
3072
3584
512
1024
1536
2048
2560
3072
3584
512
1024
1536
2048
2560
30
3584
512
1024
1536
2048
2560
3072
3564
512
1024
1536

Time
Tima
Time
Time
Time

Time
Time
Time
Time
Tims
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Ti{ma
Time
Time
Time
Time
Tima
Time
Time
Tima
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time

needed =
needed =
needed =
nesdead =
needad =

nesdad
needed
nasded
nessded
needed
needed .
needed
needed
needed
needad
needed
needed
needed
neesded
needad
needed
naeded
needed
needed
nsedad
needed
needed
needed
needed
neseded
needed
needed
needad
ngeded
needed
ngedcea
needed
nesded
neaded
nesded
needead
needed
needed
needed
needed
needed
needed
needed
needed
needad
needed
nesded
needed
needed
needed
needed
needed
needed
needed
needed
needed
needed
needed
needad

LI I I I OO O T O O I I T I I A R I R R R AL L S I R R R BN N N

Q.267
0.533
0.800
1.067
1.333

Next
Next
Next
Next
Next

(M YR

- NWhn \

1.600 IMPOSSIBLE
1.867 IMPOSSIBLE

0.267 Next
0.533 Next
0.800 Next
1.067.Next
1.333 Next
1.600 Next
-1.867 Next
0.267 Next
0.533 Next
0.600 Neaxt
1.067 Nenxt
1.333 Next
1.600 Next
1.867 Next
D0.267 Next
0.533 Next
0.800 Next
1.067 Next
1.333 Next
1.600 Next
1.867 Next
0.267 Next
0.533 Next
0.800 Next
1.087 Naxt
1.333 Next
1.600 Next
1.867 Next
0.267 Next
0.533 Next
0.800 Next
1.067 Next
1.333 Next
1.600 Ngxt
1.867 Next
0.267 Next
0.533 Next
0.800 Next
1.067 Next
1.333 Next
1.600 Next
1.867 Naxt
0.267 Next
0.533 Next
0.800 Next
1.067
1.333
1.600
1.867
0.267
0.533
0.800
1.067
1.333
1.600
1.867
0.267
0.533
0.800

Next
Next
Next
Next
Neaxt
Next
Next
Next
Next
Next
Next
Next
Next

Next’

NRNNR RN NSERNED NN RN llNMQ R EE R E R R R E R R N EE R RN NN

QGNDO-NGNBO'MOCHD:GJblﬂﬁ~‘0¢’—~bﬂ.ﬂ“’ﬂ

- - - -



-

4

Haud Rate
B8aud Rate
B8aud Rsatse
Baud Rate
Baud Rate
Baud Rate
Baud Rats
Baud Rate
Baud Rate
Baud Rats
Baug' Rate
Baud Rste
Baud Rate
Baud Rate
Baud Rsts
Baud Rate
Baud Rste
Baud Rate
Baud Rate
Baud Rste
Baud Rate
Baud Rate
Baud Rate
Baud Rate
B8aud Rats

—

2

\2
19%2
19K2
19K2
19K2
19K2
19K 2
19K2
19K2
19K2
19K2
19K2
19K2
19K2
19K2
19K2
19K2

A8K2

19K2
19K2
19K2
19K2
19K2

L19K2

“4ima

ime
fime
Tima
Time
Time
Time
Time
Tima
Tima
Time
Tira,
Time
Time
Time

 Time

Time
Time
Time
Time
Time
Time

‘Time

Time

'Time

avail,
avail,
avail,
aveil,
mvatl,
aveil,
avait,
avall,
avail,
availl,
aveil,
avail,
svail,
Rvat].,
avall,
avall,
avall,
svalil,
avall,
avatl,
avail,
avall,
avall.
avall. -
avall, -

WHN B RN NN R N0 RN NRNNNNNNRN

r

6.000
6.000
6.000
6.000
6.500
6.500
6.500
6.500
6.500
8.500
6.500
7.000
7.000
7.000
?7.000
7.000
7.000
7.000
7.500
7.500
7.500
7.500
7.500
7.500
7.500

secs
sscs
sacs
secs
secs
secs
secs
secs
secs
secs
secs
secs
secs
secs
secs
secs
26CS
secs
secs
secs
secs
secs
secs
secs
secs

LA AL R SR WY

of

of

Y

R anavG AN

blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
biocks
blocks
blocks
blocks
blocks
biocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
blocks
biocks
blocks

LI B O BRI O N NN B RN BN RN B RE N NN BN

LY

NDPNAWON-—-YAVAON-dRARABN ~~OU N
ARNABRARUR RN G RN AR R AR,

by!‘*

bytel
bytes
bytes
bytes
bytes
bytes
bytes
bytss
bytes
bytes

f bytes

bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytes
bytas
bytas
bytss
bytes

"48 Time
50 Time
072 Time
3584 Time
512 Time
1024 Time
1536 Time
2048 ,Tima’
= 2560 Tima
® 3072 Tims
s 3584 Timae
= 512 Time
= 1024 Time
* 1538 Time
= 2048 Time
= 2560 Tima
= 3072 Time
3584. Time
512 Tima
1024 Time
1536 Time
2048 Tima
2580 Time
3072 Tima
3584 Time

LRI B B B Mg

L BB B A

.

needed
neaded
needed
needed
nesded
Neaded
Nnesded
nesded
.Nnesded
nesded
nesded
‘nesded
needed
needed
nesded
naeded
needed
needad
nesdead
needed
nesded
nesded
needad
fnesded
needed

-

[ B B RO B BRI N N BN BN BN R NN BN BN BN BN NE R N NN

1.067
1.333
1.600
1.867
0.282
0.533
0.800
1.067
1.333
1.600
1.867

0.287°

0.533
0.8b0
1.067
1.333
1.600
1.867
0.267
0.533
0.800
“1.067
S 1.333
1.800
1.8867

Next -

Next
Next
Next
Next
Next
Next
Next
Next
Next
Next
Next
Next
Next
Next
Next
Next
Hext
Next
Next
Next
Next
Next
Next
Next

-



. -y : ¥ M - ‘mﬂu i MO - ) .
- R ? leee .ra;w
. g vﬁ P w.@., . f — .
L detet UL
kR

RN vty i i RERR - » _mmm ﬁ::ﬁ::?&
= \ wm_ ° o m _h e

"
e
tard

Rz
®
4
£
b4

% ._, = ) :
L F oYY qaygdayy R AN Lag Yty a sl
— \RERLRER 1 4 J DR g Yy .
“ y ; o | » Yy
R R I \

.” = = = H’ ]
i Y ~ e~y ] hZ e 1 r {4— — - .
P8 [ B i = > ==
oy g ¥ 8 kada L«L ! LBELELE RN
N R R L IR Y EEEERIRTI R _ BUpRB RIS . X
DLt R i o N t AT -
; TN @ { ¥ 3] f ’ h
S RS DUt 1 TR LA AR £ N S it R
ur ” w 0 ﬂ ﬂm P_ i ..‘bﬂﬂc H v ! . - !
. %’lﬁﬂ‘ﬂlﬂlﬂt—ﬂ““ﬂnﬁd Uu‘ruuwwl Vﬂﬂwﬂuﬂﬂa_\‘ w.u /RL. JIOMW ~.' , .- ) ,
L4 FELT 2N desdy i wdd L . .
i [4 . . \r_{Jd r - L .
W g u\ . ) _yib._ . i .
' - RARECET R - - -
". ¥ vevrees gl feverieigg : . :
' w w_ 1 *
) 18 ¢ 30 g ) . .
— , ** _ M w . nhs ! !
; R P?w.:.. L u.ﬂ?x T :
! HERIEEE R K S -
' m_— J. __." |} !
| I SEIEEE N N R .
| e IR 1 |
; ._ S _.TIM 1] S !
ooy - mxmuu.,. ddsden  _ddsid o n _
. jtesstRey eR RTEIY T rvasryuy T R M e
SR . . i~ Y ﬂ ] !
o . . ” X, L u@ ./u o
' € “ /M o : [y X .
mn . . ' v.‘M” M - b ~ “. h !
R ﬁ-._; ] L= ‘
; |4 L ¢ cwm “vl ) - J_.M . N /ﬂ”
T . ¢ _ g : I
ey’ } Tw owo e L : : mi
t | N P 3y 4 e N,
AN RN LI . - LR
I a s — @ _ iy
[} %
. ~ ! Mt -



c-11

LELT . A e

h

‘

e

v

—————

N A
"

A

o

1

AR )T 4T

.

e
g o e e ————— T —— T ---———-{D,‘v

- -

|

SAIATLE AW & CrevaL ()

| CaeTR Camg t trovesls)

AVFTAIVE

-

e
...-;.;.‘9

s
L}
™
|
!

.

]

N

e et e = e

~

[ 4

PRUR S o

,re B8

.

T TN R

Pl

o

S

. adbpy

A LQ4%€8
Mt COVIROL PROEE
ML ¢ S

wv
LSt
1y
s8¢
LA TN

»

DT e gl Coel
4 CO-r S
o W-Av DvFs
M o OMNS
N LAY OMS

L e ﬁl.:::.
P

!
N

]

.

¥



' . 0
.. - —— - - v e . . - - A Leem 2 AN e - i 0

- vt v . M -
-~ reu e e u emem B T e R MSUAPURIP S .

.

- S- "o o
TECQUnN ) SNpupny |

N ’ (S22 .
, DN ’e
o

. @
a ITRE 2§77 U ~

. GEETF

LTon
-

1
. oo am w7, ] rv
4

e

PN . Mverce) ' { -

- v

‘".
FRpEERRD

%

§

L

~ ) * N -
v [ - +
N o . i X
. . , ’ N -
» N v , . . .
' o
. . * ! '» :
. o - ‘
. ! ’ 3
. . , . -
3 3 * ~ . L
‘ * . . . “ - - .
N s
- i . .
- . . . .
' B . . . \
- « “ A '
\ - - t . 4 M . g
- * . LR . . ’ A
' e F - ° . 4 . N
“, B -’ ’ ©
. , . . .
, ~ ¥ 3 N : ,
N B .t , . . . . 3
v - , , B
. j e ,
' /
) i ‘ .
' o Y » 1 ' - .
. ! / (
“ . ‘ - . " Bl
) B ° , P e . o D ' =
3 . .
- » ' ~ N ’
. . S, ‘ .
In . - Lo ! i “ v [



Tew e e

k] v

.
V. et wgmae g o » S ? Sor A e S pon NPT T TP

.aamr
-
-, ,
P .
!
. . ’ .
; ‘
)
* )
.
. a
. ~ )
. , B .
* an
.
.
. !
.
.
-
! ' :
. .
. .
R n
4 .
b

o 3R SITRAYLE . T

~

‘ a
Lh K 2 A

o
-
‘
-
-
.
N
t .
Y.
.
'y
N
.
[N
'
' .
. '
. -
I
.
\
- .
\

20 4GS

AURIAY IXTENT1CN Wﬂ‘ —LLER

/‘"6( 23

,I & ~w OPs
2 20 sV Q8




< .
D W A <
re o7 ., o
" # - - e ey e e -
. .
A a
¢ N .
R[> - . N
o - ,
: Y ;_._4 - A\
"_’..-’I,l),”' ~ ! --r. - fad
LN 7 ot .- A
27 " . - N
2 . - 5 ,r
koL SO & ———-) .
CA0s Yo it peesseS 5.6 .o _‘E -~
om0k e @ o ' - . —— . os
~, 2 e ’ ___r o
A ol . _r B - L4
¢ - ‘ol - r SV
- = . .
=l . [ )
5 - R ! Ko
™ v i s (o 1
Y e POSE T {2
' . o 4 ~__o <] ,
; .i 'y s 2] ~ o
y " 2o ‘l.’;_mw et 2ok
2 _? e - 'ﬂ-—ﬂ«
| B en) ey lu g e
B iag TN e '{;4__: Rt
] o <
Ll @ N @
,: e 277 el d
AR 3 L ] . )
C« “r al‘- 1 '4:0—1110
. . 4 Luo ar . r-—li“
i e f e ] NS 3
B A T N s A
D R I TR N R
!4'4 ‘e m." , A ' . I A L
.- t '~ J
l4 R 19 mp® v A,
] ——'ldl elt, . A s b -~ 1
H
M ige WiSIEE 1D, _Jl . v A a~
a3 e :ni’ N { i 1y A "‘
~ Mg © e iAo L Y4 - |
o7 . erusny it ' P4 -,
e | ' . [
Py ‘_L ' ' t
Lt ']"V - I - t [ |
-8 N ozl e i1 . L) , o :
2 A Siee II | ; -~
o oo DAL
S S, . . .
* £24
i-
] . ! !
. J . . ..
v p
5 |
3 . ' I
fo
v
- ‘ < — ARy
. 1 H ~Fy
) f - &
! i
» - '
N " P ! g
- - - .E Lok
E e, ol J -
}4‘---‘ « ne
~” Iy "
FELEB J A e e
[ — - @ AY——— - .
L—Lm [? ] L, -
@ "
-—Mw;;—‘-a 4 f
._._.ij‘_“‘._.
B - »
- .
- ' ‘
)
s o
A ¢
! v

-t e ——t—

!
!
J I
A :
y I
4 !
4 P
y A RN
.- - e = e e :IQT — et o 0 o
' | !
| l i
A . . PR
1. - i b A
[ - ¢ '.J - 7 ]
I Mttt
4 B i
+ ! D R .- - "
. ' ro
.
- . R
! g P
J . . 4 0
S

e ——

7’

)
OB ) e g
’I._JL »,
! r'r bl g
e -
- Sl ~z|?
. s}t !
4
* THSI04 gue|”
-2 @
€ .
™ 24

L7 L. -
~l _45 a3
g .1 .
P P
e 'f”’ ,,;:._.{
24
e ~|®
___..; lyy S04 4, 3 -
T @ e o
Jol @ L
: --.J<” -~ ':J"-—
. S
L el
B - |4
1 “bn Prat
-:- ---—”Ir! :l‘ ¢
.- “Alre -|®
PR B % il ia ™ 4
1 4 »lt -
L. #ly, ® o | -
¥ ‘sl ?.
| (Tae =
b r’-,._.
—_— e
Ao e
A
Ao msz«ﬂl’,—!
] i
P e .
N L |
Jore £ @.{
|
"i ’
H 1Y
]
£y \

*




. 2 - . ..,\\ﬂ/ OW\-‘q - . T ) . ua.
: i S S L A T SRR e
”.0 \?m - MNJ ¢ - 1— - - L. g ,.~
» 1A . & C S e L - .4.._a\ a - . .
’ - - - ' . .~ o [ o i
N - ~ w - R . [ . . .’".m “ AN m -
. # - ’ f ) : N . .
o - - ) . PR 3 S R
. oLt - - - . IR XY R e 40
- Sttt bl - ST 3R R R | ~ R oy
R WA;“ EETEED ww _ m.pmi S zmw Muw
' _ _ D e eeid 41t VoLt : - H } M .
! : S SR PR Nt 3 ] o R S D . m,u =& F
) -~ I TEIS T o R T A e T T e o e - X
L ‘ ‘ wm XS - ..W..,_ LS ﬂw n_ - \ 3 b~ .miblwl.ddl *e ‘w_ ,., mﬁv - R NS - ‘
- - ..wﬂ.u::_ (e iﬂuu._.umyua»aw-\ L "o A
! - Y : I L)
M = N - - - - , - -
. " & { ) [ b3 . ' 3 e ,
S L T X - fewm o few o o T
M ﬂn M R R [ ..v m u.um‘@ ~ . mlo , ﬂll b EN L. B
- . ....‘..mawc:..m .%A.aa -sm 4e m. .ﬂodgaq‘a S v . -
. . RPN CEANA Jr‘.ﬂ J..__‘v.d_ ~ ’\.m:@u R ,
< ._W,_w N i w w Do b -t ..thuu.:..\. o T T
< ' H e = s . . ; . B
! ? - S ‘ rs|u.l.”.l_ 1 ”un ~.4.|~Iu.lnnlll.|v-ll w-y ~ ': ﬁ P . .
- : ._.l,..!.u.ll..illl...lJ‘ ! i - w | .- pom s . ) ot ¢ .
—— e e . e e :-e,l!;a\.qlu.....nﬁ..,..mllm.u.ﬂu.uu.-."»._ T T e ) ..,
~ . * [ | i H - ! : s
, . N i - t oo e Ll L - -
M . N n_.J“.-m ~d.1_.:".~w_ ! ...c.lauﬂ.)d. ! Lvdd_n - @ ‘ . s ._a . i 1,..,, '
ST RRERE : VTSIt LGivs e x..;mn_j, - c ce T
: SRR RRE RS , bt VITIRTY] fpiueeagak -
o+ m. T % ks » _ B 1 Lt w ) ] i
fo } : - g
X T.... X X - ] . .
lx..hl.mw. . ~ N vt
T y R
w . Ve T A - .
D Pt
. Vo .
~ L. : )
. Z_ i 4 - R
* . o -
AN B B
S a
i . “of -
_~ - *a« .“. :
- i H A ..
Do o
SRS S ,
I : .o .
Mm J ) ..
sj.,.,j E IR
B ®. N - R e X | 3 . L .
FrIITTiTe Ry L IR : i
w.-I.N - !.l !.v .- o s e g o+ e - ——— e———— . v




APPENDIX D

LOGS : A Progrmn to Log Dt into the Compuler Through the Dats Logser

[}

| dim llmlt(S),dur(S)

| . input "enter message that you wish to ;dd to data ‘of hle  message$

!

kS

f

‘rem get data file name, do not forget to include drive letter!
‘input "enter name of file to store data in —> "file$

if (file$ = ") or (file$=" stop") then end

print""*
" print **

open "com1:9600,n,8,,15,c5,ds,cd" 35 #1

open file$ as §2 len=512 . .
~ lield #2, 256 as blck1$, 256 as blck2$ :

tem print $#1,chr${0) xem tell logger to- resel right avay

. 9
rem initialize tolal length

o .
10 total =0 -
rem send out command byte (hrst get deelma.l value ol‘ cbmmand]
rem- . 34 seems o be a good number

15 k=loefl) .. ' tem o clear the com bilﬂ-_er’ .

il k>0 then d-mputi(k,#l):goto 15 _fem « -

17 input "enter the number of tme [ < or = 5 ) intervals to log —-> ',per
il per = 99 then end :rem abort: mput is 99 .
*il per)p then T
primt " - \ .
print ** T
print *please input the number ol scan lines to capture and- the
- print "interval between them for® ,per,' hme p%nods' .

pumtotl$ = 0

for i =1 to .per
print i;*— “;
input *{ number, durahon ) " limit(i),dur(i)
_ if (limit(i}=99) or (dur(i) = 99) then end :rem sbort lnput is 99

D-1
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. rem at this point you esn Wd s mess;ge to the stor_ed me

-

f.

. numtotl® = numtotl¥ + limit(i)

" dutfi) = durfi)*2 Tem "*2’ bétause dats is read

limit() = llmu(ﬂ'dut(ll rem in 1/2 scan line blocks
" pext i i

rem the next block of code puts a header on the dats file to tell the
- tem decodé progmn how many samples of dat to expect ‘

\
& ; ) . K . .
o .
ini$= . . . -,

sS:atnngS(Qﬁ,lmﬁ

tem do so by putting the message into the vanable mesugqt'
rem i.e. message$ = *hi there or awhatevet -

v$=mki${numtoilf)
mid${s$)=v$
n‘nidS(d‘,.'i)-:mehsa;eS | ] , ) ‘
Iset blcki$=a$ - ‘ A : K
Iset blck28=2$ ) . ' v
put #2 . |

rem input “enter decimal value of command byte --> emd

rem fix the command byte to 34- ‘ ; ) ,
- \

emd =34 ‘ ‘ CL

print #l,chr$(emd).chr${emd); :rem send command out’ twice

g,

rem print.out Thong's answer

k=loe(l1) :rem it should just print out ap 'A’' on the screen

il’k<1 then 22 . : v

s$=input$(l #1) - : .
" print a$ - : . .

o
rem now start taking in the data in blocks of 255 length

for i b lio per :rem repeat the whole thing for 'per’ time periods

durent =0

‘1
-~ AR
. * :
'



o . ¥ - i ’:_ SRR D..3
limit(i)=limit{i) + total A ~

%5 keloefl) .. .. . yem \uit‘un'til‘ %5 byles in bulfer
. if k<255 then 25 : - VR
total = total.+ 1-. © dem:- increment total length block of 255 counter
. print ®s block done t-"hhl/?‘deeonds' . ‘
) 50 ﬁ:nnputﬂ%ﬁ,#l) ‘ ' :rem tske 256 bytes of data out of com buffer
N . dur = durent - 1 ‘
) b d&ent = dur{i)-1 then Iset blekl3=a8 , "
. if durent = dur(i) then Iset blek2$=4$: dutcnt = O:put #2:print s;mpledl"

i total < limit(ij then 25 :rem the number of 255 ‘byte segments to get

’ i ‘- nel‘ i ‘4 ,
- print }1,cbr${0); - . :rem stop the logger device -
%60 rem

! .

rem it is & very importsnt thing to ptoperli close the ob_eneil files

= clOSB '#l . ‘ . , ’ v, \
close $2 B LT : . : .

- - o _ o “




- APPENDIXE .

w

DECODES : A Program to Decode the Dats & Compare to's Set Threshold

. ,
Yy f.\ b 0t . 5,

.rem program to get data out of a file

dim ans{512)
dim cur(80) ‘ <
dim eighty(80) - ‘ T
input "input filename which contains the data 'hleS

input "enter filename to output the numbers to “file2$

input "enter threshold level®;t ‘

open lileS as #1 len=512 :

field #1, 256 as blckl$ 256 as blck2$

open llle2$ for output as #2 Lo ‘ ‘ Q

set #1 . oo
numtoti$=mid${bleki$,1,2) o ) SRR
loop = cvl(numtotIS) ~ .
print “there are"loop;"samples of data to decode

‘message$ = mid$(blck1$,3,250) -

for looper = 1 to loop

got #1
a$=hlckl$ )
b$=blek2$
for i =1 to 256 . '
x$ = mid$(a$,i,1) ‘ T . T
ansli) = asc(x$) - - ] )
next i ’
for i = 257 to 512 L
- il = i-256 ’ ‘

x$ = mid$(b$,ii 1) .
" ans(i) = ase(x$)
next i ‘ . . P



2" ©7  rem-put anslaysis program here D
for i=1 to 512 S
. if snsfi)<t then counter=counter-+1 , . ‘
‘ ) ', il sne(i)>=t then counter=0 s )
, il counter>10 then last=i ' T
L _ next i - . o
PN counter=0 - . B T .
47 v lor i=512 to 1 step ~1 : TN ‘
S e '~ if ans(i)<t then counter=counter+1 ‘ o B
o il ans(i>=t then counter=0 . . IR
S - if COUNTER>IO then first==i . - "
" nexti ~ L e -
* print lirst=" first "last=" last . oy e .
' ' dum—(lsst-—hrst-rl)*mj B o
'PRINT *DIAMETER=" DIAM : . ~

print #2,diam
rem leave this here for now remove Ister ->if not eof(l) then 10

b

P ol R
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r
-

‘
»

*

L " next looper : , ,
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APPENDIX F -

-/ ‘ . '

ACCURACY, REPRODUCIBILITY AND ERROR ANALYSIS

t

In thisl appendix we malge sonie cofrimen’t:s Fegarding the
accuracy and ‘reproducibility of ‘th\e measurements made by the
of the technique involved. o g
F.i Accuracy of Diameter Me_ashr’emerits N »

Table F.1 shows comparison between measurements made

under a microscope and those made with the die swell optical

. system for 8 glass and metal standard rods. These résults
B3 . )

’ shgw that ‘the deviation between the two measurements was below

'
L3

15 microns. The maxiréum deviation observed was 1.7%.

o

1

~

F:2 Reproducibility - . : .

e

‘For each of the resjns h-ll, W3 and W4, replicate measure-
ments of“ extrugate eqguilibrium diameter and swell Qere made,
while at:.t';embting to hold all variables constant. The results
“ar.e shown in Table F.2. They show.»' that the maximum measured

spread in diameter was 37.5 (mipron). The corresponding

-

- spread in the swell value would be 0.028 for the die used in

the analysis (D = 1320 u).

 die swell apparatus. and introduce a simplified error'analys.’is{ -

/‘.ﬁ_
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" TABLE F.l

The Diameters of Eight Metal and Glass Standards-

Measured Under the Microscope (dl) and Using the

Apparatus (d2)

,

> ’
h
\ s
,
)

- No. (mcij»émn) (mggron)' ?!}\igigg) _C}_l_a%_g_?_ x 100%
1 725 7125 | -12.5 =1.7%
2 " 980 987.5 | + 7.5 " +0.7%
3 1115 1125 +10 +0.9%
' 1414 1400 " .14 -0.7%,
5 1962 1950 ~12 -o;ﬁi .
6 | 2310 2312.5 | + 2.5 +0.1%
7 2574 2562.5 -11,5 © -0.5%
8 . 2960 2975 15 +0.5%
-
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.
. TABLE F.2 ’ -
. ‘ \ )
' The Results of Three Sets of Experiments Repeated
‘Under the Same Conditions. for Each Set. Melt
Temperature in All Cases 190°C
- | shear - | Maximum | Maximuim
: Rate’ “Diameter - .| Spread Spread
. Resin | (s~1 (w) swell' | (u) in Swell
2650 - 22,008 ’
; 2675 2.027 A .
Wl 77 2602.5 [ 2.017 37.5 0.028
\ ‘ 2675 | 2.027 , ‘
\ '2637.5 1.998 - e
) . 2087.5 1.581 )
~ -1 T2100 1.591 R \
W3 . 13.8 2100 1.591 25 ¢ 0.019
B oL 2075 1.57.2 ) :
2087.5 1.581
o 2312.5 1.752 )
2287.5 1.733. ’ %
W4 - 142 2287.5 1.733 37.5 0.028
2275 1.724 -
2312.5 1.752
) ?
> A ‘ “
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F 3 Slmplexed Error Analysis i

The .following discussion attempts to evaluate the contri-

gbution of uncertalntles in some of the system varlables to the

s

overall error in the measurement of die swell.

- «

Systematic errors in the measurement  of extrudate swell

-

might result from the following factors. .

’

F.3.1 The Error Due to! Element Tb-Element Spacxng sp

a) 3l element uncertainty E F25 u

] .
~ . ’ Y
~ . o

. : _ e _.e _ 25 ce
Bréue © D. . "D,*,T): Lo o (F.1)

o ‘~“wﬁere'De'is the measured diameter of the extrudate
» ) ’ Al N v R

" +Nn microns :
- 1
A

’ ' D, is the -diameter of the die in microns.

If the diameter.of the used die dis 1320 p then’

4 -
fIRY [

‘BTrQe‘=“Bmeasuréd % 0.0189

~

AN

Pl

For a' measured diameter of 2000 u (B = 1.52)" the

SN Y .
percentage—error would be

- ’ \ ]

_ 0.0189 L ,
Esp = .53 X 100% .1.3% of the measured value

b) ‘Magnification would increase the accuracy and reduce

the uncertainty. . .
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Lo |

‘For a magnification of 2.0

¢
~

o .. _ 0.0189 S
T Brrue = Breasurea ¥ T2 " Breasured * 00095

For the special case under consideration

g h Esp '= 0.65% o ¢ .

"F.3.2 Errors Due to Positioning Uncertainty B, . «

’

"' - . The distances between the optical components could be

“controlled t;:v a certain limit:
N © a) fThé diétances betwee‘n the lens anci the photodiode -
. array cV:oulq“ be set within an accuracy of ¥0.5 'mm.
this accuracy re_flﬂgcts on the measu‘red diameter (mag-
."\- nified) as 'ipdicateq By Equatiqn (3.2) ) . "

\ i
PR

< . ~

e

=
i
Ol

a

1
°

&

where I’ is -the distance between the lens and the .

¢

pﬂotodiode array (image distance) and 0 is the dis~

»

. tance between the eattrudate and the lens (object

o

distance). - : s
. . .

' ” o -

’ ' For a magnification .of two (M = 2,0), using a ;ehs_

1

with a focal 1length of 50 mm

'
@

I = 150. mm C o . ‘ -

O =75 mm



therefore

150 F 0.5 _ , _ ..
M = S = 2 F 0,007 ,

7

b) The extrudate may mové;‘in the oil in the direction of
the optical path .resulting inh an inaccuracy. in the

‘measurement. .

K . - "

Assurie that this movement is -#1 mm (if the density of

o

. the oil is set correctly). Thus

» 150 .. . '
. M "' 75 ; l - 2 + 0.027 ..

T

The maximum possible inaccuracy in magnification,

therefore, is

M=2% 0.03¢4 - s

YR

This will lead to a 7 22034 1008 = 71.7% errot;}in i

the measured diameter

- BE' = ¥1.7%
. P

b,
rd R

F.3.3 Error Resulting from Temperature Fluctuations (Epg) in

". ,the Barx:el

The temperature 1in the barrel can be maintained within
F0.5°C. This will ‘affect the accuracy of the measurement in

propoi:tion to the effect of temperature on extrudate swell,. .

AY

.
¥ .
1 .
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_ (9B
Erp = £(37) , (F.2)

-~

For resin W1, as Table 4.3 shows, an increase of 20°C in

the melt temperature caused 0.10 increase in extrudate swell.

If g—'?,-‘ ls-assumed linear (not necessarily true), then a

0.5°C change would correspond to ¥0.005 change 'in the swell

value

3

E‘ - ;0.005
T (1.85 + 1.75)/

5 X 100% = ¥0.3%

Pl

where” 1.85 and 1.75 are the swell values at .190°C and 210°C, .

respectively.

F.3.4 Error Resul ting from.Fluctuation of Temperature in the’

Thermostating Chamber Erc

; (
The uncertainty about this temp‘eréture could lead to an
inaccuracy, which reflects on the calculated thermal expansion

L}

correction. The error resulting from-this' is, however, negli-

gible  (~ 0.01%). °

F.3.5 Summary - ) o
The measurement errors are summarized in Table F.3. The

total static error (TSE) of this, measurement system can Dbe

estimated in terms of the root-mean-square of the compdnent
. ¥

characteristic errors

TSE = YE_ '+ E_ + Exg * Epc = 1.64 ~ 2%



TABLE F.3

A Summary of the Important Measurement Errors

o
i

Error Magnitude' ’
1.| Spacing Error, Esp 70.65%
2 | Positioning Error, Ep ‘ Fl.7% .
3 | Barrel Temperature Error, Egp ¥0.3%
4 Chamber Temperature Error, Eqq 30.03%

Total Static Error, TSE F2%
r c
: - / ‘ .
' AN g ' " - e
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APPENDIX G

EXTRUDATE SWELL DATA
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G-2

Extrudate Swell Data for Resin W1
Shear Rate .
s 1 . 14 39 77 144 366 732
Time v
(sec)
16 1.56 1.40 1.465 1.72 1.76 1.84
32 1.58 1.64 1.70 1.77 1.82 1.89
48 1.61 1.65 1.71 1.80 1.83 1.92
&4 1.463 1.70 1.76 1.85 1.88 1.99
80 1.464 1.70 1.78 1.87 ~ 1.90 2,01
9% 1.b64 1.74 1.80 1.88 1.93 2.0
112 1.6B 1.75 1.82 1.%0 1.94
128 1.69 1.76 . 1.B4 1.91 1.97° 2.07
143 1.71 1.76 1.83 1.91 1.98 . 2.08
140 1.69 1.77 1.85 1.93 2.00 2.10
176 1.7t 1.79 1.86 1.95 2.02 2.11
192 1.75 1.80 1.87 1.96 2.02 2.11
208 1.72 1.81 1.87 1.96 2.03 213
224 1.75 1.81 1.89 1.98 2.04 2.14
240 1.74 1.83 1.89 1.98 2.05 2.15
256 1.77 1.82 1.88 1.99 2.05 2.15
272 1.79 1.84 1.90 2.02 2.07 2.17
288 1.78B 1.84 1.90 2.01 2.06 2.16
> 308 1.81 1.85 1.91 2.02 2.08 2.17
320 1.82 1.834 1.91 2.01 2.08 2.18
336 1.83 1.86. 1.91 2.02 2.09 2.19
352 1.81 1.85 1.91 2.02 2.09 2.18
" 348 1.83 1.85 1.91 2.03 2.09 2.18
. 384 1.83 1.87 1.93 2.04 2.11 2.19
400 1.83 1.87 1.94 2.04 2.12 2.19
4164 1.83 1.87 1.93 2.05 2.12 2.19
432 1.82 1.87 1.93 2.04 2.11 2.18
4489 1.83 1.88 1.95 2.06 2.12 2.19
454 1.84 1.87 1.95 2.06 2.12 2.18
480 1.85 1.88 1.95 2.07 2.12 +20
496 1.86 1.88 1.9 2.06 .13 2.18 .
S12 1.87 1.90 1.97 2.08 2.15 '2.21
528 1.83 1.88 1.9 2.06 2.13 2.21°
544 1.84 1.88 1.9 2.07 2.13 2.20
560 1.86 1.91 1.98 22.08 2.14 2.2
576 1.83 1.88 1.95 2.06 2.13 2.18
592 1.85 1,90 1.98 2.09 ~2.15% 2.21
608 1.86 1.90 1.98 2,09 2.17 2.21
&24 1.87 1.9t 1.99 2%09 2.1s 2.23
&40 1.86 1.90 1.98 2.09 2.17 2.2
&56 R 1.86 1.91 1.98 2.1} 2.14 2.23
672 1.87 1.91 1.99 2.12 2.14 .22
688 1,87 1.91 '1.99 2.09 2.122_/2.23
704 1.87 1.91 1.99 - 2.09 2.1 2.23
720 1.87 1.94 2.02 2.10 2.18 2.25
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G-3
Extrudate Swell Data for Resin W2
Shear Rate
(s™h 3.3 6.4 14.3 36
Time ** Lor
(sac)
16 T 1.64 1.65° 1.71 1.78,
32 1. 62 1.65 1.69 1.77
, 48 T 1.63 1.65 1.73 1.78
b4 1.63 1.65 1.74 1.80
80 . 1.65 1.66 1.75 1.80
96 ) 1.65 1.66 1.75 1.81
112 1.65 1.67 1.77 1.83
128 s 1.65 - 1.48 1.77 1.85
144 1.65 1.69 1.78 1.84
160 Y166 1.69 1.79 1.86 .
176 . 1.65 1.69 ° 1.79 ° 1.87
192 1.65 1.69 1.79 1.87
. 208 ~ 1.65 1.69 1.78 . 1.85
224 1.65 1.70 1.79 1.87
" 240 1.65 1.70 1.78 - 1.87 .
256 1.65 1.7y 1.79 1.87 ;
L2720 v~ 1,66 1.71 1.81  * 1.89
288 - 1.6S " 1.71 1.81 1.84,
304, 1.66 1.71 . 1.81 < £.88°
320 1.65 1,72 1.81 1.88
336 1.67 1.72: 1.2 . 1.90
352 1.66 1.71 1.80 1.89
368 1.66 1.72 ' 1.81 1.89
384 L 1.66 1.73 1.81 1.90
400 1.67 1.72 1.83 " 1.90
416 1.67 , 1.74 . 1.82 1.92
432" 1.66 1.72 1.80 1.91
4ﬁ,, Vi 1.67 g 1.72 1.82 ey
44647 . 1.66 1.73 1.84 1,91
‘f¥0 1.66 " .°1.73 1.85 1.92
496 1.67 1.73 1.83 . 1.93
512 1.68 1.74 1.83 1.93 =
528 1.67 1.73 1.83 1.93
S44 1.67_ . 1.74 1.684 1.94
5&0 1.67 1.74 ¢ 1.84 1.93
576 1.66 1.72 1.82, 1.92
592 . 1,67 1.72 1.83 1.93
608 1.67 . 1.73 1.83 . 1.95
624 L 1,67 1.74 1.83 1.94
640 1.66, "1.73 0 . 1.84 1.94
656 ' 1.66 1.73 1.86 .- 1.95
672 1.68 1.74 . 1.8% . 1.95
688 0\ . 1.66 1.73 .  1.83 1.95
704 L 1.67 . 1.73 1.84 1.96
720 - ' 1.68 - 1.7a 1.84 " . 1.96



- . G-4
. Extrudate Swell Data for Resin W3
\! ’ v
Shear .Rate .
s~ b 3.2 6.4 14.3
_Time -
{sec) '
16 ;1,50 1.50 1.48
32 ) 1.47 1.46 1.46
48 1.48 1.47 1.47
64 1.49 1.49 1.48
80 . 1.50 1.50 1.50 7 R
96 . 1.51 1.50 1.50
112 1.51 1.51 1.51
128 1.53 1.52 1.52
144 1.52 1.53 1.54
160 1.54 - 1.54 1.55
176 1.54 v 1.54 1.54
192 1.53 ' 1.54 1.54
208 1.53 1.53 1.53
224" ~ 1.54 1.54 1.53
240 1.54 1.55 1.54
256° 1.55 1.55 1.55
272 1.56 1.55 1.54
288 1.54 1.55 1.56°
304 1.55 1.55 1.55
320 1.56 1.55 1.55
336 ) 1.56 L 1.56 1.57
352 - 1.56 1.56 1.56
368 1.56 y 1.56 1.57.
384 . 1.56 : 1.56 1.5;
400 1.57 \ 1.5 1.5
416 . 1.57 5"””?%31 1.57 - >
432 - 1.57 . 1.56 1.57
438 1:%7 1.56 1.57
464 1.58 ) 1.58 1.60
480 1.58 1.57 1.60
496 1.58 1.59 1.59 .
512 ) 1.99 1.58 1.58
' 528 1.58 1.58 1.59
544 . 1.58 . 1.58 1.59
560 : 1.59 1.59 1.60
576 1.56 1.57 1.57
592 1.57 1.57 1.57
608 1.57 1.58 " i.59
624 T 1.59 _ 1.57 1.57
440 ‘ 1.59 ' 1.57 1.59
656 ) 1.59 - © 1.58 1.59 -
672 . \ 1.59 1.58 1.58.
488 . ' 1.58 1.58 1.58
704 . 1.59 . 1.58 1.59
720 . . 1.59 \ 1.59 1.59 s

N4
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G.5
. Extrudate Swell Data .for Resin W4
a £
hear Rate ‘,
7 "1 7 14 36 71 142 370 760
Time po
(sec) s
16 ‘ 1.31 1.35 1.43 1.%0 1.60 1.66 1.81
32 1.29 1.34 1.43 1.4 1.59 1.68 1.85
48 . 1.30 1.35 1.44 1.51 1 1.72  1.89
64 ©1.31  1.3&64 1.44 1.53 1.6 1.74 1.92
80 ) 1.31 1.37 1.47 1.55  t.64 1.77 1.93
96 1.31 1.36 1.48 1.55 1.66 1.78  1.95
112 1.32 1.38  1.50 1.57 1.68 1.80 1.96
128 1.32 1.40 1.49 "1.58 1.69 1.82 1.99
144 1.32 1.39 1.50 1.58 1.70 1.82 2.00
1460, 1.33 1.39 ' 1.51 1.460 1.70 1.83 2.01
176 ) 1.34 ,1.41 1.52 1.60 1.72 1.84 2.03
192 1,32 1.40 1.52 1.60 1.70 1.84 2.03
208 1.32 1.39 1.52+ 1.40 1.71 1.83 2.03
224 1.33 1.40 1.52 1.40 1.72 1.86 .2.03
240 ° 1.33 1.40 1.51 1.640 1.71 1.85 2.04
256 . 1.32 1.41 1.52 1.82 1.72 1.85 +2.06
272 C 1.33. 1.41 1.53 1.4 1.73 1.86 2.06
288 . . 1.32° .41 1.52 1.60 ' 1.78 1.85 2.05
304 1.33  1.41 1.53  1.62 1.74 1.86 2.07
320 1.34 1.40 1.54 '1.43 1.74 1.85 2.07
-336 1.34 1.41 1.54 1.63 1.74 1.87 2.07
352 1.32  1.41. 1.53 1.62 . 1474 1.85 2.06
3&8 1.33 1.41 1.54 1.42 .1.74 1.87 2.07
384 - 1.34 - (.41 1.S3 1.62 1.74  1.87 2.08
400 . ’ 1934 1.41 .1.54 '1.62 1.74 1.87 2.08
416 1.33  1.42 1.55 1.463: 1.75 1.87 2.09
432 ‘ 1.33 1.41 1.53 1.62 1.75 1.87 2.07
448 1.34 1.41 .1.53 1.62 1.75 1.87 2.08
464 C1.33 ' 1.41 1S4 1.63 . 1.75 1.88 . 2.09
480 1.33 1.42 1.55 1.63 1.76 1.87 2.08
496 - ‘1.34°  1.42 1.55  1.63 - 176 1.88  2.09
. 512 ° 1.33-, .1.4‘2' 1.55 . 1.64 1.7 1.89 2.09
528 ' 1.33  1.41 1.54 1.63 -1.74 1.87 2.08
544 ,, 1.33 1.41 1.54 1.62 1.75 1.88 2.09
540 1,34  1.41 1.54  1.64 1.75 1.88 2.09
576 ° 1.31 1.40 1.53 1.61 '1.75 1.87 2.08
592 1.32 1.40 1.53 1.62 1.74 1.87 2.08
408 1.32 1.40 1.54 1.62° 1.73 1.87 2.08
. 624 1.31 1.40 1.53 1.62 1.75 1.88 2.09
. 640 1.30 1.40 1.53 1.63 1.74 1.88 2.09
&56 1.32  1.41 1.53 1.63 1.74 1.80 2.09
&72 1.33 1.40 1.54 1.4&43 ‘1.74 1.88 - 2.09
688 | 1.31 1.40 1.54 '1.62 1.74, 1.88  2.09
704’ 1.31 1.40 1.53 1.62 1.74 1.88 2.09
720 o 131 1.40 1.53 1.63 1.75 1.88 2.09
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Extrudate Swall Data for Resin W5

Shear Rate .
b 64 128
Time : .
(sec)

16 1.60 ' 1.64
32 1.59 - S 1.4 ) .
48 ) 1.62 : . 1.67 . L
64 d 1.63 s 48 :
, BO . 1.65 1.71 N
% , 1.62 1.71 ’
112 1,65 : < 1.71 . Ps
128 1.65 , 1.73 )
144 {
1a0

176 - 1.70 1.75 =

192 1.70 , 1.74
208 - . 1.468 1.75 .
224 1.59 \ 1.73 .
240 - 1.68 n 1.76
256 | 1.6% ‘ . 1.76

» ‘. -—
272 . REEEr A | 1.70
&8 . 1.69. 1.73
394 , .87 . PR .
0 - L.TL . 1.7%
S38 ’ 1.70 ; ) Ry
:S: --6\3 - l-l:}
Sad . ° 1.52 , lero
- .. - ¢ - s
224 , te 7o .73 -
41 ) le2? JIARY
8- 1.7 1.7
470 - L.TL LTy
I . N
s 1.7 ALTT .
ot \ 1.7 . el
SO = N _
—_' --&9) -
[ “ hand E
- - - y -
- . .
=222 L59Y b
S e - - 9
.0 LT . .3 s
— . -
Z7% a3 . i —- 9
&2 -e B . D
= .z k3 -3
el M Y
o .'/u.: 7 A"
= A .
<Fa N A —i
2N /4 _- ‘, " .t
. / " e —_- J
R = .2 F
= . - N : )
. / les L47a
—— / — - - ',
— ; e e 3 - td
- A
/ N

A

Lt
“
e
SN
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Extrudate Swell Daf; for PP Resin

v
Jd

R PO U

| »

*

ne

- - - - -—

Shear Rate

1.69

1.76

s~ 35 70 140
Time )
(sec) '
16 1.57 1.59 1.60
32 1.59 1.61. 1.63
48 1. 60 1.62 1.65
&4 . 1.61 1.62 1.67
=0 - 1.62 1.65 1.49
e 1.a2 1.46 1.68
112 1.53 1.66 1.72
128 e 1, 65 1.67 1.73
144 1. 65 1,69 1.73
160 1.64 1.68 y 1.72
1176 1.64 1.68 1.73
192 1.65 1.70 1.75
208 s 1.65 1.49 1.74
224 . 1.65 1.71 1.74
240 1.65 1.69 1.76
256 1. 65 1.71 1.77
272 1.67 1.70 .79
288" 1.68 1.70 1.77
. 304 1,695 1.72 1.80
320 o 1.67 1.71 1.79
336 v, 1.67 1.74 1.79
352 1.67 1.74 1.79
368 1.68 1.74 1.84
384 1.64 1.73 - 1.79
» 400 1.67 1.73 1.79,
416 1.68 1.72 1.81
432 1. 686 1.72 1.81
348 1.68 1.74 1.80
464 1.68 1.73 1.80
480 1.68 1.74 1.83
4946 1.69 1.75 1.81
512 1.68 1.74. 1.81-
528 1.69 1.74 1.82
544 ) 1.69 1.75 1.81
560 1.68 1,77 . 1.82
576 1.68 1.7 1.80
592 1.69 1.75 ° 1.83
608 1.68 1.74 1.81
624 1.69 1.74 1.82
640 1.69 1.75 1.83
&S6 1.69 1.75 ‘1.82
&72 1.69 1.75 1.82
688 1.72 1.75 1.82
704 1.70 1.76 1.81 .
720 1.82
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. Extrudate 11 Data for Filled PP
m ! ) hd - . - -
i B , .
Shear Rate . ~ ’ p
Ls 1) 26 104
Time , '~ . x . -
(sec) ’ 4 -
15 1, 1.01 -1.,01
32 1.01 1.05 .
48 0.99 p 1.02
64 1.02 X 0.99
80 1.01 0.99
& 0.98 0.99
112 0.98 ' 0,99
‘128 ° 0.99 0.99
144 0.99 0,99
160 1.01 ’ 1.02 )
176 0.98 1.04
192 0.98, 1.04
208 0.98 1.04
. 224 0.97 ‘ Yo1.04
240 0.97 . 1.04
. 256 .0.97 1.02
272 ' 0.98° 1.03°
288 ‘0. 99 1.04
304 1..00 ' 1.02
320 | - Q.99 1.03
336 1.00 . 1.04
352 - ' o 0.99 1.04
368 1.01 1.04
384 . ,1.01 1.04
400 1.00. 1.04. ] [
416 , 1.00 . 1.04 ~ ;
432 . 1,00 1.04 . .
4489 1.01 1.03 .
464 ) 1.02 - ‘ 1.03 - i
480 1.01 . 1,04 .
496 1.01 ’ 1.01
512 1.02 1.02 .
. 528 1,02 sy 1.04
544 1.01 1.03
560 1.01 s 1.03
576 1.00 - ° 1.03 :
592 - 1.01 1.03 ,
. 608 1.01 , 102 N
624 1.01 .- 1.02 .
640 1.00 1.02 A~ .
656 1.00 X 1.02 L
672 0.99 1.01 Lo
488 1.00 1.01 . o
704 \ 1.01, . 1.01 .
720 1.01 Y 1,01 LT
IS i \ \
¥ R
N R * I J'{
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. Extrudate Uli Data for LCP Resin
‘ .

Shear Rate

. 720

1.00

——

s Y , ¥ 26 104
Time ) .
(sec) . <A
16 0.99 1.02
32 . T 0.99 ., 1.01
48 0.99 . 1.01
64 0.99 1.00
. 80 0.99 ~1.01 .
. - . 96 0,99 1.01
112 0.99 1.01
128 0.99 1.01
144 0.99 " 1,00
160 0.99 1.01
’ 176 0.99 1.0t
192 0.99 1.01
¢ 208 . : : 0.99 1.02
224 . 0.99 0.99
240 0.99 ‘1.0t
(.: : 256 '0.99 " 1.01
; 272" 0.99 1.01
-~ 7 288 0.99 , 1.01
304 i 0.99 1.01
. 320 0.99 1.01
, 336 ' 0.99 1.00
352 1.00 - 1.00
368 . 0.99 1.00
384 Q.99 1.02
400 _ 0.99 1.00
416 \ 0.99 1.01
432 0.99 . , 1.01
448 . 0.99 + . 1.01
~ ' 4464 0.99 1.01
. 480. 0.99 4 1,01
' . ’ 496 0.99 1.01
’ ’ 512 . 0.99 1.01
. 528. 1.00: 1.01
544 0.99" 1.01
560 0. 9% - 1.00°
576 0.99 o 1.00
) . 592 Q.99 ) 1.01
: 1608 0.99 . 1.03
624 - 0.99 ‘ 1.01
o &40 . 1.00 1.00
. : ’ 456 . 0.99 1.01
672 . 0.99 1.01
s 688 ' 0.99 1.00
- \704 0.99 1.01



