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ABSTRACT 

.; 
Extrudate swell is an important phenomenon exhibited by 

/ 

MOSt polymer melts. As a )'Raterial property" it, could be of 

significant theoretical value in underst:3'nding the rheoiogical 

behaviour of these mel ta. Furthermore" extrudate swell i5 an 
i 

important factor in the des ign .and operation' of plastics pro-

cess ing equipmen t. t'echniques for the measurement of 

-\ 
Various 

extrudate swell are reviewed and discussed. 

{ An apparatus has been designed and constructed' to measure 
f »' .. 

the extruda·te swell of polymer mel ts, wi th the aid of a ther':' 
1 

mostating chamber and a phQ,todiode 
\ 

analog outputs May be ,obtained" and 

array. Beth dig ital and 

the digital output May be 

analyzed directly with the help of a microcomputer. 

The apparatus has been u'Sed to measure the extrudate 

swell behaviour of five wire coating low densi ty 'polyethylene 
. 

nains at different shear rates. Also the extl';'udate swell of 
'~ 

a short gllss-fiber f1l1ed polypropyle~e melt and of a ~hermo-
tropic liq~id crystal polymer resin_' has been evaluated. 
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RESUME, 

" Le gonflemènt du jonc a la sortie d'une fil êre est un 

ph'nOm~ne important manifest~ par la plupart de polymêres 

fondus. Comme propri~t~ du ma t~riel; il peut avo ir eur 

tMor ique s ignif icative dans la compr~hens ion du comportemen t 

de ces liqu ides. De plus, le gonflement du jonc joue un rOle 

important dans la conception et le fonctionnement des proc~d~s 

de mise en forme des polym~res. Plusieurs techniques pour la 

mesure du gonflement du j one sont présentt!es et d iscut~es. 

-Un appareil a ~tt! conçu et constru i t pour mesurer le 

gonflement du jonc des polymêres fondus, ! l'aide d'un Jain 

isotherme et d'une rangée de diodes photo~lectriques. Des 

donn~es dig i tales et analogues peuvent être obtenues, les 

donn~es digi tales pouvant être directement analys~es par 

micro-ordinateur. 

L'appareil a ~t~ utilis~ pour mesurer le 'comportment, a 
, 

diff~rents taux de cisaillement, du gonflement du jonc de cinq 

rbines de polyéthYUne basse densité, utilis~es principale-
\ ~ 

ment pour l'isolation des cables. ~ Finalement, l'évaluation du 

gonflement du jonc d'un polypropylêne fondu,- renforc~ de 

co,urtes fibres de verre, ains i que d'un polymêre thermotro-

pique de cristaux liqui:des a ~t~ faite. 
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CRAPTER 1 

, , 

INTRODUCTION 

Rheological properties of molten polymers ~re of practi­

cal interest to those sectors of the' plastics industry in 

which materia~~ are processed in the mol ten state. This in-

clÙdes 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 selection of a resin for a particular process, qual-

ity and process control, screening of experimental resins, and 

process modeling. 

polymer melts usually exhibit viscoelastic behaviourr 

therefore, i t is impor{an t to 

the elastic aspects OfpOlymer 

~olymer processing systems. 

evaluate both the visClous and 

melt flow and their effects in 

viscous properties have been 

s tud ied, characteri zed and spec i fied for Many years by flow 

tests such as melt index and viscosity vs. shear rate curvas. 

Generally, elastic pr:-operties have received less attention, 

although it is weIl r:-ecognized now that elastic properties 

play an imP9rtant role. 
'l 

The elastic nature of polymer melts ls manifested la1 ex-

trusion processes by the phenomenon of extrudate swell, in 

which the extrudate cross-sectioh is g'reater than that of the 

1 
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die opening. Extrudate swell depends upon 'fundamental proper-

ties of the polymer, such 'as the molecular' weight and i ts dis-

tribution, and on the flow conditions, such as the shear rate, 

shear stress, L/D ratio and melt temperature. The effect 
;~ 

plays a signific~nt role in important manufacturing techniques 

such as extrusion, injection molding and fiber spinning, and 

-is, therefore, an extremely important engineering problem. 

Al though numerous studies on extrudate swell exist, the 

models proposed do not provide a clear picture as to the rela-

tive importance of the various rheological parameters. There 

is still disagreement regarding the molecular structure ef-
~, 

fècts for many polymers. The con of molecular, 

rheological and geometrical effects to swell are not 

weIl. understood, and the field still, lacks a comprehensive 

theory. At the present time, one carl conclllde only that a 

properly executed extrudate swell experiment yields an empiri-
, 

cally defined material function that May be of use in classi-

f~ing and comparing materials in specifie applications • 

Since the unconstrained ~~coil of the extrudate depends 
, 

on the time allowed for recovery and other phenomena, like 

sagging of the exçrud\te under its own weight and its possible 

cool ing, the technique and condi t ions invol ved in the d~ter­

mination of extrudate swell limit the reliability and scope of 

the experimental results. To a great extent, this explains 

the wide discrepancy, among the resul ts obtained by different 

". 

" 

, ~ 
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researchers concerning the effect of different factors on ex-

trudate swell. 

A survey of the existing techniqu~s shows that two meth­

ods are mainly employed to measure capillary swell of polymer 

melts. In the Brst method, the polymer mel t is extruded 

directly into air or i'nto a hot oven, after which the m~terial. 
is allowed to sol'idify by cooling and the diameter of the 

l 
solid extrudate is measured. A,variation of this rnethod is to 

'-anneal the extrudate, before measurernent of the relaxed diam-

eter wi th a micrometer. In the second me thod, the me 1 t i s 

extruded in,to an oil filledthermostating chamber, where the 

swelling is usually followed by means of a photographie 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, mealurement tech~ 

niques ls provided in Chapter 2 of this thesis. 

In order tp obtain a better underst'anding of the extru-

date swell phenomenolJ, there la need for a dependable, non-

contact, autornated measurement technique that would yield 

·accurate information regarding extrudate swell and its depen-

dence on design and pr;ocess conditions. The study of extru-

date swell would be facilitated significantly by autornatically 

and continuously processing and analyzing the data. 

The main objective of the present study ls t'o develop an 

automa tic apparatus to rneasure capillary extrudate swell of 

,-
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polymer melts. .The specifie objectives of the work described 

\ . in thia thesis are outlined below: 
." 

(1) 1'0' design and construct a thermostating chamber ;0 

( 2) 

provide conditions under which the swelling wou~d 

, occur at a constant temperature, close·to the extru-

sion temperature, and in the absence, of gravita-

tiônal ~agging and interfacial effects. 

To design and construct. a diameter detection system 

to provide a precise non-contact measurement o( 

extrudate swell of polymer melts. An analog outp~t 

from the system wou1d drive a chart recorder and 

digital o~tput wou1d be passed to a micro90mputer. 

(3) Tc interface the diameter detection system to the 

microcomputer and to de~elop the nec~ssaly software 

to process the data. 

(4) To test the developed apparatus and to work ou~ a 

-rel iable exper imental proc~dure' to measure th.e 

swell. This would include an evaluatioh of the mea-

surément error as weIl .as definition of the ,l,imita­

tions and constraints of the developed apparatus • 

. In order to test the developed apparatus and to oDt~/in -

representative measurements r the following investigations have 

been carried 'out: 
. , 

( 1) The extruda te swell behaviour of f ive wire coating 

low density polyethyléne (LDPE) resins was studied 

at dj,fferent shear rates. The rheolog ical charac-

\ 

./ 
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teristics of the se resins were s'tudied ear~Jer by 
, ,---

~1-8~staki (1). His, results' regardin,g extruda.té 

swèll are compared with data obtained using the new 

apparatus. 

(2) The extrudate swell of a short glass-fiber -filled 

polypropylene melt ~as aiso investigated. 

(3) - The .extrudate sweli behaviour of a thermotropic 

Iiquid crystal polymer (,"CP) resin was aiso evalu-

ated •• 

.. ' . .. 

,\ 

o ,1 
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CRAPTEI 2 

TBCBNlCAL BACKGROUND 

2.1 Extrudate Swell 

2.1.1 ~ Capi11ary Extrudate Swell 

A't the exit of a"capillary~ slit or die of any shape, an 

emerging stream of polymerie liquid normally undergoes a sig-

nificant change in cross-sectional area from that of the chan-

, nel in whicp it has been flowing. Severa1 terms are used to 

describe this phenomenon, su ch as "d ie swell", "jet swell", 

"extrudate expansion" and "post-~xtrusion ~well". In. recent 

years, however, the term become the "extrudate swell H has 
1 

\. accepted nomenclatl,lre • 
. \ 

If the channel is noncircûlar" then 

the extrudate also undergoes a change of shape. Attention in 
. 

this study will be restricted to the case of extrusion from a 

~apillàry die and, therefore, to the pr-oblem of c~pillary 

extrudate s'weIl. In this case, the extrudate swell ratio (8) 

is defined as the ratio of the diameter of the ~xtrudate, De' 

8 ~ 0 /0 e c 

o : 
C ' 

( 2.1) 

<, 

Extrudate swell can occur aven in the case of Newtonian liq-

,uids at low Rey'noids' numbers (2), but the effect~ are more . . 

" 
.. 

, . 
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pronouncéd in the casa of viscoelastie liquids. 

", melts exhibit viscoelastleity and fading mem<?ry. 

polyme~ic 

Thus, they 

are eharaeterized by the ability to snap baek, when the exter-

nal -deforning forces are removed. Polymerie melts exhibit-

approximately th'e same 0 ID values at .low shear ra tes as 
lit e e 

exhibi ted by Newt-onian fluids, but swell to 2-4 t~mes the die 

diameter at high shear rat~s (3). 

From a structural point of view, i t" is bel ieved that 

extrudate swell occurs as a resul t of disorientation of the 
• 

,moleeul"es that have been oriented within the eapillary by the 

shear and/or elonga tional flow" fields. From the rheological 
. 

point of view, on the othér hand, it is bel ieved tha.t ex tru-

date sweli occurs as a resul t o,f the recovery of the elastic 

deformation 'impo8~d in the die. The swelling of viscoelàstic 

fluids is connected to a sudden recovery of s.tored elastic 

energy and a subseqtient continuation of relaxation at a slower 

rate. 

Extrudate swell ls a very complex phenomenon, which de-. 
, pends upon fundamental properties of the polymer such as the 

molecular weight, molecular weight distribution and chaip 

branching, as weIl as on the flow conditions such as the shear 

rate, shear streso, geometry and dimensions of the die (LlO 

ratio) and m&lt temperature. lt aiso depends on the elapsed 

t,ime a~ter exi ting' the 'd,ie. 

, .' 

1 

.' 

, , 

• 



.. 
'. 

~ "-
, . 

.. 

, , , 

, 

2.1.2 The Origin of Extrudate Swell 

. Extrudate swell is not l,imited to vi'scoelastic fluids. 

It is establlshed now that Newtonian jets swell by about 13% 

at very low Reynolds numbers (2). This ls apparently due to 

streamllne adjustments, as the 1i'quid emerges from an opening 

into ai'r and acqu ires a free surface (3). The swell ing of 

viscoe1astic flu'ids is connected to a sudden recovery of ~ 

stored elastic energy and subsequent stress relaxation. oif-' 

ferent extruda te swelI mechan i5ms, which have been proposed, 

will be preseœte& in this section. 

Accotding to Chapoy et al. (4), two aspects dominate the 

efforts to elucidate the mechanism whlch is resp'onsible for 

producing the swell. The flrst cônslders the. swe1l to result~ 

only from the partial recovery of tensile strains imposed a~ 

.the die entrance, which relax during die passage. The dissi-

pation. of these strains, dur ing the period ,of travel througb 

the capillary, can be es~imated by using a Maxwell model with 
~. 

one or more relaxation times. This aspect is no doubt lmpor-

tant for short dies (small length to diameter ratio), which .. 

may often be the case for commercial processing equipmen~, or 

.f6r materials ha~ing long relaxation times. 

The ~econd aspect considers the swell to result only from 

recoverable el~stic shear strains imposed during die passage~ 

The swell can be related to the recoverable elastic strain via 
, 

Hook • s' law," us i ng Je' the equill.br ium elastic compliance and. 

the steady state shear stress, a
12

• Th~S aspect pre-supposes 
w' ~ 

.1 

_,r!, 
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steady state conditions; (a) entrance strains have ~elaxed 

during capillary passage, and (b) flow is fully developed, 

with respe-çt. to both shear and normal stresses. For a given . 
." shear r:ate, this aspect is clearly independent of the resi-

~ 

dence time in the capillary. 

Maxwell .nd Nguyen (5) and others (6-9) emphas i zed that 

elasticity of the Rlelt is the cause of the extruda te swell. 

As the melt passes through the die, it is sheared according to 
\ 

the velocity gradient a~oss the diameter of the die. In the 

region of high velocity'gradient, this shearing orients molec-

ular s~gments in the direction of the flow. The molecules are 

thus forced into a hig~er energy state and a less probable 

configuration. As the extrudate leaves the die, the shearing 

stress dlsappears 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 

will become shorter in length and grea ter in width, when the 

shear stress 1s removed as the melt ex1ts the die, th us pro-

ducing the extrudate swell. The rate and,amount of swell will 

be dependent on the elastic recovery from the sheared configu-

ration to the random-coiled configuration. The amount of 

recoi 1 1ng determi nes the amount of extrudate swell, and the 

rate of recoiling determines the rate of extrudate swell. 

Leblanc (9) supported the suggestion that extrudKte swell 

results from disorientation of Macromolecules prevlously 

al1gned within the die. The observation that extrudate swell 
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increases with weight average molecular weight and polydisper-

si ty supports this hypothesis, since the orientation along 

flow lines increases with macromolecular chain size. 

Cotten (la, Il) used a laser beam to follow the swelling 

of a filled rubber extrudate. Hep found that almost half of 

the ul timate swellj.ng 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 the extrudate, and both of these 

origin~e from the deformation imposed in the extensional flow 

region at the die entrance. Th~ ini tial, very fasl recovery 

represents sol id-l ike elasqc recoi l of the quasi-network. 

The much slower relaxation that follows could be the result of 

d isorientation of molecular chains that were al igned in the 

direction ot flow. 

nitude _of the very 

An increase in die length reduces the mag­

fast (instantaneous) swell. (cotten attrib-

uted this to the relaxation of the~quasi-network, possibly due 

to slippage of chain entanglements. However, an increase in 

die length has almost no effect on the magnitude of the subse-

" quent slo'w swell (relaxation) region. This interpretation is 

at variance with t~e more common view relating die swell (at 

least partially) f~ the normal forces generated by the shear 
~~' - .... ;. 

flow within the capillary. o 

Vlachop~ulos (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 elastiç recov-

ery, stress relaxa-tion and inelastic recovery. While the 

f irst three meèhanisms are widely accepted' among researchers, 

the inelastic recovery theory "las proposed only recently by ... 
Tanner (12), who assumed that swel:l is 'due to· an increase in 

the resistance to deformation of elongated fi,laments near th..e , . 

extru,date surface. He considered the extrudate as consisting 

"t ~<if two layers: an outer layer of th ickness equal to 0,05-0.1'" 

" ct iameters 1 wh ich i5 in tension, . and· an inner layer, which is in 

compression. 

1 

2.2 Factors Affecting ~trudate 5we1l· 

Extrudate 5well i5 acomplex phenomenon which 1s affected 

by many fac tors. Among others, it depends on the. wall shear 

rate or shear stress in the die, the die geometry, the extru-
\ . 

s ion tempera ture and the elapsed time after exi t ing 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. 
, -

2.2.1 5hear Rate and Shear Stress 

One would expect extrudate swell tQ increase with shear 

rate, since, as suggested aboye, ~we11 is l'arr1Y the -manifes­

tation of the recovery by the mater.ial of stiains imposed dur­

lng extrusion. Indeed thls has been obse'rV'êd (6, 9, 13-19) 

wi th both' thermoplastics and rubber compounds.' \ 

" 

;' 

t, 
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2.2.2 Temperature 

There ia no general agreement in the li terature regarding 

the dependency of extrt,l~ate .awell on the capillary (or extru­

sion) temperature. A number of studies (1S, 20-23) have found 
, . 

that . extrudate swell decreases wi th temperature increaae, if 

plotted as a function of' shear rate. Howeve r, sorne of' theae 

studies (uIS, 21, 22) have found that plottïng extrudate swell 

aga inst shear stress (wall shear stress in the die, a ' , 

D6P/4L) eliminates the temperature dependence .• , According to 

Graessley et al. (1S), the collapse of data at different tem-

peratuœs to a . singl~ curve suggests that extrudate swell,ia 

~ primarily a function of shèar stress. 

On the other hand, it was re.ported that extruda te swel~ 

increased with temperature at constant shear stress for poly­

propyle.ne-polyethylerye b1ends (24) and for PVC (25). In the 

case of pve, thi~ ,anoma1ous behaviour was interpreted by the 

mel ting of part ~u1at;.e structures of the ~ polymer i~ the inves- -

" tigated temperature rangé. 

Leblan'c (9) suggested that, at constant ext,rusion rate, 

the swell should decrease as te",perature rises, sinee., at 
, 

,constant ,shear rate, the viscosity decreases with increasing 

temperature, and 1 consequently, the elast!e strain related to 

flow resistance within thé die also decreases. In addi t ion, 

the relaxation rate of viscoelast ic ma terials increases wi th 

temperature and, there fore, a large percentage of the e1as tic 
1 

" 

" 
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strains will decay w! thin the die itself as temperature in-

Creases. 

2.2.3 Length to Diameter (LlO) Ratio '. 

It 19 well-known (3,.s, 14, 20, 23) that the swe111ng 

ratio decrease.s às L/O' incre'!ses, approaching a constant level 

at' large values of LlO. polyêthylen'e usually requires long ~ 

cap! 11aries (L!O-) 20) to reach the asymptotic swell i~g ra t::l0 

. 
(21, 14), while po1ystyrenes, exhibit a re1atively constant 

ratio at LlD ) 12. An' extensive review of the effect of L/D 

on extruda te swe Il is ava Hable, ( 13) • 

The dependence of swell ratio on L/D may be explained by 

cons !dering that the e-lastic strain at the entrance of the die 

Ls larger than the -equilibrium strain associated w!th flow . 
wi th in the die. Depend ing on the length of the die, the ex-

tent of molecular relaxation determines the value of die swell 

at the exit. If the die i8 sufficient1y long, only a steady, 

e-quilibrium value remains. This constant value i8 a material 

characteristic, depending only upon the shear rate and the 

temper·ature. 

" 

2,.2.4 Filler Effect 

Because of the technolog Ical and commercial importance of, . 
fillers, many studies exist regarding the effects of fillers 

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

26-30). Fi 11ers used commonly are carbon black., glass beads, 

cà' JIU carbonate, cale ium silica te, t! t~nium oxide, etc. 

.., 
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(26). It ia' now well-established that the addition of fillers 

reducea the 'aDlount of extrudate awell (il, 26, 29 ).. As the 

fi 11er concen tra t'ion increases, the sve 1ling ra tio decreases. 

2.2.5 Ma1ecular Structure 

Extrudate swell is .. i~q..uenced by rno1ecular structure 
o 

parameters such as molecular weight (MW), molecular weigh,t 

distribution (MWD), and the frequency af long chain branching 

(LeB) • For polystyrene, Most authors agree (lS, 16, 21) that 

extrudate swell increases with weight av~rage molecular weig'ht 

(Mw) and polydispersity. For high deosity polyethylene, the 

sama trend has been observed (31), although Mendalson and 

Finger (33.) and Shroff and Shida (32) have reported the con-

verse. Rheolog ieal stud ies w~ th lo,w dens i ty' palyethyl~nes 
, 

have shown that, among other factors, the frequency of LeB ls 

• of great importance. While Mendalson and Finger (34) have 

reportad that extruda te swell decreases as LeB increases, Most 

rec@1'\It investigations (35, 36) suggest that the opposite ia 

true, that is, extrudate awell increases, for the sarne condl-

tians, as Les increases. 

While the true molecular orlgin of elasti~ properties of 
~ 

polymer melts ls not yet clearly understood; ft ls generally 

accepted that higher molecular weights are associated with 

nigher levels of stored elastic ener9Y at a given shear rate. 

Consequently, it is reasonable to expect that extrudate svell 

will lncrease as thé mole.cular weight ia increased. 

" 
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2.3 Methods of Pred icting "Extrudate Swell 
~ ., 

2.3.1 Models Based on the Theory of Rubber Elasticity 
i 

Sevèral theories, based on elast ic sol id analysis, have 

been proposed in the literature to predict extrudate swell. 

These theories generally incorp?rate the observation that 

extrudate swell is related to thé recoverable shear strain, 

S.R'O def ined as: 

( 2.2) 

where Je ls the steady state shear compliance and 't
12 

is the 

shear stress. Since this equation applies to the region of 

l inear viscoelastic behaviour, i t cannot be relied upon except 

a t 'low shear ra tes. However', i t i5 of ten observed that Equa-

tion (2.2) continues to fit experimental data, even at higher 

shear ra tes (37). It has been shown (3B) tha t SR can be cal­

culated from normal stress measurements in the limiting low 

shear rate region, where t;:he viscosity ls Newtonian and the l' 

first normal stress difference,' NI' is proportional to ,,2. 

For this particula"r case: 

( 2.3) 

The various relatlonships proposed to relate recoverable 

shear strain and extrudate 5well ratio, B, were reviewed bY. 

Vlachopoulos et al. -- ( 3, 17) , Utracki et al. ( 39) and by 

) 

'. 
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vinogradov !!.--.!!..:. (.40h A summary of SOme of the important 

relàtionships 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 thus determined the rec6verabIe shear strain 

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

experimental extrudate swell values to those predicted by the 

various relationships revealed that the experimenta1 resu1ts 

agreed bes t wi th the re lationship proposed by Tanner ( Equa tian 

(2; 13» •. 

In order to account for Newtonian swell, Equation (2.13) 

18, often rearranged and the term 0.1 ls added. 

equa tian ls thus obtained: 

B .. (l + S 2/ 2 ) 1/6 + O. 1 R ' 

The follow i ng 
~ 

(2.14) 

The theories discussed above neglect veloe ity and stress 

field rearrangements at the die exi t. The work carried out by 
. 

Whipp1e and Hill (48) showed that pronounced non-linearities 

in the velocity profile can exist at the die exit and that 

~hat happens exp~rimentally is grossIy different from what ls 

assumed to occur in eIastic.-like fluid theories. 

In general, experimental stud ies ind icate that the pro­

posed relationships between extrudatè swell and recoverable 
, 

shear strain are useful ta sorne extent. However, they suffer 

from 1 imita tions associa ted wi th sorne of the assumpt ions em-

,. 
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TABLE 2.1 

Pro osed Relationsh1 8 Between 
SWell and Recoverable 

Reference Pro~8ed Relation.hie. , 
~ 

Spencer and D11lon (41) SR -
2 -2' ( 2.4) B - B 

,- , .. 

Nakaj ima and Shida (42) SR -
B2 _ ,B-4 ( 2.5) 

Bagleyand Duffey ( 6) S2 _ 
R 

B4 _ B-2 ( 2.6) 
J. 

'-
( 6) S2 _ B4 + 2B-2 - 3 Bagleyand Duffey (2.7) R }y 2 

3(B4 + 2B-2 - 3) Vlachopoulos et al. (16) ~-

Kendelaon et al. (43) 52 _ 6B 2inB (2.9) 

Rigbi (44) Sw - 4(B - 1) (2.10) , 

Spencer (45) 5w 
.. (B -rl)/O.1555 (2.11.> , ' .... 

Cogswell (46) B2 _ 

~: 

(2 S /3)(1 + S-2)3/2 w W 
- 5-2 

w ('2'.12) 

"V 
52 2(B6 - 1) Tanner (47) - (2.13) w 

• 

* 
J 

~ 18 the recoverable ehear strain at the wall, i.e. Sw - Jet12,w. 

/J 

) 

.,' 

" 
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ployed. One problem that ls assoèiatéd with these theories is 

that recovery (swell) is assumed to be instantaneous, whereas, 

1 n real i ty, recovery is tillJe-dependent, and only sorne part of 

i t takes place ins tan taneously. Another problem i.s tha t these 

relationships are g~nerally d~rived based on the assumption pf 

1 inear viscoelastici ty, al though the pract ical applica tions 

are always outside this range. An additional complication 
, 

arises~in con"nection with the attempt to relate analytically 

. v iscometr ic ma terial funct ions to non-viscometr ic flow ( 37) • 

&,ven if the propoaed relat ionships were assumed to hold, their 

utl,lity would still be limited, due té> (the unavailability'of 

, d irect exp~rimental techn iques to measure thé f irst . normal 

stress difference values in the high shear rate range encoun-

tered in actual processes. 

2.3.2 Models Basad on Numerical Methods 

As mentioned earlier, even Newtonian fluids exhibi t ex-

trudate swell • The value of capillary extrudate swell for 

Newtonian fluids varies from ,1.13 at low shear rates ta 0.87 
1 

at high shear rates (2). Polymer melts exhibit the sarne low 
1 

shear rate swell vàlue in- the Newtonian plateau reglon (49) i) 

Theories on extrudate swell based on elastic solid analysis 

cannot explain this behaviour~ In recent years, studies were 

carried out to predict extrudate swell of Newtonian and visco-
• 

elastic f Iuids by employing ~he fini te element methods to 

sol ve the relevant transport equa t ions • 

.. 
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Tanner (50) and Nickel! et al. (51) uset finite element 
'\ 

program to solve the àynamic and continui ty ~uations for a 
\ 

N~wtonian fluid in the neighborhood of the capillary exit. 

They determined the shape of the emerging ft:"ee surface by 

applying the boundary condiU<;>ns specifying that the normal 
" 

stress, the shear stress and the normal veloett.y -'ire zero at 

the surface. They predicted a swell ratio of 1.13, in agree-

ment with experimen~al observations. Finite element and fi~ 

nite difference analyse's of Newtonian swell were also made by 

Allan (52) and by Ryan and Dutta (53). 

The swell value of 0.87, valid at high Reynolds nwnbers, 

can be predicted by using a simple combination of mass. and 

momentum balances (2). Thus, the Newtonian flow problem is 

weIl understood, and the theory i5 in good agreement wi th the , 

data at both low and high Reynolds numbers. 

The numerical c~lculation of die swell for a viscoelastic 
\ 

f luid has been considered more recen tly by severai au thors 

( 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 l 

and div:erging annular dies. 

straight annular, converging 

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 ÀY~ • 0.75, where À , 
i s the relaxa t ion. time ~nd Yw 1S the shear rate at the wall. 

, 
, , 

.' 
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\ 
The dimensionless number, ÀYw' is -known as the Deborah Number 

and it gives a measure of elasticity. In a subsequent' paper . \' 

by the' same authors (59), the Oldroyq three-constant mOdel was 

used. This .model introduces a retardation time and reduces to 

the Maxwell fluid for viscometric flows. It was observed 'that 

the addition of a reta'rdation time has a considerable impact 

upon the quality, of the flnité element calculation of die 

swell and that higher elastlcity (values of ÀYw "" 4) could be 

accommodat~d. Capillary and, sli't die swell values were calcu-

1ated and compared with Tanner's (47) elastic solid the"ory 

predictions. Good agreemen t was obtalned. Capillary ex·tru-

date swell predictions were also in agreement with experimen-

tal data ~eported b~ Racin and Bogue (21). 

Reddy and Tanner (60) studied the swelling of a sheet of 

fluid modelled by the second order fluid equation. Fini te 

element computer methods were ut i l ized • No -cOlnparison wi th 

,experimenta~ data was given. 

Coleman (55) calculated sIL t die .sw~11 for a Maxwell 

fluid' using a finite element method, different from that used 
'" 

by Crochet and Keunings (56-58). He was able ta obtain con-

vergence up .to ÀY w ... 1 r25, which 1s higher than the maximum 
---... 

value reached by the latter (56), using. the same constitutive 

equation. 

studies. 

Sim! lar swell values were obtained, in these two 

, 
RecentIy, Mitsoulis (62) performed extrudate swell calcu-· 

lations, using a finite element technique which involves an 

. , 

' . 
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. 
upwinding scheme. He was able tq obeain convergence for 

higher elasticity level~ (~Yw = 4.5), by emp~oying an -empiri­

"cal constitutive equation. 

The outstandir;lg probleIJl i.n the numeri,cal simul-ation of 

viscoleastic flows concerns the upper ,limit on the dimension-
1 

less elasticity parameter (Deborah Number), above which the 

nurne,rical algorithms faU to converge. The limit is rela-

tively low, 50 low in 'fact ,that many of the important expe,ri-

mental resul ts fall outside the range of numerical simulatio.n. ' 

In the case of extrudate swell simulation, the presence of the 

f-ree surface makes' the' problem even more complex. Detailed 
, , 

reviews of numericai simulations of extrudate sweU were given 

by VlachopouI'os, (3 r and more recently by Tanner (63), 

AlI of the mocleis discussed above assume isothermai con-

ditions. However, in the actual case, due to the generation 

• ot heat by viscous dissipation, the viscosity of the melt is' 

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

isothermal case. 

phouc' and Tanner (61) investigated the flow during .extru-

sion of a Newtonian fluid, with a temperature-dep~n?ent vis-
-

.cosity. f\ fir;tite element method was used, and it was found 

that extrudate expansion up to 70% of the die diameter was 

optained',due to tempera ture ef fects • 

. In summary, it can be concluded that no satisfactory 

theory . has been developed sa far which can predict s~ell from .. 
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basic rheological proper~ies, especi~lly at high shear rates 

or Deborah Numbers. 

2.4 CapilIary_ Extrudate Sweli Measurement Technigues 

The development of dependable rela t ionsh ips between ex­
~ 

trudate swell, B, and SR has been hamper:ed by inaécuracies in, 

the experimental techniques emp10yed to measure the parameter 

B. Since the uneonstra ined recoil of the extrudate is dep,n-

dent on the time allowed for reeovery and other phenomena, 

like sagging o,f ·the extrudate under its own weight and its 

possible cooling, the technique' and conditions invo1ved in the 

determination of extrudate swell affected the reliability and 

scope of the exper-imental resul ts. Th(!s, it is not surprising 

that a survey of the èxisting techniques for' determining the 

extrudate s'lieU of polymer mel ts ind icates that there are many 

discrepancies among the experimental data reported. The prin-

cipal experimental rnethods for measurement of eapillary sweli 
" 

are described below. 

One of the cornmonly ernployed techniques 1S to' cool the 

extrudate, in cold water or ambien t air, after emerg lng from ... 
the capillary and to measure the diarneter of the solidified 

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

extru~ate 15 approxima tely ~ined by means of a de!l~i ty 

correction whic~ lS' based on the assumption of isotropie 

, ~ , ,1 

- \ 
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(2.15) 

where 0 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, respective1y. 

However, in many cases, the complete recovery of the extrudate 

requires a subs tant ial amount of ... time (in the order:- of min-

utes) • Therefore, it is possible that the extrudate solidi-

fies faster than the elast ic stresses can re lax, thus "freez-

ing" the stresses into tae solidified strand. As a result, 

the extrudate does not achieve its equilibrium degree of ex-

pans ion • Furthermore, interfacial effects in water cooling 

and grav i tational sagg lng in a ir cool ing cou1d affec t the 

extrudate diameter. It 15 important that the dans i ty correc-

tian shou1d be applied cautiously. Th,is i8 particu1arly rele-

vant in the case of semi-crystalline po1ymers, where the solid 

density is known to de pend on crys talli zation kinet ics. Thus, 

" '\it is evident that the extruda e 8we11 obtained using this 

method is susceptible to 

A number of techniques ave been deve10ped ta allow the 

extrudate to recover comp oyen for a 
. 

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

sion temperature (15, 19, 42). Han (3) and Racin and Bogue 

,( 21) extruded the polymer directly in ta an oven kept at the 

extrusion tempe rature and took ph~tographs of the extrudate to 

de termine the swell. A1though Racin and Bogue found sag to be 

1 

,-
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an unimportant source of error in their studies, i~gener­
reduces ~ extrudate ally believed that gravitational sagging 

# 

diameter. 

White and Roman (64) compared capillary swell values for 
. 

HOPE, obtained us~ng the following four different techniques: 

(1) The frozen extrudate diarneter was measured 'using a 

miC'rometer. 

(2) Direot photographs of the extruda te were taken as it 

ernerged from the capil1ary. 

(3) The solidified extrudates were annealed in hot si1i-

cone oil at temperatures above the rnelting tempera-

ture until the y reached constant diameter. The 

extrudates were then removed and measured wi th a 

micrometer. 

(4) The melt was extruded into a bath of silicone oil at 

the same temperat:'tire as the extrusion ternperature. 

Photographs of the extrudate in the bath were ta ken 4J 

-a 
between 5-10 minutes after the extrudate 'emerged 

from the -iCapillary. 

The above methods gave sUbstantially different resul ts. 

The first two methods yield extruda tes with frozen-in residual 

stresses, while the last two involve completely recovered 

, samples. The third method does not remove the effect ~f 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 arder of listing, i.e. the 

'. 



" 

- 25 -

~ 

lowest swell value was obtained with tnk frozen.extrudate and 

highest value was obtained with the fourth method. This con-

c lusion agrees wi th the resu.l ts obta ined by Han (13)" which 
'. j 

indicate that swell of frozen extrudates is significantly 

lower than t'bat obtained when the extrudate was held at the 

extru~ion temperature 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 sag, is to extrude the polymer into a bath containing a 

relatively low viscosity oil at a temperature higher th an the 

melting temperature of the polymer., The density of
o 

the oil 

s hould be equal to \(,r sI igh tly lower than' that of the mel t'. 

Tilis technique was developed by Utracki et al. (~9), and it 

was used extensively at McGill Univer~ity (l, 65-68). They 

extruded the malt into a series of oil-filled test tubes at a 

sequence of wall shear ra tes. ,After wai t ing a suffie ient 

length of time for the 'eq!-1ilibrium sw€ll ta be attained, 

photographs of the diameter of the still mol ten extrudate 

,samples were taken' tt,lrough a side windo~w in the thermos~ating 

bath eontaining the t'est tubes. The melt ~iamete~ was ~hen 

determined by eomparison of the mel,t images to that of a !'Itan­

dard. 

By taking a series of photos of a single extru<;iate at 

d ifferent times, this technique has been used to st\J~y the 

t~ttle .dependency of swell (1,65-'68). __ 

• 

, " 

This 'technique repre,-

., 

" . . , 
'. ' 

• r, 
\ 
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sents a dist'inct improvement in comparison w·i th other tech-

niques. However, the procedures of .taking photogr~phs and 
, 

subsequent' development of films are cumbel;"some 'and time-con-

suming. 

When extrudate swell measurement is consldered, thermo-

plastics and elastomers exhibit fundamentally different types 

of behaviour. - The- former, in the melt state withln the die._ 
"'IIi 

9 ive extrudates 'which solidify rapidly after leaving' the di.e 

and, therefore, must be annealed at a suitable tempe rature to 

allow for the equi~ibrium swelling value to be reached. Con­

sequently, aIl techniques devèloped for assessing the .extru­

date swell of thermoplastics must involve sorne relaxation 
" 

period befora the measurement. With elastomers-, the ÇiJlass 

transition température,.T , is so low that macromolecular 
9 

motions still occur at room temperature, allowing the extru-

date to relax after leaving the die and to reach the equilib-

r iurn value of swell ing wi th in a reasonable time and wi thout 

further annealing. Consequently, fast and automatic measuring 

techniques 'are easier to develop for the extrudate swell of 

rubber. 

The weighing met:hod (9), which is ·the Most commonly used 

technique with elastom~rs and rubber compounds;, consists of .. 

weighing a given extrudate -length and calculating the extru-
..." 

date swe~ling ~ccording to 

(2.16) 

- l' 

,..,.. 
\ 
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where B 1s the swell~ng (in %), -L is the extrudate leng.th (in 
.. 

cm), W is its weight (in g), p is the density of the material 

(in g/cm 3
) and 50" is th~ die cross-sectional area (in cm 2

). A 

standard procedure has been recommended in conjunction with 
. , 

this method for the assessment of extrusion characteristics of 

rubber, according to which it is re~ommended. to allow the 

extrudate to relax for at least 30 minutes before cu~ting the 

leng th L (9). 

Pliskin (30) has described 'an instrument that can be used 

for the r?pid measurement ~f extrudate swell~ This device was 

designed for in-plant" quaI i ty control of elastomers and con­

sists of a piston-driven capillary exq:uder together' with a 

pair of photocells mounted to permit the precise measurement 

of the time, t, req~ired for the' extrudat'e to travel a dis­

tance L. The veloei ty of the extrudate is· (Lit) and the swell 

ratio is: 

... 

O(TS) 

Do 

Vt 1/2 
a (r) ( 2.16) 

where V is the average veloci ty of flow in the die and TS is 

the ~emperatu~e of the solidified extrudate. 

of' this device was described by Tokita (69). 
1 

A mod i f ica·t ion 

." 
When Pl:iskin '8 method is used for determining B/ the Ume 

is usùally too short to allow the equilibrium swell to be 

\\ attained. 

'. 

• 

• 
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Another gevice, which ma,kes 'a direct determination of 

swelling during extrusion, is the Monsanté Au~omatic Die Swell 

Detector (37, 70-72). The basic components of this device are 

show~ in Figure 2.1. A laser beam (25 microns in diameter) is 

projected throug/1 a rotating prism, so that it passes across 

the extrudate. A receiver senses the time during which the 

sw~epi'ng beam is interrupted by the extruda te. A verticçsl 

scanning mect;\aniam can be used to determine the shape of the 

e,JCtrudate and thus' the short'--term time-dependency of the 

swell. According to the commercial specifications, extrudate 

diarneters between 0.25 and 5.0 mm can be measl,Jred, -and the 

vertical scann ing distance ia 308 mm. Cotten, (P, 29) and 

Leblanc (73) used this technique to measure extrudate swell of 

filled rubbers aS a funetion of time. From the available 

description, the details of the measurement procedure are not 

c lear. Additional information could not be-obtained from the 
( 

manufacturer. Our experience, as will be snowrt later in this 

work, suggests that t1lis technique cannot be used with unpig-

mented mol ten polymers, where the 1 ight pa~ses through the 

cêntral part of the extrudate. 
1 

The C·.W. Brabender (74) Die Swell Tes'ier was designed for 

continuous on-line measurement of extrudate swell. The unit 

employs an opto-electronic measuring system to conU.nuously 

provide contact frèe measurement of the extruda te diameter. 

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

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

,. 



-

, ~ 

... ~~_""_ ,...,Jo_ 

• 0 

,UIl. / tou_ro. 

/' 
.,·,IItS' / 
...-ro« / tIOTA'''' SOlJ&ltf ~ISIII 

( 7t;1 AI'(UUIIt: lllllU_ 
r71 • ..- .... 
-Ir0- / .c SC..-D 

____ l __ j v . Il! r -0--·2- ( 

SCAIINU 

/ 

--

''' __ Ll'' 

otrEcro. 

!lt:«MIt 

. , 

o. IElICT_ 
.~. ". AISI ... Y 

4 
FIGURE 2.1. The Monsanto Automatic-Die Swell Detector 

I~ . ~." 

... 

------

-. 

N 
ID 

1 .. 
\ 



, . 

- 30 -

i.s ,compared with the intensity of a reference beam., The diam-' 

ete~ or the thickness of the object ls calculated and display-

·ed using electronic circuitry. ThlS device would be hard to 

use in conjunetion with a thermostating charnber. Therefore, 

i t would be more appl icable te the measurernent of transient 

•. swell in rubber. 

Figure 2.2 shows the bas ie elements of a Oig i ta1 Dimen-

sion Meter, developed by Zimmer Ohg and marketed by the 

Optikon Corporation (75). This device can be used for on-line 

monitoring of. the outside diameter of opaque and transparent 

tubes, rods and fibers. Collimated light, from a haîogen 

lamp, 'back-lights the measured abject" proJecting its image 

ante a quantization plane, through a magnifying lens. The 

quanti zat ion plane 1 probably a photod iode array, is scanned 

once every l mS and the number of obstructed photodiodes is 

counted. This corresponds to the diameter of the measured • 
object. In the ca'se of transparent obJects 1 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 digita~ readout and a corresponding ana10g 

signal. The devlce does not have any facility for digital 

storage of the data. No published data are available to con-

firm t~ suitability of this device for extrudate swell mea-

surement. 

A photodiode array and cotlimated light s9urce constitute 

the basic components of a me4s.urement device developed by 
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Metlielic Sarl' in France (76). It was successfully used by 

Magnin 

!lm) • 

(~7) to measure the yameter of th in f i~ers (50-200 

Utilizing the diffraction phenomenon, he counted the 

fringes of tre interference pattern ta define the diarneter. A 
l' 

similar device has been used by Agassant (78) for extrudate 

swell measurement. Thè extrudate was scanned vertically,just ~ 

below the tip of the die. The data were acquired on a cnart 

recorder. The measurernents were 'performed nonisothermally. 

This explains the fact that the proQlems associated with .the 

transp/!rent melt, as will be shown later, were not encoun-

tered'. Since the work hc1lB not been publ ished yet, no deta ils 

can be given here. 

2.5 Diameter Detection Sxs~ems 

For the accurate measurement of the diameter' of soft, 

delicate, hot or mov ing abjects, non-contacting sansors must 

be used. Deviees of this type include optical sensors, sonic 

sensors and capacitive gauging sensors, which make use of the 

dielectric properties of the objecte 

Optical sensors have advantages emanating trom the nature . . 

of light itself. The principal advantages are:. 

(a) They do not ,require di rect mechanical· contact be-

tween the senser and the abject t~ be measured. 

(b) The response time i5 limited only by the photodetec-

tor and associated electronics (extremely fast). 

"' 
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Cc) Lig~t variation~ are directly converted to electri-

cal si/Jnals. 

Among the many types of optical sensors, ·solid state 

image scanners are gaining popul'ari ty, both for research and"" 

industrial ~pplications. A brief discussion of the operating 

characteristics of optical sensors will be presented 'in this 

'section. More detailed information can be found elsewhere 

(79-84). 

2.5.1 Solid State Image Scanners 

~he principle 9f operation of solid $tate image sçanners 

la based on the generation of a pattern of 'charge carriers in 

silicon crystals, when these crystals are illuminated. These 

silicon crystals are known as photodiodes. 

2.5.1.1 Silicon as a Photodetector 

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

ness, is an insulator, s~nce the electrons which form part of 
'. 

, the atomic structure are securely attached to individual atoms 

in th"e crystal. 1 If en~rgy is imparted to the crystal, sorne 
,-

electrons enter' a state in which they are free to.move th~ough 

the crystal as' though i t were a metai. The electrons leave 

holes in the crystal lattice. These holes can also move 

through the crystal and behave .. as positive charges. Heat 

couid result from these electron-hole pairs (dark current). 

Also, lig~t can be generate~f if the protons are sufficiently 

" . 
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energetic, that is, if the wavel~ngth is less than 1.1 '\UR, 
,. 

corresponding to the near infra-red ~nd visible regions of the 

, spectrum.- Thus, in order to measure t~e 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 measur:'ing the current wh,ich passes between the elec­

trodes forming the field. The photodiode is a structure giv­

ing an electric field local i zed wi thin the' surface ot the 

silicon crystal. -. 

2.5.1.2 Photodiode Arrays 

Solid state photodiode array devices are available i~ two 

basic designs: a sel,f-scanneit photodiode ~rray (SSPO),'. and a 
~ 

charge-coupled photodiode array' (CCPD). B6th dey ices arè in- , 

tegrated solid state structures comprising: ( i ) a linear or 

two-dimensional array of sensing elements, in which incident 

l ight is absorbed and! converted into electrical charge, (ii) 

ah array of one-to-one correspondence storage elements, 'on 

which charge is integrated and stored, and (iii) 
'" 

a sampling 

circuit for generating a sequentia1 readout of the charge 

stored in individual elements. 

The major differences between the SSPD and the CCPD de-

vices are the sampling or reaqout technique -and the associated 

circuitry. The SSPD employs digital shift register scanning, 

which entails a m,ultiplexed sequential sampling of' the photo-

diode charge storage. The CCPD employs charge-coupled shift 

l , .. 

" 

J 
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registers, which entails simul taneous sampl i~g of the, photo­

diode charge followed by sequential readout. 
; ,o' 

Photodiode sensing elements are utilized by both the SSPD 

and the CCPO. The charge-coupled shift register device (CCPD) 

provides superior low fixed pattern and readout noise. For. 
L 

this reason, CCPD was used' in this study. Hereafter in this 

discussion, the CCPD device will be referred to simply as 

"photodiode array". 

Photodiode arrays are functionally similar to Vidicon 

(TV) tubes, bu t ,they offer the added advantages of grea t geo-

metric accuracy, broader spect.;ral range, higher scan rates, 

,smaller size, low voltage and power requirements, plus soUd 

state ruggedn~ss ~nd reliability (85). 

For one-dimens ional measurements" such as the width of 

plates, diame tera • rods and f ibers, , level, 'and thickness, 

'. etc., a l inear photodiode array is normally used. 

The princip'le of the technique is outlined 'be'low. An 

,image of the object to be measured i5 formed on the array, in 
, . 
silhouettEl or in reflected light, and the number of elementa 

obscured or illuminated is counted electronically by the se­

quenc.e of.operatipns indicated in Figure 2.3. The video sig­

nal from every element is proportional ta the incident lrght. 

lntensity. 
-

These, signaIs are compared with a preset threshold 

value and, consequently, a paktern of black and white (illumi-

nated or obscured) elements is achieved. Since the element 

,spacing and the optical magnification are known, the dimension 
'" 

, .-, 
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.:Ii' 

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 wi th the element spacing, 50 one element 
6 

in the vicinity of each image edge w{J:I give a signal level 
; 

part way between black and white. This causes a one-element 

uncertainty in the position of each edge, as defined by the , 
thresholding operation. Also, optical edges May not be per-

fectly sharp, and this May cause additional uncertainty in the 

measurem~t. Therefore, ~ 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 aiso on the _ spacing between 

the el'ements. Smaller element~ (and, therefore, smaller cen-

ter-to-center spacing) and Iarger magnification of the object 

being measured, would reduce the error in the measurement. 

Linear, matrix and circular arrays ~re available, offer-

ing a wide chqice of both res01ution and sensi ~ivi ty. Linear 

arrays, with a number of elements ranging from 64 to 4096, and 

matrices, in the 256 x 256 size range, are now commercially 

available (86, 87). Matrix arrays, as large as 1024 x 1024, 

have· been reported (66). 

Linear photodiode arrays have been widely used in high 
. 

precision non-contact measurements of abjects, shape recogni-

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

pIes of their usage has been reported (88-92). 
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2.5.2 Illumination Sources ,', 

Sorne of the common illumination sources are tungesten, 

quartz halogen, f luorescept, mercury and xenon lamps or 

lasers. The common ways to arrange these sources include 

front-l ine or -spot and back-l ine or -spot il,lumination, as 

weIl as collimated back lighting. Front-line illumination is -used normally with a linear solid state image sensoJ:1o, when the 

~details of the object are to be obtai ned. Back-l ine ill umina­

tion is used, whe.r;t on~ the 'edges of the object are to be 

located. Back illumination normally gives better contrast. 

When back-spot illumination is used, o\ly one photodiode is 

needed, but, in this case, the light source must be scanned 

along the dimension of the object to be measured. This tech-

niqùe is employed in the Monsanto Die Sw~ll Detector (71, 72) 

described earlier. 

While the light intensity required ~or the image sensor .. 
is well-defined, only a sntall percenta<je of the light actually 

Q 
reaches the sensor. Thérefore, in choosing a su i table light 

source, such factors as "f Il number and magnifica t ion of the 

lens and the surfac~ of the Qbj ect (1 ight or daFk, diffuse or 

specular) must. be considered. More det~iled information may 

be found elsewhere (93, 94). 

White light contains many frequencies (colors) and inten-

sities, and it cornes from many directions. It is described ,lS -. 
incoherent light. Beams 'of incoherent light spread out after 

a short distanoe, becoming w1der and less intense, wit~ in-
, 
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'. çreasing distance. Even if a 

:, 

80 that it 1.s J.Ilonochroma.tic, .' , 

.. 

, 
be~m of-,whi te ligh,t ~s_ f iltered 

i twill sH Il be, incoherent, as 

its wave-s are'not in phase with one another. On the other 

hand, laser'" beam i.8 .. monochroma tic and c~herent. . This allows" 

it to mainta in a h igh' level of brightness (95, 96). 
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CHAPTBR 3 

APPARATUS AND EXPERIMENTAL PROCEDURE 

,1 

3 • l Apparatus 

The main objective of t;:his' study was to develop an appa­

ratuB which "automatically and accutately measures capillary 

e,xtrudate swell. Such an apparatus 'was de~igned, const~ucted 

and tested. 

, . 
3. 1.1 The Extrusion System 

An Instron Uni versaI Tasting Instrument; (Fl.oor Mddel, 
\ 

TT-CH-L) was used in conjunction with'. an Inètron Capillary­

Rheometer (Type MeR, Instron Co., Canton, l'tA/'u.s· .A.) to' ex .. 

trutle the polymer. Fiçure 3.1 shows a schematic diagram of 

th~ major components of' the Ins t'ron capillary rheometer sys­

tem. The barrel con~~sts' of a,hardened stainless steel cylin-

der, with an accurately. ground 9.525 mm inside 'diameter, "> 

mounted on a special support assembly underneàth the moving. 

crosshead of the Instron tes~er. A hardened. plunger, \hiCh is 

'" also accurately ground to fit the ins ide, of the barrel., 1$ 

dr i vel) by the moving crosshead of the machine. The crosshead 

can be driven _ at speeds in the range of 0.5-50 cm/min. The 
) 

force on the sample ls de tected by a strain gauge load cel! 

(Type CFM). The force on' the samp,le is detected by a straln 

~. 
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gauge load cell mounted on a ball-and-soc·ket in the support 

assembly sa that the syst,f!m is self-al igning. The capillary 

is inserted in the bot tom of the barrel and. is held in place 

vith a clamping nut. The barrel and the eapillary are heated 

using a 3-zone heating system in the extrusion barrel. Tem-

perature control ia, provided with a Speedomax H current ad­
--.,. 

justing type controller, and the system is capable of main-

taining the temperature within tO.S"C of the set if~t. Fur-
... 

ther information regarding the Instron eapi11ary rheometer can 

be found 'else'where (97). 

The capillary used in this study had a diamet~r of 1.32 

mm (0'.052 in.), an LlO ratio of 40, and an entrance angle of 
.' 

) 

3;1.2, The OVerall Sfstein 

A general scheme of the overal1 measuring systèm ls shown 

in Figure 3.2. The resin i9 extruded from the rnstron barrel 

through the die and into a thermostating chamber. An expanded 

and collimated laser beam ,la used as a back-l igh t source to 

cast the shadow of t'he polymerie extrudate onto a U"near 

photod iode array. An achromatic 1ens is used to magnify this 

ahadow. The electrical slgnal ,from .the photod i0ge array ~s 

then processed with speclally designed eircuitry (signal con-
t , 

verter) • The unit which contains the array and the signal 
. 

converter ia des;gnated as the Camel;'a Module. The Data Log-

ger, wh[ch ls aIso ca·1led the Sâmple Controller, was designed 

,c.' 
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to enab.)..e t"eâl time acquisitlon of data, usinlg a microcomput-

e r. Photog raphs of !:he var ious componen ts of the apparatus 

are shown' ln Pigures 3.3, 3.4 and 3. 5. 

The ~pparatus conslsts of three major parts: 
, 

( 1) The Thermostatlng Chamber 

( 2) The Data Detec t 10n System 

( 3) The' Data Acqu i si tian System 

A detailed description of each of these parts i5 present-

ed below. 

3.1.3 The Thermostating Chamber 

As m,entioned earlier, two problems COUlCl arlse dunng 

extrusion of the polymer dtrèctly Into alr for the purpose of 

extrudate $well measurement. Fll;''3tly, if the pôlymer melt lS 

extruded lnto amblent alr, then' thlS could lead ta premature 

freezing and the development ot frozen-in stresses. Secondly, 

If the melt 1S extr-uded lnto a heaterl 0ven, then the extrudatè 

would say under ItS own welyht. 

lead ta Inaccurate extrudatè-- swell measurement, especlally 

W l th thermoplas t les. l'he use of an 'appropdate oil-fllled 

thermostating chamber elimlnates 'bath of these problems. Fol-

lowing the origInal design of Utracki et al. (39), a new ther-

mostatlng chamber was deslgned and construc,ted. Many modifl-

cations were implemented to Incorpor-ate this chamber into the 

" new apparatus. 
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FIGURE 3.3. The Thermostating Chamber 
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FIGURE 3.4. 0 The Overall Measuring System 
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The chamber as shown in Figures 3.3 and 3.6 consis ts of .. a 

rectangular stainless s,teel container,' the outer èompartment, 

and of two rectangular stainless steel inner compartments. 

" 
The inner compartments were equipped 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-O-r:ings were used to prevent leakage. 

Either of the inner compartments could be used to collect the 

molten extrudate during swell measurement. Nor'ma lly, when one 

of t\"le inn~r compartments was aligned wi th the optlcal mea­

suremént system, two thermocouples were Immers~d into the 

o.ther compa r tment. One of the thermocouples prbv ided féedback 

to the tempe rature controller, while the other was connected 

to a digital. thermome'ter used to monltor the actual temp,era-

ture. 

, The chamber was equ ipped Wl th two plug-sc cew type -300 

watts im!Tle r sion 
, 

heàters (RIO-1300, Chromalox, Rexdale, 
. 

Ontario) . The heaters were installed .thr-ough the s.ide walls 

of tlfe outer- compartmenl: as shown ln Figure 3.6. • A propor-

... t ional temper-ature controller- ~ Model 550, Flnwal, Ashland, 

Ma..), operating in conJunction with a type J thermôcoupl'e, was 

used to mon i tor the temperature ln the inner compartments. 

'The chamber was fit ted wi th a removable sta i nless steel 

CO,ver provided with two openings to allow extrudate entry into 

the inner compartments. The coyer was provided with metal,pc 

guides to support two magnets, w~ich', when dhplaced towards, 



" " 

(,' 

To Digital 
.rmomtter 

• .! 
Q, 

49. -

To ,Temptrature 
Co-ntroller 

. ' 

- LM.,,,.,.~ 

:1 .II 

1 

.' 

] 

:a_ ~ 
1-

D 
u • lE .. ' 

• c ... 
,) -C 

• 
" E 
• .. .. -• li r 0 

0 
~ 

~ 

~ -

-
... 

-. 
.,>.H •• fe, 

, 

~ .... 
Inne, 

Compe,rmenrl 

/ ~ 

~OIl"U 
wlndow' 

~ 
1-

, 

.) 

~~~,v ~~~~ 

" 

1-
~ 

1~ 

·r 
E 
~ 

.1' 

1. "'" ' 

.' FIGURE 3.6. : Top and Front Cross':'Sectional V~ews' 
of the Thermostating Chamber ' 

'\ 
/', 

., 
t. 

-\<-

_1 .. 

,. , 

, 
0, 



,,' 

i '\ 

, 
r 

f 

50 -

each other: met at ,the center of the openings, as shoWfI in 

Flgure 3.3. !WO pins on ei ther s ide of each opening insured 

that the'magnets held the extrudate at the center of the inner 

compartment during the swall expariment. 

The champer w~s mounted on a double base. This base, 

equ ipped .",i th four pillow blocks, could sI ide on two metal: ic 

bars f ixed to the base of the lns tron. Such a double base 

arranyement made it possible to l)Iove the chamber both parallel 

ta the optic~l path and perpendiculac to it. This was neces-

sarYI ln order ta position the 1nner compartment under the die 

and for optical alignment purposes. Stoppe cs we re ptov ided to 
IP' 

confine the movement of tlie chamber in either dlrectl.On'., The 

chamber was equl.pped 'wlth three discharge valves, ta enabl~ 

the c leanl ng of the compartmen ts, if necessary • 

. The ou ter compar'tmen't was fi lIed w i th 200 cen t istokes' , ) 

(cS) silicone 011 (,200 Fluid, I))w Corning, Toronto, Ontario). 

The Inner compa rtments conta i ned a mut u re of sil icone oi Is 

mainly 2 cS 'and 5 cS Dow Corning 200 Pluid. The ails were_ 

mixed in such proportions to obtain a denslty slightly lower , 
\ 

t,han· the melt density at the test temperaturé. When other oi l 
< • 

\ grades wer'e used in the inner compartments, the molten. extru-

' . 

date tended to f loat at the surface, of the ai 1, and thus no 

measurement could be made. 

During the early stages of testing the, apparatus, double 

layer qua~tz windows were used. Kowever, it was noticed that 
,1 4 

silicohe 'oil vapour condensed into small droplets O,n the inne~ 
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sides of the two layers. Consequently, the outer quartz .lay-

ers we re removed. This permitted easier access to the inner 

quartz layers for clean ing du ring the experimen t, if neces-

sary. It did not result, however, in any significant in~ 

crease of heat 105s from the i nrier compartments. 

As est imated, it was found that operating bath heaters 

simultaneoU51y- made it. possible t.o heat tl)e thermostating 

chamber .up ta the required t.emperature within a reasanable 

period of time (.. 50 minutes). Subsequently, hea t lasses 

couid be offset by uS1ng one heater ooly. A 25 mm layer of 

Marinite was used ta insulate a11 the metalllc parts of the 
~ 

chamber. Sevèral tests showed that the tempera ture 'pr<?f Ue in 

both inn~r compartments were identical • 

An importan t advan tag·e of using the chasen conE igurat ion 

of the outer and 1nner campartments was that the convection 

currents, in the 011 of the outer compartment, do not inter-

fere wi th the op t ical pa th (the pa tt). 'Of ~he laser beam) •. An-

other adva'n tage 0 f such a conf igura t. io~ was tha t. a less expen­

sive and practically involatile 200 cS ail could be used in 

the ou ter compartment. 

The following cons iderat 10ns had ta be taken into account 

f<;>r choosing the dimensions of the inner compartments: 

(1) The dis tance between the ex truda te and center of the 
'-' 

chosen magni fy ing Iens should not exceed 62.5 mm for 

a magnification factor of 4. For a magn i f icat,ton 

factor of 2, this distance could ex tend up ta 75 mm. 
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TJ'le form~lae used to define thi's distance are pro-

vided in Section 3.1.4.2. 

(2) The glass windows shauld be g'reater in w~dth and in 

he(ght than the expanded bea~ dtlameter ( .. 10 mm), ta 

avold diffraction on the edges of the windows. 
"-

(3) The compartment must not be very SI1;I.all, ta prevent 

the extrudate from st.icking to its wa"lls. 

(4). Large dimensions of the inner compartments could 

lead to sign 1 f lcan t convect lon currents ~( These cur-

rents could cause undes lrable opt lca 1 nOlse. More 

j.mportantly, they cauld rasui t in the' displacement 

of the extt'udate from 'the,optica~ path, wh(ch would 

........ compl icate the measurements: ----- -
(5) .The 011 used ln the inner c011lpartments is both vola-

t ile and expens l Vé. TA-9 vola t il i ty of the 2 cS ail 

at 150'C lS 25 percent (mass) p!'!r 24 hours. A 

in sQler losses'-smaller compa~tment would result 

of both 011 and of heat. 

J 6) The lalr/er halves of the inner' compar:'tments (belaw 

the quartz windows) contributed ta. increasing the 

heat· transfer \aq~a, thus reducing the time required 

for heat transfer: from the outer ail to the inner 

oiL The bottom parts of the compartments aiso 

served as receptacles far collecting the Gut-off 

part~ of the extrudate. 

, 
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3.1.4 

The diameter detection system makes precise, non-contact 

" 'and automatic measurements of extrudate swell. Its function 

is based on the analys1s o.f the shadow cast by th~ e~trudate,' 

W'hen lt is back-illum1nated by a colllmated laser beam. The 

shadow lS cast th.rough a magnlfying lens onto a .photodlode 

array. Each photod1ode generates a charge, Wh1Ch is ampl1f1ed 
\ 

a~d then d1gltlzed. The d1gltized value 15 then passed to the 

data acquislt10n system Eor storage and analysls. A clrcuit 

i's provlded ln the camera module ta count the number of photo-

diodes wlth light below a selected threshold. The numbe r is 

conveyed ta the experlmenter by means of seven segmented 

light-emlttlng dlodes (L.E.D.'s) lnstalled on one of thè outer 

sldes of the camera module. A correspondlng analog signal can 

be used to drlve a chart recorder. 

The dlameter <'letectlon system can be dlvided into the 

follow~ng camponen~s: 

( i ) Light source 

( i i ) Mag n i fy 1-Og len-s 

( i i i ) Camera Module 

( i v) Osc1lloscope 

Cv) Chart Recorder 

3.1.4.1 The Light Source 

A 2 mW Helium~eon CHeNe) gas laser CLSR-2, Optikon,Cor~ 

. poration, Waterloo, Ontario) has been selected as a light 

'\ 

\ 
\ 
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source 178). As mentfoned in Chapter 2, due to its coherence, 

the lase,r beam _maintains high intens,ity for ,long; distance. 

,The HeNe laser emits monochromatic llght, at a wa,,:,elength c;>f 

632.8 microns. ThlS waveiength lies wlthin the range of the 

maximum respanse of the slllcon-based photodiode array. This 

laser consists of a laslng tube- and a power supply cannected 

with a cable. Calculath~ns have, shown that a 2 mW laser is 

sui~able for use along with the chosen photodIode 'array. 

A laser beam èxpander (16X, OptlKon CorporatIon, Water-

100, OntarIO), equlpped wlth a spatIal fllter (pinhol,e), has 

been used ta collimate the lase~ beam and expand It from 0.67 

mm to 10.6 nun ln dlameter (16 times). The beam expander i5 

mounted on the head of the laser tube. A transverse-laterai 

slide, mounted on an opticai bench, 15 used to adJust the 

positIon of this aS5embly in the XY and Z dlrectlons. 

3.1.4.2 The Magnifyin,g Lens 

An achromati.cc lens, 50 mm ,in focal length, was, used ta 

magnify the extrudate. oMagniflcation led ta the reduction, of 
, 

the errar ln the dlameter measuremen t. The 1ens was maunted 

on a special lens holder, and ItS pOSItIon could be adJusted 

using a transverse-lateral slide. 

Ta calcu1ate dIstances of the abJect and the lmage from 

the lens, which correspond to certain magnlflcation ratios, 

the laws for simple thin- lenses were applled, namely: 

) 

-.. 
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1 .1 + 1 
" ,1 . - Ï 0 ( 3.1 ) 

l .. 
M • (3.2) 

0 
'" 

where 

f i5 the focal length of the lens in mm, 

o i5 the distance between the obJect and the le,ns in mm 
• 

(in thi5 case, the object i5 the extrudate), 

1 is the distance between the' image and the lens in mm 

(in this case, the imag-e ls cast 011 the photodiode .. 
array), 

M i5 the magnificatlon ratio • .. 
For a magnificat ion ratio of 2, the extrudate dis,~ance 

woûld be 75 mm, while the array would pe 150 mm awa~ from the 

lens. For a magnif lcatlon ratio of 4, these distances- would 

be 62.5 mm and 250 mm, ,respectivel Yç 
) 

3.1.4.3 The Camera Module 
,- ". . ~ 

The camera module represents the heart of the d1ameter 

detection system. It consists of a photodlode array, with its 

associated ci rcuitry, and of the slgnal converter, WhlCh is 

di~cus5ed in more detail below. A block diagram of the slgnal 

converter is shown in Flgure 3.7. Detailed electronic sche-

ma,tics are provi.'ded in Appendix A. 

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

Reticon, Sunnyyale, California" U.S.A.)~ amplifier a,nd sample 

If 

• 
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"ana hold package (RC 10,0/105, EG & G Retico~, Sunnyvale, Cali­

'fornia, U.S.A.) has been used to perform the light sensing 
, 
functïon (86). The "G" series array chosen provides 512 

photodiodes at a spacing of 25 microns. Electronics have been 

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

The Retieon cireuitry arso provides a sample and hold func-

tion. This is iequired, beeause the individual photodiodes 

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

about 300 nS, when se lected. The .sample and hold circuit 

,'board holds the peak value of each photoa lode for the approxi­

mately 8 ~S period between selection of one'photodiode and the 

next in 1 ine" The board also provldes extet"nal aeeess fpr 

cloek and blanlong signal. The blanking signal 15 mal,ntalned 

Low for 8 clock penods ~fter comp~etion of each scan of the 

array. ThlS period IS tequlred for resettln<) the scannlny 

circuitry. 

The vol tage t'rom the sample and hold Clrcu 1 try was ta ken 

from the Reti.con board and then ampllfled into the 0-10 V 

range of an analog ta digi.tal CGlnverter (A/D). A high-speed 

amplifIer was required because of ,the very fast rise time and 

settl1ng response required. A high-speed ana10g to digltal 

converter, capable of making 'S-biJ.t conversion ln 1.8 ~S, was 

used. The A/D eonverter and aIl the neeesary functions, In-

eluding voltage reference and clock oscillator, were contained 

on board one ch Ip. An "End of Conversion" (80C) s.lgnal was 

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

, . 
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\ 
was later used to enable a comparator for the hard-wired digi-

tal thresho~d €.ircuitry. The digital output was passed 

. t,hrough a bu ffer to provide' the dr i ve necessary for transm1 t-

ting the data to the data 10gger, as weIl as to a digital 

comparator. , 

The digital c0t;nparator was used for counting the number 

of photodiodes illuminated below a certain threshold value. 

The threshold value was set py eight switches. These switch~s 

'were posltioned ln the front pane lof the SIg na l conve rter, 

and, hence, they were easlly accessible ta the user. The 

comparator was enilbled by a pulse of about 300 nS ouratlon. 

The comparator em1ts a pulse if, and only if, the photo-

diode value is less than the sWl,tch set value. The pulse 15 

used as t e input ta two sets of counters. The first set of 

counter,S c oE three cascaded, 4-blt, blnary counters. 

The blnary lS sampled at' th-e, beglnnlng of ~he blanklng 

purse (from the Ret lcon board), and the counters are cleared 

at the end of the blanklng pul~e. ',The output 1'3 sampled by 

D-latches. The o~tputs of the D-Iatches are Eed Into' a d1gi-

tal-to-analog (DIA) converter .. The outpu.t range 15 0-10 V. 

The purpose of this output 15- ta drIve a chart recorder, when 
1 

used. 

The other s,et of counters èons ists of three cascaded BCD 

counter/dr1ver ChIpS. They can count up ta 999 and dlrectly 

display the result OA three ,7-segment: L.E.D. 'dlspl,ays. This 

provides d direct'-v'lew digital reading of the shadow count. 

" 

... 
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' ... 1Ji'ë' L. E. D. • sare fixed on the front panel of the signal con-

varter. 

!wo sets of counters were used, because mor~ chips would 

have been t:'equired to convert the output of ej,.the'r: set in'to 

the form requlred by the function of the other. 

Another D/ A converter: was used to convert the dig ital 

value of the threshold switch8S to an analog level displayable 

on an oscllloscope. ThIS is à very useEul function. A dual-

trace oscilliscope can be used to dlsplay bath the vQ.ltage 

level per photodlode and the threshold level. 

PhYSClally, the camera module 15 contained Ln two boxes. 

ror S impl lC i ty, they, are des iyna ted as the sensor: and the 

sIgnal converter: .. f 
The sensor: was a small (7 x 7 x 2 cm) box made oE card-

board. It contalned the photodIode array wlth its lmmediate 

i 
supportlng circuitry. The sensor was held on a lateral-trans-

verse sllde Eor the adJustment of Its posltlon. ThlS slide 

was placed on the same opt Lcal bench as the one hold lng the 

lens. An openLng (1 x 1.5 cm) was made to expose the surface 

of the photodiode array. The outslde surfaces oE the box were 

pàlnted ln black ta minlmlze any raElectlon of the laser beam. 

Ambiènê fluorescent llght caused sorne fluctuatlons ln the 519-

nal. These fluctuations were practlcally.ellmlnated by using 

a shieldlny paper cyllnder around the photodiode array. 

The signal converter w~s a metallic box (30 x 30 x 20~cm) 

connected to . the sensor by an l8-wire cable. Th1S{ box con-

\ 

\ 
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tained the main circuitry, as well as a triple output power 

supply (+5, +15 and -15 V). The power supply was connected to 

'the main c1rcuitry with a power cord. A switch, installed on 

the back pan~l of the box, ~as used ta turn the power supply 

on and ofL The 7-segme'n t L. E,. D. 15 and the threshold swi t.ch 

set were fixed on the front panel. 

.. Five different outputs could' be derived from five coaxial 

plugs, installed on. the fnmt panel of the slgnal converter •. ' 

These outputs, de~iynated as follows, ~ere: f· 

(1) Video the ampl1 f led vol tage from each photo-

diode, WhlCh helps the alignmen.t of the optlcal 

syst~m and monitorIng of the exper~ment during the 

t 
measurements. .-

(ii) Threshold - an andlog representatlon of the digi~ 

tal threshold switches. 
. , 

( il i ) Detec~d - a pulse 

dark. ~ 

for each photodiode counted as 
4 

(iv) ~rigger - a signal at the beginning of each scan: 

this ls used ta externally trigger the 050i110-

., scope • 

(v) Plot an ana10g s1gnal (0-10 V), WhlCh corre-

sponds ta the sum of the photod iodes coun ted as 

dark; a cha~t recorder can be driven by this sig-

, , 
nal. 
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The digitized signal from the photodiodes was deliveréd .. 
via a socket on 'the froht panel. It was then transferred 

, . 
through a 14-wire cable to the data logger. 

,3.1.4.4 The Oscilloscor~ 

'A 20 MHz storage oscilloscope C5020ST, Kikusui, Montreal, . 
Qu~bec) was used for the alignment of the optical system and 

the constant monitoring of thi.s alignment. The ?perator must 

make sure tha t the photod Iode arr-ay is fu lly covered by the 
, 

laser- beam and that the extrudate, Image falls withln the sens-

ing area. Thls is achieved by observlng the vldeo image re-

eeived from the photodiodes. 
( 

Tfle ose liloscope makes l t, pos-

sible ta identify dirt part·lcles or- other obstructions that 

mi'ght interfere \.Ii th the accuracy of the measurement. It is 

a1so useful for establishiny' the threshold level, especially 
1 

if a ehart recorder IS used for data acquisition. 

3.1.4.5 The Chart Recorder 

The camera modu le prJY ides an ana10g output 0-10 V to 

drive a chart recorder. ~wever, as will be ~xplained in See-, 
'/ 

~on 3.2 below, this kind of output could be used~y to mea-

sure the diameter (or the swell) of opaque materials, includ-

ing pigmented polymers. In the cqmmon case, where llght 

passes through the central part of the transparent extrudat~, 

the digital values of the signaIs r-eceived trom the photodiode 

\ ' 
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J, 

, 
array need to be 'processed by the software in the microcom-

pute~, in order to obtain the actual diameter. 

3.1.5 Data Acquisition System 

The data acquisitlon sysbem i5 designed to collect) store 

and later analyze the results of the dynamic extruda te swell 

measurements. Moreover, due to lit\e nature of the, optical 

« system employed, the use of a tmiCrocomputer for da!:'a analysis 

is an important tactor in expediting the automatic measurement 

of the diameter of transparent extrudates. 

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

diode array, the pho'tod iodes which are obstructed by the ob-
\.. 

ject give base (zero) level signal. 
? 

t~e ot.her the a On hand, 

illuminated photodiodes give a saturation leve 1 signal. This 
• 

is read'ily 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 ad]Usting the threshold level, be-

low WhiCh the photod10des are considered dark (obstructed). 

Thus, by count l ng these photod iodes and add ing them wi th the 

help of a counter, i t 15 pOSS lble to obta i n an acourate mea-

surement of the diameter of that opaque objecte " 

In Many lnstances, it lS deSlrable to measure extrudate 

9well for unpigmented polymers. When the temperature of an 

unpigmented polymer is wit/lln or above the mel ting' range, the 

extruda te' becomes tra.nsparentl. In this case, the laser beam 

pene,trates, the central part of the extrudate, thus, fully 

.J 

, 
• 
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J' .. 
~ll~minating the photodiodes at the cente~ o~ the shadow. Due 

to 'the cylindrical' sha'pe of the extrudate, the rays fall ing on 

the edges refract towards the center. Thus, the image,~of the 

extrudate, as shown. in Figure 3.9, consists of three regions: 

dark~ whi~~ and dark aga in. The measured diameter cortesponds 
~ 

to the surn of these three reglons. However, t~e whlte central 
> 

part of the image would be exclude-d, if only the photodiod'es 

with intensity bêlow the threshold levei are counted. The 

Jlumber of the photodiodes counted and, consequently 1 the ana-

199 $;"ignal correspondlng to it would n.at- represent the actual 

diameter. An attempt to solve the problem usidg opticai means 

'is presented in Appendlx B. 

ThlS prob~em can be solved If the digitized signaIs re-

°ceived the photbdiQdes are. respectively fed from to a com-e. 
pu ter , where a specially prepared software package discounts 

, 
the illuminatiqn of the central part of the image. This p~o-

cedure permlts the automatlc measurement of the true diameter. 

Su ch a system was implemented in the present work. 

The data acquisition \ system consists of three major 

parts: 

( 1) The Data Logger 

(2) A Microcom.puter 

( 3) A printer 
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,FIGURE 3.9. Illustratiorrof the Video Signal 
bbtained When the Diameter of a 
Moiten Extrudate is Measured 
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3.1.5.1 The Data Logger (Samp1e Contro11er) 

The data 10gger is a microprocessor-conttolled device, 

desïgned to sample da ta f rom the came ra .lll2d,u le. The da ta are ,_ e 

subsequently transmi t tM to a microcomputer (IBM PC). The 

logg'~r accepts the da ta from the came ra module at 1 ~yte per 8 

ilS and then transmlts it at ~ rate of 9600 bauds (9600 bits 

per second). The IBM PC can accept input ac only 9600 baud 

(or less) , inc lud ing start, data and stop bits. The start ~ 
st:op protocol adds a 20% overhead to the system and limi ts the 

data ga thenng rate of the IBM PC to 960 b-its per second. 

This translates ta 1. 875 scan lines per second. A scan li ne 

here means 512 numbers, repres'enting the di~itized signaIs 

from the 512 photodlodes. The device cauld be set ta - this 

speed by inp.u t t'ing ~e dec imal equiva lent of the command byte 

in the logging program. The command byte is the command ,sent 

by the IBM PC to con tro1 the Mmpling. The device ...,as main1y 

usèd wi th 34 as a command byte, which instracts l t to pe 1 i ver 

one sêan line per seèond. For more deta i ls the reade r i8 

referred to Appe_dix C. 
. ..... 

A further feature of the data 10ggin'1 device is, its ca-
. 

paci ty to collect severai consecu tive l ine scans be fore trans-
. -

ferring the da ta te the IBM PC. This' permi ts the averag i ng of 
, 

sevetql line scans taken c19sely together. The devi ce la 

capable of storing up tÇ) 7 ~nsecutive samples, before trans:' 

" mi tting- the dafa over the serial 1ine. The time interval 

-. 
,1 

.. 

, , 
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between each burst of sampling is l imlted to the 1.875 samples 

(Une scans) par second. , 

~he speed of the data 10gger cao be increased to ~9. 2 K 

baud or '3.75 samples per second, without any .modific~tion. 

HighE!r ,.,speeds (up ta 300 K baud) are possible, with sbme hard-

ware lnodif ication • However, any increase in speed requires 
. 
either another type of microcomputer or an addi tian to the IBM 

PC, in order to permi t direct memory access (OMA) and thus 

faster data acquisition. 

The circuitry of the data 10gger i9 con\ained in a metal-

lie bo~, wi th two press buttons on the front panel. One of 

the buttons serves to put the 10gger on or of f, wh ile the 

other resets the conten ts of the bu f fer. 

The data 10gger i5 connected by a 14-wire cable to the 

. camJra modules and by a 3-wire cable to the IBM PC. 

3.1.5.2 The Micfocomputer 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 

process the data and to transmit it to the output device, e.g. 

a printer" 

The data 1ogger;: transmits the data to the PC, where they 

are reèorded on a floppy disk as ASCII chêlracters. Thil"! i5 

accomplished upon the execution of a program, especial1y, writ-

ten in BAS Ie. The program listing is given in A~pendix D 

under the name LOG 5. 

/ 
1 
1 

... 
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The program enables the, .operatot to specify up to five 

sampI ing times, for which different nUl1\bers of line scans are 

to be collected. SampI i ng time, here, means the time elapsed 

between collecting one line scan and another. This time can­

not be less than a minimal. value of 0.53 (II). 8'75) sec, bu t 

it can assume any multiple of it. The number: of li ne . scans 

(data points), wh ich could b~ collee ted for one exper: iment, is 

limited only by the memory availab1e on the floppy disk. 

Standard double-sided, double-density, 5-1/4" diskettes 

(disks) have been used. Ea<!h of the se diskettes provides 360 

Kis of memot"y. Each data point occupies 512 byte ot" 0.51(. 

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

be stored on each d isket te. 

In order to count the "dat"k" phQtodiodes, i t ia necessat"y 

to set a tht"eshold level., On the basis of l1\easurements ca'r­

ried ou t wi th cal i bration samples, i t has been observed that a 

threshold level between 180 and ,220 yl.elds an invariant n,umber 

(count) of the dark photodiodes.' Above"that level, seme'opti-

'cal noise and slight electronie drift start te interfere with 

the count. The number: 200 was chùsen as a threshold level. 

The program DECODE 6 (listed in Append1x B) converts the 

ASCII characters 1nto numbers and then compares the numerical 

value from each photod iode wi th the se t thres hdld value. 

Thus, usihg a counter, the number of the dark photodiode: is 

determin~d. The pro~ram is wri tten in such a way as to ignore 

any illuminated zones in the 1tllddle of the image. It is also 
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:1 
designed to ignoré any small particles (up to 200 microns) of 

d irt which would otherwise be added to the measured diaméter. 

The final count from each line scan is multiplied by 25 (the 

spacing between the photod lodes) and then div ided by the mag-
, " 

nification ratio, in order to obtain the true diameter. An-

other counter indicates the elapsed time corresponding to the 

diameter measurement., Extrudate swell is obtained by dividing 

the measured diameter by the dle diame,ter. The calculated 

extrudate swell is stored in a sequential file for further 

manipulation. Wi th the help of a color-graphics card, a 

graphical plot of swell versus time could be shown on the 

sereen. The sequential files with the data do not occupy much 

memory, and, thus, they can be stored on the disks permanent-

ly ~ On the other hand, the files wi th the Aser r characters 

are normally erased af ter decod ing, due to the assoc iated vet"y 

large memory requirements. 

The data, as stored ln files, can be easily sub]ected to 

any mathematical manipulation. 

3.1.5.3 The Print'er 

An Epson RX-80 printer was used to obtain printouts of 

the data files. rt, was also used in con]unction with the 

LOTUS l, 2, 3 softwar~ package to obtain aIl the graphs in-

cluded in this thesis. 

, 
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3.2 Experimental and Mèasurement Procedure 

3.2.1 System Alignment and Calibration 

,0 

The thermostating chamber;, with its double base, is in­

stal1ed on the base of the Instron. The optica1 bench, which 

holds the laser tube and the beam ex'pander, is placed on a 

table in front of the rnstron. The second optical bench, 

which holds the Lens and the sensor, is placed on another 

table behind the Instron. 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 ta the magnifying lens 

and onto the photodiode array. 

The posltio~s of aU the, ccnnponents are adJustab1e, as \ 

described earlier. The distance between the front lens of the 

• beam e)Cpan~er and the quartz window is practically unlmpor-

tant. However, this distance' should not be less than 20 cm, 

to avoid any effect of radiated heat on the front lens of the 

expander. The distance between the chamber and the lens and 

between the lens and ,the photod iode array are def ined by the 

magnificatlon ratio. 

Magnification ratios of up ta four are possIble, using 

the 2 mW laser. However, for mag~ification ratios higher than 

two, the opt ical and electronic noise levels become more pro-

nounced. Hence, the threshold level has to be def ined accu-

"rately and carefully. Consequently, a magnificatlon factor of 

two was used throughout the experimental part of this study. 

! 
f , 

l ' 
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The distances must be set accurately. Normally, a metal~ 

lic or glass rod of a previously measured standard diameter ls 

placed in tli'e inner compartment and aligned wi th the system. 

The distances are then adj usted carefully, un tU a correct 

measurement resul t i5 achieved. Several other' standards of 

different diameters are. 'afterwards measurE'd to ensure that the 

dis tances are observed accurately. Henceforth", the above 

procedu~e will be referred to as "calibration". In th 19 work, 

the standard diameters were defined undet' the microscope 'IIi th . 

an accuracy of + 12 Ilm. 

In alignlnç the system, the first, 5tep i5 to check that 
< 

the whole length of the photodiode array 15 ill uminated by the 

laser beam. ThIS' i5 done by monitoring the video sIgnal de-

rived from the camera module, us i ng the osei lloscope • This 

signal is monitored constantly, dur-ing the experlment, ta 

ensure that the shadow of the extrudate falls •• ,pn the array. 

The osci lloscope 15 connected to the camera module by 

three connectors. The "Vldeo" output ls connected to i ts 

first channel, whlle the output designated tht'eshold lS con-

nected to the second channel. The O\ltpu t "Tt' 19ger" 'lS con-

nected ta the ex ternal trigger of the ose 1 lloscope. The Ollt-

put designated .. PIotter" on the camera module pro" Ides an' 

input ta a chart recorder if one 15 u5ed. 



• 1 

3.2.2 ail Selection 

The studies made by Utracki et al. ('9B, 99) and similar 

experimental work carried out at the Chemical Engineering l~b-: 

ora tories of McGill Uni vers i ty were helpful in th ls regard. 

Among avai LabIe oils, the 200 flu id sil icone oil manufactured 

by 001,01 Corn ing and based on poly (dimethy l siloxane) was Eound 

to be the moat appropr iata, eapee ially for polyethylene res-

.lns • Th ls sub J ect wi 11 be dïscussed in greater detail in 

Chap t.er 4 of the thes i s. ') 

To obtain a density, which matched the density of the 

melt at the test temperature, a mixtur.e of 2 eS and 5 'cS oils 

was used wi th aIl the law dens i ty polyethylenes (LDPE) and the 

polypropylene (PP) res ins tested in thls study. The exact 

proportion of the two components was def ined experimentally. 

The proportion was considered satisfactory, if two conditions 

were met at the test tempe rature • Firstly, the extrudate 

should not float at the surface, which would have made the 

measuremen t impos s ible • Secondly, the extrudate should not 

neck down, even after thirty minu tes had elapsed at ter the 

moment the experiment was started. 

For aIL the LDPE's used, a mixture of 55% 2 cS and 45% 5 

cS oils was found satisfactory. 

3.2.3 OÜ Heating: 
c-

A temperature of lSO·C was used for the oi l bath, when-
\ 

ever a mixture oE the 2 cS and 5 cS oils was used. Higher 

• ,. 
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tempera tures could not be used. This limi taUon was imposed 

by the low flash points of these ails. 

The inner con ta iners were f illed wi th the prepared ,mix-

ture, leaving sorne space to accommodate the thermal expansion 

of the oil. The ou ter chamber was E i lIed wi th the 200 cS oil. 

"~ 
The quartz windows oE the inner containers were maintained 

clean, using lens cleaning paper. 

The thermostating chamber was brought ta the required 

temperature, by setting the heat controller appropriately. A 

stable temperature was reached a fter ab~ut 50 minutes. 
\. "1 

3.2.4 Melt Extruslon 

The detailed procedure of op~rating and calibratlng the 

Instron system can be Eound elsewhere (97). Som.e brie f cam-

ments are given below. 

After heating to the requi.red temperature, the barrel 

(shown in Flgure 3.1) 1'13 gradually filled with the reSln pel-

let sor powd e r . Then, the plunger is placed in the barrel. 

The reSln requires 5-6 minutes to melt and reach the test 

tempera ture. 

To release entrapped air bubbles 1 one must extru(je Sorne 

of the polyme rand wa 1 t ur. t i I the load returns to approx imate-

ly zero. 
'" 

Followlng thi s, sorne more polymer should be ex-

truded, unUI an extrudate Eree oE alr bubbles 15 obtained • .. 
The chamber is moved from below the dIe, while the above 

preliminary extrusion takes place. When the extrudate is 
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bubble-free and the shear stress has reached a steady level, 

the polymer stream is cut just below the die. Immed iately 

\ afterwards, the chamber is moved back under the die, and a 

f resh ex truda te of about "] cm 1.S ex truded downward in to the 

chamber • Then, the extruda te is held by en trapping it between 
. 

the two magnets. This can be achieved by simp1y pushing one 

of the magnets towards the other. The computer program LOG 5 
• 

is execu ted and th us data collec t ion s tarts. 
, 

The Ins t ron is then s topped • However, ex trus ion does not 

stop immediateIy. This resul ts in the accumulation of sorne 

polyme,r melt on the upper surface of the magnets, 'especially 

,i f high shear rates are employed. It is reasonable ta assume 

that this does not affect the results of the measurements. 

3.2.5 Extrudate Swell Measurément 

The rneasurement starts only )-4 seconds after the swell 

actually starts, since sorne tlme i9 requ ired be fore the ex tru-

date can reach the inner compartment. For low shear ra tes, 

the t ime could be longer. 

The prog ram LOG 5 has to be prepared for, executlon in 

advance. The file, where the data is to be stored, should be 

specified, as well as the time 1ntt!rvals and the number of 

1ine scans (Section 3.1.5.2). After the experiment is com-

pIete, the extrudate i5 removed fram the inner container and 

the barre l is cleaned for new expet:" iments,. Meanwhile, the 
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data is decoded using the program DECODE" 6. A printo,ut and a 

graph of the data can be obtained after each experiment. 

3.2.6 General Remarks 

A sI ight "amount of the oil mixture' was added after f3very 

experimen 1:: to compensate for evaporation. The fact, that no 

detectable change ""as observed in the oil dens i ty, appears to 

justify the assumption that the two components of the mixture 

evaporated approximately in proportion to their respective 

concentra tions. 

The laser power supply shouid be turned on, at least 

thirty minutes bafora. starting the experiment, .in order to 

obta {n a' stàble outpu t. Precautions should be tak'én so 'that 

nel ther the direct laser beam nor its reflections fall into 
\ 

the eyes. These precautions do not, in any way, interfere 

with the carrying out, of the experiments. 

3.3 Error Analysis, Limitations and Constraints 

3.3. I Error Analysis 

Some of the important factors affecting the accuracy of, 

the diameter measurement are 1 isted beIow: 

(1) The spacing between adJacent photodiodes. 

(2) The magnification ratio. 

(3) The accuracy of the set distances between the opti-

cal components: the ex truda te, the' lens and the 

photodiode array. 

n 
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(4) The effect of di ffract ion of light on the edges of 

the measured object. 

The edges of the image wi Il not necessarily be spa t ially 

'synehronized with the element spacing. So, one element in the 

vicinity of each image edge will give a signal level, part-way 

between black and whi te. This causes - a one-elemen t unee rt~ain-

ty in the position of each edge, as defined by the thresbold'" 

ing operation. The element-to-element spacing in the array ls 
, " 

equai to, 25 ~m. Henee, an error of +,25 j.1m would be intrinsic 

to the m~asurement, if the image ls nqt magnified. 

'Magnification of the image would reduce this error. A 

magnification ;atio of two, for ,instance., would result in a 

two-fold reduction of th ls error (down to +12.5 1Wl). One 

wouid Just i f iaQly ,texpect that ~igher magnifica t ions should 

Q~erease the error accordingly. However, higher magnification 
, 

cou'ld lead to a higher errot:' of a di f ferent nature. 

The distances between the aptical components should be 

set properly. Any inaccuracy in these distances would lead to 

an error. when higher magnification ratios are employed, this 

error increases. Such error ls significant, in view of the 

fact that the extruda te is suscept ible ta sorne movement, 

though slight, in the oil. 

The effect of diffraction decreases with the "'l.ncrease of 

the width of the measured obJecte This effect decreases sub-' 

stantially, when the obJect is magnified. If a magnifying 
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l~ns is used, diffraction becomes significant P 5% error) 

only for abjects 500 l-LJll in witlth or less • 

The ac-curacy of the measuremen t was evaluated in conJunc-

tian with eight standards (glàss rods and metallic wires).· , 
The diameters of these standards, which ranged between ~OO j.lm 

\'li 
and 36ÙO !lm, were measured under the microscoPie, with an accu-

racy of +12 j.l~~ Afterwards, t~e 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 j.lm. The ~easured resul ts of measurement us ing the micro­

scopè and the apparatus are tabl.ed in Appendix F. 
, 

Subsequently, tHe reproducib i li ty of the measurement 

technique was te.s ted. Three' sets of extrudate sweli experi-
. 

ments were performed. Each eXp'eriment was repea ted fi ve times' 

under the same conditions. For each set, t~e <U.ameters were· 

measured and compared 12 minutes after extrusion. Tlte differ­

ence between the maximum and minimum values wi thin' each set 
;.> 

did not exceed 37.5 !-lm. The rneasùred diameters were in the 

range of 2000-3000 j.lm. 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 !-lm. 

The temgerature in the barrel was maintained within 

:f:O.S·C of the set point. One would- expect this ta result in 

an error in the \Well measurement. The a'bsolute magoi tud~ of 

. , 
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1 
this error de pends on the effect of temperature on extrudate 

-/ , 
swell ,( see Appendix FI). 

3.3.2 Limita t ions ançi Constrain ts 
• 

The proposed apparatus has the following Umi tati6ns anp 

constraints. 

(1) 'Viton-O-rings were used for sealing the quartz glass 

windows. Therefore, the thermostat ing chamber~ could 

not be heated above 230·C, which is the maximum 

operating temperature for VitoO. 

(2) The flash point of the oils lJsed in the chamb~r can 

impose further restriction on the maximum temp.er­

" ature which can be used. 
r 

(3) A maximum magnification ratio of four can be used. 

This limita t ion ls imposed by thé power of the -laser 

used (2 mW) • 

• 
- { 4) In i ts present configu ration, the appara tus cannot 

be used to gauge. objects wider than the expanded 

laser beam. The width of this beam is 10.6 mm. It 

ia not recornrnended to use i t for objects less than 

500 !lm in width, because of diffraction on the 

edges. 

(5) No extrudate swell measurement could be recorded in 

the first three to four seconds. This is the time 

needed for the ex truda te to travel through air into 

the v iewing sect ion of the chamber. It i8 also the 

"f .. 
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, 
) 

time neede-d for the operator te entrap it and &tart 

the eKperiment. The lest time is longer for very 

low shear rates. tn order to solve this problem, 
~ '~ 
the die barrel assembly has t<D be al tered 50 as to 

have the tip of the die wi thin the viewing section 

of the chamb~- This would require an addJ.tional 

miniature, automatic cutting and holding device. 

(6) There lS an uppe,r limi t imposed on the linear speecl 

of the extrudate, and accordingly the shear rate, 

that could be handled wi th the present design. A 

max imum speed of 8.7 cm/sec could be hand led. This 

corresponds to a cross-head speed of 10 cm/min for 

the barrel and die used in this work. At higher 

speeds," i t was not poss ible to collect and ho~d the 

sample, without material accumulatioin at the bottom 

of the inner compartment. This problem could be 

probably solved if a more efficient tautom<;ltlc cut-

ting and holding device lS used. 

(7) As a continuation of this project, it would be of 

interest to use ei ther a stepper motor or a scann ing 
r 

mirror to scan part of thq extrudate vertically. 

(8) A maximum of 700 line scans can be collected in the 

course of one expe r imen t. The R4aximum speed of the 

data acquis i t ion system 1 in i ts present configu1!ia-

tion, ls 0.53 scan lines per second. ./ 

" 

~ .. " 

" 
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(9) The refractive index of the extrudate material must 

be different from the refractive index of the oil in 

tpe inner containers. 
, " 

Al! the, above lim,itations notwithstanding, the apparatus 

is an effective and universal tool. In addition to the mea­

surement of extrudate swell, which was the orig inal reason for 

i ts development, the appara tus can be used for dimensional 

gauging anQ continuo\1s monitoring in a variety of areas of 

research and industry. 

- .. . , \. 
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CHAMER 4 

REPRBSENTATIVE ReSULTS AND DISCUSSION 

In this chapter, the resul ts of dynamic extrudate swell 

measurements for some resins are presented, The pr imary pur-

pose of these measurements was to test·· the apparatus and to 
.... 

i llustrate its reliability. Every experiment wa~ repeated at 

least once. The results were reproducible within a 'maximum\ 

deviation of + 2%. 

AlI the swelling "data were corrected, f using thé appropd-
, , It ' 

a te thermal expansi~n coefficient (100), to account for the 
• 

d ifference between the extrusiory temperature and the tempera-

t ure of the thermos taHng chatn&er. Isotrop ic thermal expan-
, '\ 

sion was assumed. This assumpti,<,n is not nece~sari ly 'correct', 
, 

especially .... wi th cr}4stalline materials such as polyethylenes. 

However, the correction is quite smàll (ca. U). Therefore, 

the assumption does not contribute substantially to the _ niea'-

surement error. • c, 

4.1 Materials 

Extrudate swell was measured for commercial wire 'coating 

polyethylene resins, suppl ied by NoJhern Telecom- Canada Ltd. 

For reasons of confidentiality, the commercial' 'names of 'the 

res ins cannot be revealed: However, a det~ rheoiogical 

1) 

.. 
" 
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and physi:cal-ehemical characterization ,')f the resins has been 

reported by Al-Bastaki (1) • 
. 

The true shear rat~,' Yw' vas ol:tained from" the apparel,1t 

s hear r a te , by us 1 ng the Rab inow i tsc h corree t ion. The true ' 
( 

lshear rate is presented for aIl IIIl!asurements conducted at 

1.90·'C. 

For the sake of simplicity, the .,ame codi,ng of resins 
• 

(Wl, W2, W3, w4 cV'Id "15)', as used by Al-Bastaki'~a!? retained. 

Resine wl and> WS were linear low densi ty polyethylene (LLD~E), 

re~in W4 

W2 . and W3 

·W2. and W3 
-: 

was a 

'" were 

were 

linear medi.um density polyethylene, and. resins 

medium density branched POlyethylene: Resins 

blends of high and low' dens'! ty polyeth enes, 
J t 

. !ihile the remaining three resins' we~e homop.ol)'lP,.'r:9,~ ',>. 
• ,_... )oH • ~ .. ' t .... ~' l'ç'' , 

Various properties of- the resin~ are listed in a61e 4.1, 

as suppl ied by Nbrthern Telecom. .. \ 

In addition to the polyethylene, resins, an injection 

moldlng grade pOlyprppylene resin (PRo-PAX 6501,. Hercules 

ca~ada,-"ontreal) ,was twted. Moreover, a .short gl~ss fiber 
\ . 

. reinforced compound,. "încorporating the above polypropylene 
o 

resin and 30\ short glass .fibers, was included in thEt;'studY. 

rhe compound, which ~a8 avai-la'bl,e in the fom. of pellets é,on­

taining fibers approximately 3 nun in length and 10 I.un- in diam-

",' 
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TABLE' 4 .. 1 
... 

Vario~8 Propertiea of the Polyethylene Resins 
Employed ln thè Study 

, 

W1 . W2 W3 W4./ . 

0.92 0.932 0.932 ::i35 .- . 
0.1 

. 
0.21 0.2 , 
, 

116 , 1220 ,llB 128 124 . 
Linear I:.œE 8rarJGhed M:PE Branched HlPE Linear HPE 

Blen:l . Bleid 
~ 

1.ll6 x 10" 1 .. 625 x 104 2.328 x 10" 1.095 x 10" 
0 '. -

, 4 
9 •• 07 x 10 1.501 X 105 9.811 X 104 ' 5 

2.006 x 10 

5 ' 5 3.558 X 105 . 6 
4.259 x 10 8.508 x 10 ~ 1.013 x 10 

1 
! 

9.494 x 10 5 1. 955 x 106 -, 1.152 x 105 2.685 x 10 6 
-, 

8.429 , .9 •. 236 ,f} 4.240 18.320 

- .. 
.7.189 X 10 's 1.098 X 10 . 8.029 x 104 1.261 X 10 5 

.... 
: . 

1.31 1.SS 1.4S 2.04 
'" 

, 
1 - _ ... _-- ----- -

• 
1- .... 

~ 

WS 

0.9~ 

1.6' 

118 , . 
Linear- IJPE . 

! 
2.505 x'lO" 

'1.161 X '105 

5.636 x 105 

' 6 1.449 x 10 

4.635 ~ 

',9.144 X 104':" 

. 1.62 

! 

J 
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't!te laat resin' tested was a liguid crystal polymer (LCP) 

• supplied by Celanese Corporation under the name Lep 2000.. It 

!.~' ~ thermotropie liquid crys~al polymer based on 2,6-riaphtha­

lene dicarboxyl ie aeid, 2,6-dihydroxynaphthalene, 6-hydroxy-2-
a 

naphthoic aeid and POlY(hYdrOXy~enZOic aeid). 

eharacteristies are 1 isted below: 

3 
Densi. ty • 1. 4 g/cm . , 

Some of its 

Viscosity Average Mole-cular Weight, TI-MW - 10,000-30,000 l' 

. 
Melting Point, Tm • 280·C 

• 
Glass Tran~ition Temperature, Tg =- 90·'C 

4.2 Po!'yethylene Resins 
, 

Th. dynamic (time-dependent~) extrudate swe11 ",as measured 

five polyethylene resjns employed in this study at 
, , . 

different 8'hear rates. ,The upper limit of the rates u8ed wu 
, 1 

, , 

. .. 

imposed by the onset' of melt fl::act'''re'. ,~l the poly~-thylene. " 
" 

resins vere extrude'd at 190·C. Th-e ail 'bath te~pe,rature was 

The duration' of '. the measurements W8S :12' minutes " ( 720 

sec;). Al-Bast~ki (1) found· that' t~~ time was suffie-ient to 

achieve equiÙbrium oextrudate' swel~ .• However, as shown in 

Figure 4.1, it was noticed -t.hât sweU did not reach the 1 ex-
, 

pected equi11brium plateau. The swe~l lng cont~nued to in-. 

erease steadily, though slow1y. Figure 4. ~ shows that, even 
• 

after one' hGur af~et the begi,nning of the rileasurement, the 

awelling did not levei off com'pletely~ 
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~\ '''~1 ... 8~staki (l) has 8.hown that no significant degJ:'adation 
'" . : 

wa~_~o!>served dur~~9 at léast 16 Cmiputés, at a. test temperâture 

l of. ~20·C. The deviation of the storage modu1us, CI, the 10ss" 
, ' 1 

* .1 modu~~s, G-, ~nd the complex viscosity, ,1"1 , '~ere the criteria 
,r.~ • 6 . 0 

'4sed to evaluate degradatiQn. ''l:'his confihns that no degrad_a-

tion has occurred with the time scale of the rneas-urements (Hi 
\( 

minùtes at' l ~O·C) • 

It has been sugge$ted t.hat' 40 x relaxation Ume hl a 

'·suffie lent period for elastic recovery (39). The relaxation 
.. <> 

',Um.' f~r the polyethylene, md i:S)9 Unlikely~"'!, •• ed a fev, 

~~conds. Therefdre, it ia reasonable te suspect that the 

p~rsisti~g increas,e· in ex~rudate swell' aftef. a èertain period 

m~y be due t.o oil absorpt.ion by these polyme.rs. 

It is important to note that :although the time coordinate 

in aIl extruda te swèll graphs reproduced here starts a,t ,ze'ro, 
- l , 

t<he true expe~imentai tbne sboul4 be 2-3 seeo~d~ ,iénger. 'This 
, 0 ' 1 • _ ~. • ~ ~ t J 

l's. due to the' fact that 'swell ing starts at ~east' 2:"3 séconds ' '. '. 
, .." • ~ , • 1 

be fo.re '!lleasurement beg i1')8, as ~xplai ned in' Chapte~ 3. 

4.2.1 oil 'Absorption by PolyetPi1enes 

Utracki et al. (98; 99) have foun? that 'Dow Cor.ning 200 
'-
~, 1 

:fluid silicone oils do ,not swell poly~ethylene, if "medium. ~îs-
1 j ... ', 

'cosity" grades (50 cS and 100 cS) were employed. 

greater:; interaction between the ot! and polymEir occu~s',:~irfhen ", 
.. \' \ j ~,; ~ '.') -

low vi-e9sity silicone pil grades 

f\. (101). 

are used ifi th polyé't'hti,ne 

/ ) 

. ., 
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... ~~ the' prase) stu~: ... mixture of low v.iscosit;y gr~des 
o'f '~:ilicone oUt (2 ~s and 5 cS') 'had' to be used 'in t;he' inner 

, ... compartment$ of the" thermoàtatfng charnber,' in order to prd~~~ ~ , / oef 
an oi~' density Slightly less than the polymer melt density.'-.:. 

, 
. For polyethylene an,d polypropylene, the mel t densi t.v 1s around 

3 ' 
0.78 g/cm,. 

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

'polymer,' resin Wl was extll'uded dire'ct~y into ainr at a wall 
" -1 0, 

,shear rate of 77 s • The ex truda te was eut into strips of 

approximately equal length, about 
• .t , 

15. cm each., Th~ strips 

(extrudates) . were earefully handl~d and weighed to the nearest 

0.1 mg. The strlps 'were then 4.mmersed lnto the inner contain-

ers 9f the thermostating chamb~r. 
} 

The oil mixture was the. 

sàD)e as the orle us&!d during the swell measuremen'ts •. The tem-
" 

perature ~as also the sarne, IS0·C. The extrudate,s were left 

in QU for varying times and then weighed aga in. In this w~y, 

the. absorption of oil by the extr'iidate was obtained, as a 

function of t i11'e • The results we~e -reprodueible within +3% ... 

. The percent weight,. oU absorption, based on the original 

,weight of the extrudat;.e strip, was calculated. It i8 common '--..... 

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

of Si~i~.ar abs_o:p~ion expertments j)02.l. The rasults are 

plotted versus time in Figure 4. 3(a) and versus the square 

root of time ·in' tigure 4.3(b). "Figure '4.3(a~: shows that an 

, asymptotic 'equilibrium absorption level h, approached. How-
, , 

everi the equilibrium value, which i8 above 5.4', could no't be 

, . ' 
,(1 

~ .. 
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FIGURE 4.3(a). Polyethylene's (Wl) Absorption of 2 c5/5 c5~Mix~ure of 
Silicone Oil. polymer's 5amples Were Extrud~d at Shear 
~~t~,.y~ =' 77 a- l • 
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reached aiter one hour 'of immersion of the polxmer in oil. 

Th~ plot in Fi9~ '4.,3(b) "is linear '~n the early stages of the 

,experiment wÀiçh indicates a'diffusion controlled proces$.. f 

Ideally, it would, be des irable to isolate the swelling 
# 

J due to the absorption of ai i from the' measured ex trudate 

The solution of this problem requires detailed knowl-

edge and understanding of ~e mutual inte~action between ~ 
• 

,polymer, and the oil and extensiye theoretical analysis. Both 

'\ ,of these were be~ond the sc<)pe of the present, work. Tpere-

, , 

, fi 

~ore, a semi-em~irical approa.ch was used to' handle the prob-
~ 

lem. 
f 

Resin Wl was extruded directIy into ~ir, again, at a wall 

&h,~..a,r ra te of 77 
-1 ~ 

s '. eut extrudaj:e strips were' annealed for 

20 minutes in an oven' at 175· C On a bed of talc. The talc 
, 

allowed the extrudate to swell and contract freely, without 

çsdhering to the' surface of the container. Annealing at lower 
;/> , , 

temperat'ures was not successful, although the melting range of 

the resin starts at around 120· c. 

The annealed samples wereo placed in the hea ted thermo­

Si tating . 'rhamber, and extrudàte 
'\ 

swell was m~asufed at ISO·C.-

lt would be reasonable to assume' that, àMr annealing at 
" "7 

17S·C, aIl the stresses were relax,e~ and equilibrium extruda~è 

swell was obtained~ 
.. 

Consequen tly, any add i t ional s\<fell. would 
. 

,be due to the interaction .. with oil. Therefore as evidence of 
~ , 

complete annealing, it was required that the extrudate should 

~;nof;' shorten at a11 after invners ion in oil. 

, 1 

" \ 

" , .... 
1 
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, . 

The' swell was then .measured using the appa'ratus. Curve 3 
~ 1 

in Figure 4.4 shows the swell during the oil absorption exper-
,,; . 

iment.· This curve was sabtracted from extrudate swell of Wl 

measuréd according io th~ standard Qdure (Curve 1). 

this way, the "estimated" or Napparint" net swell W1 thout 

In 

the 

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

Curve 2 appears to approach a pl-ateau, indicating that equi-

" librium extrudate ~well is app,roached. Al! the time-dependent 

swell data for polyethylenes were corrected in this fashion ,. , 
usi.ng Curve 3. This a~sumes that an the polyethylene resins 

\-
" show the same swell as a resul t of int,eraction with oil. 

Also, it has been assumed that the oil. absorption effect ,is 

the sarne at aIl. shear rates. 

"" Obv iously, sorne of the above assumptions. and sorne aspects 
:er 
'of the experimental procedure (e.g. quenching and relaxation 

-in _ talc) {nterfere wi th ~ accuracy of the estimates.. Ideal­

Iv, a more theoretical analysis .would be most useful. How-
'\ < 

ever, it i8 considered tnat the prelimina+y results rep.orted 

here are re,asGmably accurate. 
.-it 

From a general viewpoint, the best solution te the oil 

absorption problem should be based on extrus ion of the melt 
\ 

4-

into. an {nert medium that meets aIl the requirements indicated . 
eatlîe.r. It is' recommended that this objective should be. 

pursued with vigor. 
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4.2.2 Extrudate Swell of Polyethylene Resins 

With aIl the poLyethylene' resins, -a mixture of 55% C'(vol-
, 

ume) 2 cS and 45% 5 cS silicone oil was used in the inner 

compartments of the thermostating chamber. The polyethylene' 

resins were extruded at 190·e. 'The temperature of th, inner 
" l' ' 

compartments was maintained at lSO·C. As mentloned earlier" , 
the flash point of the mixture imposed an upper limi~'on this 

temperature. 

" During 720 seconds,. 5'10 dat;a points· were obtained. fo~ 
. 

each experimental, measurement. For c l'ar i ty , o~ ly 90 ,da ta 

points are shawn Qn eacn, g'raph ,of time-depeh
4

dént extrudate 

swel1. 
o 

The time-dependen.t swell of 'the .five,poly~thylene resÜis/ 1 

, , 
<J \ ' 

c 

corrected for oi1 absorption" is shown in _Figure~ 4.~ to '4.9. 
, ' 

A compas.lsoh of Figures 4.11 to 4,. $ shows the signiftcant' ef~ , 

fect of subtracting the swell due to oil absorption to obtain' 
1 

the "'true .swell for resin'Wl.' ,For'resins W3, W4 ·ân.d,W5~ one' 

can clearly see that, the sW,ell 'curve levels off. For Wl' and 

W2, it is interesting to note 'that, at low ·shear rates r the 
" , 

, . 

swell ing curve levels off complet~l.y, while, for' high shear "'" ' " '. 
rat,es, i,t" still maintain~ sorne ~lo.p'e' though very ~l ight • 

. , 
The tim~-dependént' swelling curves are, formed' by' a se .. 

guence of data points. Genêrally, 1 these curves ,should be 
. • " , • ,.1" ' 

smooth... However, the swe.&il. èürves shown h~re show the· mea-
/ . . . . , , 

, . 

sured vaIlles in discrete step,s ~ This art'ifac't' i$. due ,to, the 
<1 i ,1 , 

hature' of operation of the camera ~odule. A phptodiqde 
.,- " 

',' 

.. 
1 

1 ~ 1 •• ,. 

1 • ,N~) ~ -, 1 : T" • 

,1 , 

f 

~'. ' 
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,changes:' its" â..t:atus from light'- ~o, dark only ",hén the ,signal it) ), 

, 1 

~ransmit8 excee4~ the tnresho1d level. If - the change,,~~n diam-
, ~~~ . -

etar (swèll-) ls very' slow, then the p.revious#value. of, diameter 
\ \ 

would be recprded, until the' required 'su~face 4rea of thè 

~hot~diode i5 obstructed, 50 that it5 status ls c~anged to , -
dark. The' slight fluc~~ations ln the curves may'be attributed 

to roughness of the extrudate. 

" For resin W3, the swelJ curves at thrèe different shear 

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

that extrudate swell of resin W3 i5 independent of sh~ar rate 
. 

ln the tested range.' It is important to repeat that each 

curve shown in Figure 4.7 has been reptoduced to wi tlin 37.5 , -

-tlm in diameter me4surements., 

It is ,apparent from the preceding resul ts ,that about 80t 

of the swél1ing oècurs a~most instantaneously (in the first 2 
" ! • \ 

ta 3 seconds). T~e remaining 20t of the swell ing takes place 

in about 5 minutes. This'confirms the general beliéf that ex-. 
l ' 

, 4~.. .. 

trud~té 8well, can be divided .into two processes', with two dif-
o 

ferent time constants. The' 'first,' which ls .. very fast, reSèm-

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

slower, is in the range of time .constants ob'tained in stress 

relaxation exper1ments. 
, 
Equilibr~um 'extrudate swe11, for aIl the resins, was 

approkiroated by the time-dependent swelling value after 720 
...... ~ . ....... .. . 

. 
" 

seconds ~ The resul ts, at di fferent shear ra t,es, are present~d 

in Tat;>le 4.2. 
, 

The- dependency ,of the estimated equ:ilibri~, 

, ' 
• '1 

o 

, , 

,.../ 
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WJ 

Shea'r Rate 
fW 1 8-1 

r 

'n 14 
. , . , 39 

• 

77 
, . 

144 

366 

732 

Swell 
B 

1.86 

1;91 

2.01 

2.09 

2.~5 

2.22' 
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TABLE 4.2 , 

Extrudate Sw~ll Values for Polyèth};lene 
Resins st' DIfferent Sheat' Rates 

After 720 Seconds 

" 

. 
" W2 " W3 H4 ' . . 

Shear Rate Swell Shear Rate Swell Shear Rat.e 
t , s,-1 

'. W c~ 
'B t-~, s-1 B' t s-1 w' 

, 
f' 

3.3' , 1.,,68 3.2 1.58 - 7 0 ' . , 

. 6.4 1.74 6.4 1.58 14 
. 

14.3 " 1.84; 13.8 1.58 36 
: 

.. 

SWell 
B 

i.31 

1.40 

1.5~. 

"36.:.. 1.96 71 . 1.62 
. 142 1-.75 ~ . 

" 370 1.88 -. , . 
o , 
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, - - 760 2.09 

"" 
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... 
s'Well values on "shear . rate, for' the five polyethylene resins,.­

is.shown in Figures 4.10 to 4.12. Equilibriurn extr~Qate ~we11 
, 

increases with shear rate for aIl the resins,. except W3. Corn.!. 

parison shows that Wl swells the Most, ~01lowed by W4. 
lb ~ • u 

Comparison.s between tilne-dependent data obtained using 

the preSent apparatus and dàta obtained by Al~Bastaki (1) for 

the same res il1s and "bnder-' the sarne eondi 1:ions is shown in Fig-

ures 4.13-4.17 .• A1-Bastaki used a photographie technique to 
. '" ' ' 

It .i~·, evident frorn the comparison ' , . 
, , 

that data obtained, with the present·method appear to exhibit a 

more systematic and reasonable trend. 

EqiJi~i.briwn extrudate swell data obtained \lsin.9- the', two. 

t~chniques are compared in Fi9ur~s 4.18 to 4.22. In general, 

the pre~ent data appear to be more consistent and reasonable. 

'Furthèrrnore: the swell.results obtained by A~-Bastaki (1)" are , , ,. 
muGh ,higher th'an those obtalned in this study. The disêrep-

ancy can be parti,a11Y attributed to ,the fact that .. Al-Sastak'i 

'" did not àècount fo'r that part of the swell due to the absorp-
, . 

. tion of oil by the extrudates. AIso, measurern.énts made using', 
. ' 

. the· photographie technique are sensitive" to e,rro'rs. resulting 

, f~om paor calibrati<;>n or i~ the extr.udate ',is tilted or t;>ent. 

,Data' obtained using the present, appara'tus are. less, sensitive 

to the~e effects. 
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4.2,.3 Effe9t. of' Temper:ature 

Resin Wl wast extruded -'at Uo· c' and the ·swell. was ritea- , ' 
\ ' 

,s,ured. The, time-dependent swell at differen~ shear: rates' is' 
, , 

shown in. Figure, 4.23. The same trend i,s obs.erved as at 199· C ~ . 
Time-dependent swe1~ data, at the two different tem.per~ture,s . 

. (210·' and 190·,C), 'are compared in Figures 4.24 to 4.27. 
, , 

,\ The êquilibrium swell data at' both tempe'ratures and for 
, " 

differ\mt shéa~ r~tes ~~e presented in Table 4.3. The 'equi-

librium swell data', as a function of apparent sh~àr rate,. YI 
for b'oth. temperature~ are plotted ,11-1 Figure 4.28. 

The results confirm that extrudate swell .decreas~s, 

though 'sl~ghtly in this case, when. èxtrus ion tE:mperature in­

creases. 

'. 
4.3 Polyprol?ylen~ and the Effect' of Glas$ F:ïbers 

.. . 
Both the unfilled polypropylene (PP) resin and -the fiber-

',reinforced -resi·n (30% short ',glass;-f iber çontent') werè extruded 

at 200·C. For the unfille,d pp" the' innez:: compartments. of the 

thermostating champer were' f il:fed wi th a mixture of 10w vis .... ' 

cosity, silicone oils. The mixture C'~~d "of 43% (v~lurne) 2 

cS and 57% 5 cS oils. For the f illed PP, the' compartrnents . ' 

were fil'led "with 20 cS silicone oi-l. T~e temperature of the 

compartments Vas 'maintained at l60·C. 
• 

Equil,ibrium s~ll of pp .. ' 

'was reached in about' 5 minùtes, after the >, experiment had 

siart~d. Therèforei ttte; effect of oq absorption was consid-
>, 

,ered to be neg1igib1e. Thi's needs ta be confirmed. 
, . 
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TABLÉ 4.3' 

Egui1ibrium Extrudate Swe11 Values: for Resin Wl 

Extrùded at' ,210· and 190·C 

-
- Apparent. , 

Shea~ Raté Swel1, B swe1i, 'B, 
• -1 

- _at Y9Q·C at 210·C y, s 
" ~ - .. . 

'. 
, j ,. 

-
10.4 - 1".:66 '-1.76 

-.' , 
1 - . 

-, . , 
> . 

- . ' ,-. 26 1.91 1.85 , 
, 

. , 
r 

.52 . 2.01 1.97 , . 
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Extrudate swell of' unfilled pp was measured, at 3 differ-

ent shear rates. The time-dependent swell is'shown in Figure 
"- J . 

4~29. It, is seen that extruda te swell increases wi th shear 

rate. The true shear rates a~e' i~di,cated in the figure., 
f ., 1 1 

, 'The filled pp e~hibited no detectable àwell under the 

1ndicat~d conditions. This can be seen in' ,_Figur~ 4.30, where 

the time-dependent swell data for the filled as weIl as the , . 
" 

unfilled resins are shown at comparable shear rates. Only the 
" 

, apparent shear rates for the filled pp are indicated. 

The resul ts on the swell of pol'ypropylene, support the 

general bélief that the addition of fillers to, the polYlller , 

melt reduce,s extrudate s~ell' sUbstantially., In this case, the 

swell is effe~tively eliminated, becausè of the high filler 

, çontent. The relatively large scatter in the, data -i.s probably 

due to the rough surface of ~he extrudate. 

4.4 Liguid Crystel Pol ymer, ~ Lep 2000 )" 
. , 

LCP 2QOO resin was' extruded at 300·C. The inn~'r éompart~ 

meJ;l.ts were filled with 20 cS silico'ne oil and heated tUp t~ 

, , 

Extrudate swell was me~sured at 3 4iffere~t shear rates. 

The results for appar~nt 'shear ra~es 26 s-l ,~nd 104 s-l'are 

shown in Figure 4.,31. 
-1 ' , 

Extrudate sweli ab 52 s was measured, 
- ~ .. ' - , 

bu-t the resul t is not_ sl10wn bec'ause ft showed similar be'hav-
, , 

loure No extr'udate swel1 was detected .. This i8' in general 

agreement, wi th the results obtaine'd by White' (103), who, fourid 

. -, . , 
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that LCP melts exhibit a behav.i~r· similar to the beh'aviour 'of 

fiber-filled melts. 'It is important to note that ,the thermo-

s'tating chamber .temperature was onJ.y 200·C, while the melting 

point of th~ resin is aroun~ 280·C. 
" 

Therefor~, the effects of 
\ 

I~ ... 

thermal expansion' and frozen stresses are not accoUnted for •• 

More detailed studies are needed to coryfirm the se results • 
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CHAPTER; ,s 

" 
~ , . 

CONCLUSIONS AND"RECOMMSNDATIONS 

. , 
, , 

( 1) A.'new semi-automatic a,pparatus to 'measure true capillac-y 

extrudate swell of po1ymer mel ts' . was designed, con'-

structed and tested • 

( 2) The appar·atus provides two l<inds of output. An ana10g 

, output _capat;>le qf driving a chart recorder and a digital 

output'. 
r 

The digital OUltput is passed through a data ," 

10gger to an IBM' PC, where the da t,a can be analyzed and 
, .f 

stored. 

(3) It was illustrated that consistent and reliable da~~ can 

be obtained using the proposed apparatu~. 

(4) Time,,:,dependent. as welJ. as equilibrium extrudate swell 
, 

data could be ~bta~ne~ wi~h 'good reproducibility. 

spread in the measured values 'of the diameter obtained 
~ ~ 

The 

from d.ifferent' runs, under the same conditions, did not 
'of. ~ 

exceed 37.5 ~m. ' 

1(5) The apparatus' ,was used in conjunction with an Instron . 
Cap.!llary Rheometer. However, the appar.atus can be 

.. easily used with any capillary extrusion system that 
, .. 

offers an unobstructed view of the extrudate. 

{6) The' apparatus can be used without, any, modification to 
-

measu're extrudate swell as weIl as to monitor èfimer.-sions 

" 
.. 

,--
" 
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of produ~ts in the rubber and in the wire coating indus­

tries. 

The die-barrel assembly should be modified io such' a ',way 
~ 

as to pro'vide a view of the Hp, of th~ die throu.gh the 

,glaSs windows ofl.. the thertnostating chambe t " ,This woûld 
. , 

enable the measu,rement of the swelling as soon as the', 

J~ extrudatê~ emerges fram the die. 

.' 

p \ ' 

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

recommenàed to acquire a Direct Memory'·. Access .( DMA) 
, 

devlce. Such a device would enab1e the 10gging of data 

into the IBM PC ,at high speeQ: In this W'ay.! the early, 

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

ration, the ma~imum rate of data acquisition by the' com-

puter is one line ~can ~very O.~3 seco~ds. The data-can 

be collected by the camera modu'le at a maximum speed of 
j 

400q line,sca~s per second. 

(~) Using a stepper-motor, one can scan the extrudaté verti~ 
u , 

, '" 

""'cally. This would permi~ measurement of the diameter at 
\ -

different 'lo,c~tion~ below 'the die. 

(la) It 15 important to continue the search for a proper 

ther~ostating medium. The' medium should match the. den-

sity of the polymer melt but"not interact with it. It 

should also be transparent and thermally stable: 

l, 
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$OMENCLATURE 

Extrudate ,sweU ra do 
l , 

Diameter 
-. L 

, 
\ 

Diameter of the'capiliary, 
, -

Diameter of the ex~rudaie 

Diameter of the solidified extrudate 
, . ;, 

, stor~ge modulus 

Loss modulus' 
" 

, !?tèady, $ta~e shear ,com[) 1 ianèe 

Length of the capi'llary 
o. 

Numbér. average molecùlar we igh,t 
~ ~ ...... ~ 

Weight average,; molecular wef~h t 
,.if, ,', 

z'-~verage mol,ecular wéight 
\ ' 

Fifst normal, ~tres~ ,di'fference' 
, ' 

Recoverable sh~ar straln 
" . 

Greek Let'ters 

Shear,rate. d 

Apparent shear rat~ 
J 0 \ J ., 

'True wall shear rate 

Complex c v'isc6s i ty 
1 

Relaxation 'time 

p Density .' • , 

Ps Density ·of th&,s~lid polymer 

.. 
j , 

, ' 

" 

'-

<, l, !... 

• 1 ; , 
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APPENDIX B 

..... - .. 
1 

.ILLUMINATION OF THE CENTRAL 'PHOTODIODES.: 
, 

"AN OPTICAL 'SOLUTION 

AS mentioned earl ier, when the temperature of the oil was 

sign~ficantly below the freèzing" point of' the resin, the, dic::'m­

eter could be measured' easily and. -accurately wi thout prçblems 

by setting the _ appropriate threshold l~vel., Hqwever, as séon 

• 
as' the te"!perâture of the oil approached the .rnelting region, 

~ 

the central part of the imag'e became bright. The photodiodes 

in the central part of the im~ge gave a signal correspond ing 

to full illumination. On~ approaèh to' overcome this problem 
!. ' 

fnvolves th'e, ~se of computer softw,are to compensate ,for the , . " 

illumination of the central -part. ,This is the approach which 
, ' 

has been employed in the present st,udy. 

It would be.\ desirable to overcome tHe above problem by 

using o~_ical means only. Under suc,h CO~ditions, it'""wOUld he 

'poss ible ta use. a .chart recordet" to measure the swe 11 of' .:tn 
~ -' . 

unpigmentelj molten 8xtrul1iite: , 

Th~ insertion of a pinhole between the pho'todiode 4rray 
, 

and the magn~,fy ing lens, at the focal point of the latter 1 

might filter out t~e light originating from the cent,J::al par.t 

" .. .--- ' 
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.FIGt:JRÈ B~L An Illustration of the Proposed Opti'cal Solut:ioI). 
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" ' Fou,r piriholes of -different diamet;ers (100, 300, 500 and 
" , 

1000 \lm) were tried. ,The'pinholes ,were held, one at'a time, 

on a lateral,..transverse :alide ~ The slid,e could be moved on an 

optical. banch. Thus, toe' positi,?n_ of the pinh01e cOuIc! b~ 

adjusted in all tnree directions. The' 1000 and 500 ~m .pin-

holes reduced tJ:le central bright part of ~'he image su~etan-
, " ~ .' 

tLtlly, but did not eliminate it completely. No optical noise 
. /' 

'w~s observed, when tnese two pÜlholes were used. The 100 lJll\ 

pinhole practically el iminated t'he cent~a~ brigh t part of the 

image •. However 1 the optical, ooi,e inc.reaseq drastically" ~ . , 
" 

'making it very difficult to make' reliable measurements. This 

,/ ' 

-
noise might be due to very smail mechanical vibrations. The 

300 ~m pinhole performea _som~ere in the m,iddle between the , 

two ex~reni~s., 
" 

The noise could pr9ba~ly be et iminated, if the experi,ment . 

i8 performed ,on an optical tabl'e and if ~er'i preci~e 'pos'ition-

,ing equip'ment was ·used •. ' , However; th~s, would make ,the appara--
... ,-' ~ , - ,1 _ " 

·,tus expensive .and sens.i-tive~ ,ilf not impractical. 
f' \ r .... ' f* 

wOl:lld q~ -Gf interest" to pu'~sue a pract;ical' optical solution to < 
~.. ~,..' l' r 

'_ " '.). ,'\ " 

, 
H~wèver, it 

.' 
this problem. '.' o ' 
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DB'l'AILBD DIAGRAMS OP THE DATA LOGGBR 

\ 

---_ .. _-----------

, . 
-,' 

r, 

-

.'-' 

, ' 

IDput DB-~5 plD AsaignmeDt 

Plu 1 - DO (LSB) 
Plu:l -Dl 
PinS":" D2 
Plu."... DS 
Pin 5 .- D. 'r . ~ 
pla a-Da () 
Pm '1- De 
P~ 8 - Dr (MSB) ,. 
Pin 9 - Ground 
Plu 10 -,GroWld 
Pin Il - Byte Jteady(L) 

'Plu 12 - Blod aeady(L) 
Pin 13 - GroWld 
Pin 14 - GroUJld 

, , 

CODUD8Dd Byte DeflnltloD . . 
Bit 0 - Rele~ed for future de1lnition/ exp8DaloD.· 
(LSB) 

.. 

Bit' 1. -- The next 1 bit. de.flDe the number of 612-bytt block. to be captured 
. Bit ~ - ~urlng the next poaalble momént. It mWlt be borne 'In mind that 

Blt a - • maximuPl or 't SU-byte blocka can remain ln memory at any Ume. 
- If thl. 1. somC!how exceeded, the ERROR IIght will come OD. This 
- c:o»dltloD will perslat untll tl!e reaet buttoD .. hlt (hardware 
- reot), by the abort cOllUDand ~hoae deftnltloD will rollow. 

., . 
BIt.. " - The. Jaat , bit. deftne the. 'oumber of balf-second (0.5a) lDterval8 
Bl~ & - at whicb the aampJlng 1. doue. Thua the shortest Interval at 
Bit 6 - wbich ~lie sampJiug ('aD occu~ la 0.58. The IODgeat deBued withiu 

.~Blt '1 - ODe commaud byte li-theD 7.5 seconda. However, nearly aDy multiple 
. :(MSB) - of 0.5 second c:an be a~leyed under the superyiaioD of t~e bost. .... . - ~ 

,1' ' , .. " . .. .. 
Slnce the tùnc1;ion'of the commaDd word ie qnIDtp.8/1entlaJ, its Integrlty bas to'be pre-

, 

. " 

.' 

\ 
• 4f 

. . 
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1 

(' 

" 

'. , 

., .. 

. , 
~ .... 

served. To this en", the command byte il to bè repeatecJ, and the data-lQggu will compare 
both tranami8sioJJS. JI the com!J:laud lDtegrity il mtad, then it will r~nd with one "A 'II 
(41H) - for acknowledge, ie OIOOOOOI~, Otherwlae, oDe "N" (.EH), le 01001110 coÙle. bad" 
and the hCMt ahould repeat the commmand byte twic,e agaln. , 

t' \ • t:. 11"" 0 ~ 

ShouJd an uuexpected condition occur !rom which the data-l~88er cannot recover, or 
il the host wiahn to abort a comm8Dd or reset the .. c:h1ne, it. c'8D be dOJJ,e iD 8Oft~are 
by sendiDg to ft 2 (two) bytes ot 00. Note that a berore change to ~pl1ng modes can be 
efl'~ted, the data-Iogger ha. to receive theee two bytes of 00'., and then the new cOUlllJaud 
twice. ' 

1 \, 

Note that the data-logger q:allllJDlte the 5U-byte block lmmediateix up~Jr completl~ of 
capture. No provision ~s been mà'de to store the captured block ln memory W!til inltructed 
by the hoat to RDd. 

~ 

Switch SettingB 
. " 

p : 

" Fo~ baud rates are switch Belectable from the DIP-Iwich pn t];té! back of the unit. The 
flret switch cOJ'l"eaponds to bit 0 (LSS). When thrOWD iD the QPEN position, it 1Deans that 
that particula'r awitch Betting II a 1. ' 

',' 
" 

00 - 1200 Baud; K1l35 Betting - 0111 -(1H) 
01 - 2400 Bàud; K1135 Betting - 1100, (GH) 
10 - 9600 Baud; K113& Betting -. 1110 ,(EH) 
11 ~ 19K2 Baud; K11~& setting - 1111 (l'H) 

~ . 
. . 

\ . 

\, 

Togetàer with the tour lele~table baud rates,· are four Rl~table Betting_ (or parlty. 
'These are set via 8witches 3 alad •• . 

" .. 
- Swltcb 3 • Parity Even (0)'/ Parity Odd(l) 

Switch~ ~ Parity ~able (0) / Perity Disable (1) 

.. 
Port and Bit Assigmnentl 

W.,~e CODlmaud Port - OCR 
Run(H) - Bit 0 
~lght Error Lamp(H) - Bit ~ •. 

. . ,- . 
- " : . :sio Base - ..1CH .-

, Lo Counter<Bank 

" 

.. 

. . 
.. 

. , 

" . \ 

" .... . . 

" 

, 
" 
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. The table ln the foUowlng pagn indicate combinatioDa of baud raté. àIld the rates 
. ~t whlch' 5l2-byte "block. cau he umpled AND traIWD1tted at the specUled baud ratn. 
, Comblna~loù that c~ot be carried out due to ~ incompatlbUlty ln the Input and output 
'~ates U~ .ftagged..by the label "IMPOS8mLE". Execution of aJ;IY of thne combinatlona wDl 
~t 'ln' the elTOr lamp being tumed on. Combinatiozu that are ponible, on' 'the other 
band, ~ve the entry labelled "N,at" inaerted luto the location (~OOB + the ancoclated 
"Loc" ()f~. entry) of th.-EPROM. " 

l ' 

Co~deratlona for lDcreaaed Througbput 

-
Cive the cUfièDt envlJoonment in whlc:h the data-Ioggmg~" to take place, the:speed at 

whfch data CBD he acquired la .everely collStrained by the speed. at whlc:h it èan be acquired 
by the mM PC hm the RS-l~2·llDe. ·Current operation of-the mM PC .. .rtal port 1. at 
9600 baud. Il this cau be speeded up to 19~2k baud, the rate of aampllng CBD be mcre.sed to 
'more than twlce ihat at 9600 baud. Th .. la an attractive option .. no modification on the 
data-Jogger 1. needed for operation at that baud rate. Baud rate Mttlup of the data-Jo~er 
~or varions rat .. of communication are deseribed abave. . '. 

, • J 

.. Sh~uld even higher baud ra~e. be needed, hardware, and maybe, software modifieationa 
have to be e1I'ected .. The receive and trapsr;nit clock ratea of the 810 have to be Spudéd up 
ror'lncreaMd tbtoughput. One posiibiHty would be ta feed the rec:elve and'tranamit cJocki 
with some fractio~ of the l.OMBs C~U cloèk such th.t lu speed .. compatible With th.t' 
or the recelvlng hard,....... Couderationa Dinst he' pen to the f.ct th.t the SIO uNd ha. 
a maximUm treq~enq of operatioD of 2.~MB~; or the equlvalent of 500Kblts/~ond. .-.. 

lt 11 likely tlutt with hlgher .peeda ~f operation, there' wouJd. be a neéd b, ~bange the 
, commçicatlon protocol~ .• Little more CaD be said about th .. with()ut haviDg yet obtalDed 

the documentatiOn for the receiving hardware except that the receive protacoi should be 
UDd~ood will, belore eJt'ectbag ~~ chaDgea to' We C:1UTeDt traulDl •• ion protocol • 

. 
..;' .. . .,," 

, , 

',' ;,. ~ ,/ . ,.,- Con.lderationa for .lncreued Tlmina AccUJ'acy 
.. (1 - 1 ......,.., .. ' • ~ 

, AIthough muc:h cardu! thought ha. been glv~ 40 the dèsign of the timing 'looPl, there 
may he DCcall.lona t~t require hlgher crltlcaUty in timing. On board the 'data-1011er, the 
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'Baud Rata. r Total tlma. 5~~00 aaca # of block. • 
B.u~R.ta •.• ~~ ot.1 tlm •• ' 5.000 .aca # of.blacka • 
Baud Rat •• 1200 Total tlma. 5.000 .ac. l,of blQck. • 
Baud Rat •• 1200 Total tlm.. 5.000 •• c. # of blOCk\ • 

'eaud Aat •• 1200 Total tlma· 5.000 •• c. , ot blocka • 
Baud R~ta • 1200 Ttm. avatl .• 5.500 a.cs 1 of block •• 
Baud Ra'a • 1200 Tot.l llm •• 5.500 a.c. # of blocka • 
Baud Rat •• 1200 Total tlm •• 5.500 .ac. , of blocka • 
e.ud Rat •• 1200 Total tlm.. 5.500 a.ca • of blocka • 
Baud Rat •• 1200 Total tlm.. 5.500 a.ca • of blocka • 
Baud Rata. 1200 Total tlma • .5.500 a.ca • of blocka • 
Baud Rata. 1200 To~~I. '\,1.... 15.1500 aac~ " of blocka • 
Baud Rata. 1200 T'ma .~at'-•• 8.000 aaca • of blocka • 
Baud Rata • 1200 Total"tI,.... 8.000 •• CI # of block •• 
aaud Rat ... 1200 ,Total t 1 ••• " B.OOO a.c. 1 of blocka • 
Baud Rat'a • 121)0 Total tl_. 8.000 •• ca 1 Qf blocka • 
aaud Rata. 1200 Total tlm.. 8.000 a.ca , of blocka • 
Baud Rata • 1200 0 Total tl ••• 6.000 a.ca # of block •• 
Baud R.ta • ~200 Total tlm.. 6.000 a.c. , ot blocka • 
aaud Rata • 1200 Tlma avatl •• B.500 aaca • of block •• 
aaud Rate· 1200 Tota. tlm.· 6.500 a.c. # of block. • 
-'ud Rat •• 1200 Total tlm.. 6.500 a.ca 1 of blocka 0. 
Baud Rata ,. 1200 Total tlma. 6.500 a.c .. 1 of blocka ., 
Baud Rata • 120a T9tal tlma. 6.500 a.ca lof blacka • 
Baud Rata. 1200 • Total tlm.. 6.500 a.c. 1 ~f ~Io~ka • 
Baud Rata • 1200 Total tlma. e.500 a.ca 1 of blocka • 
&aud Rata. 1200 Tlm. avall .• 7.000 aaoa • of Dlock •• 
Baud Rata· 1200 Total tl_. 7.000 a.c. ,,'of bloCk •• 
Baua Rata ·-,200 Total ti.a. 7.000 .ac. 1 Of block •• 
B.ud Rat •• 1200 Total t,... 7.000 .,c •• Of bloc~ •• 
Baud Rate. 1200 ,Total 't~m"'. 7.000 .ac. # of bioCk •• 
S.ud Rata· 1200 To~,' tlMa. 7.000 aaca # of blocka • 
aaud Rat •• 1200 fot!' tlm •• , 7.000 .aca , of block •• 
Saud Rat~a 1~00 Tlma avall •• 7.500 s.c. , of block.·. 

'Baua Rata ·~200 Tot~1 tim •• 7.500 •• c. , of bl~ck •• 
Baud Rata.* 1200 Total tlm .... 7.S00 .acs , 0' block •• 
Baud Rat •• 1200 Total tlm.. 7.500 .aca 1 0' blocka 
Baud Rut. -,1200 Total tlma "" 7.500 .aca , of block •• 
Baud Rata· 1200 ToJal tlma. 7.500 •• ~. 1 0' bloek •• 
Baud Rata" 1200 ToUI'1 tlm •• 7.500 .•• c" o,oblock •• 
Baud Rate * 41aoo .Total t lm.. 0.500 sac. , Of black •• 
Baud Rat. • 4800 Total tl.a. 0~500 s.c. , 0' blocka • 
Baud,Rat •• 4eOO ·Tota' tlm •• 0.500 .aca 1 o'.block •• 
Baud Rat ••• gOO Tot.l t~ma'· 0.500 a.ca 1 of blocka • 
aaud Rat. • 4eOO Tot.1 tlm.. 0.500 •• CS • of block •• 
Baud R.ta • 41aoo; Total tlme. 0.500 .acs # of blocks • 
Baud Rata • .11800 Total time. 0.500 .eca , of bloc~a • 
Baud Rata • 4eOO Total tlm.· 1.000- a.ea 1 0' block •• 
Baud Rat. • 4S00 Total tlm." 1.000 •• c. , of blocks : 
Baud Rata· 4S00 Total t'ma. 1 000 .ac. , of block •• 
Baud RUa. 4BOO Total tl", •• 1.0pO •• cs. of,block •• 
aaud Rate • 4aOO Total ttma. 1.000 .ac. 1 of block •• 
Baud Rata • 4S00 Total tlm.. 1.000 •• ca 1 of block •• -
Baud Rate· 4800 Tota' t'Mt. \,000 .ac. '-ot block. _ 
Baud Rat. • 4S00 TI~a avall .• 1.500 aaCS , of blocks • 
Baud Rata - 4BOO Total tlme. 1.500 .ec. # af block •• 
Baud Rate • 4800 Total tlma. 1.500 •• ca 1 0' blocka • 
Baud Rata •• 800 Total tlm •• ,1.500 •• c. 1 of bloCk •• 
,Baud Rat ••.• 8~0 Total time· 1.500 •• c. 1 of blocka • 
Baud Rata r 4800 Total tlma. '.5qO •• c. , of bloCk •• 
Baud Rate • 4800 Tot,1 ttm •• 1.500 •• c. , of blocka • 
Baud Rate • 4800 T{me ~yal' •• 2.000 .ec. , of bloCk •• 
Baud Rat. • 4800 Total ttm.. 2.000 •• c. , 0' bloek. _ 
Saud Aat. • 4800 Total tlm. - 2.000 •• c. , 0' block •• 
Baud Rat. • .800 Totai tl~. 2.000 .ec. , of bloCk •• 

,Baud R~te ··4aOO Tota' tt .. • 2.000· •• c.' 0' block •• 

,/ 

3 , of b1t.'-- '6 T'm. n •• ded • 12.800 IMPOSSIBLE 
.II , of bytaa. .a Tlmé ne.ded • '7.067 IMPOSSIB~E 
5 , of"bytu • 2&60 TtIII. n •• d.CS • 21.333 IMPOSSIBJ:.E 
6 , of byt ••• 3072 T'ilia na.dad • 25.600 IMPOSSIBLE 
7 ,° 01 byt.a • 358. T' •• need.d •. 29.867 IMPOSSIBLE 
l'of byt,.. ~12 Tt __ n.~dad • ~.267 Ne.t. 15 

2 # of byta •• 1024 Tlma ·na.d.d· 8.533 IMPOSSIBLE 
3 -, of byJ .••• 1536 Ttm. ;'e.dad • 12.800 IMPOSSIBLE 
4 , of by\.' • 2048 Ttm. ne.deCS • '7.067 IMPOS$18~E 
5 1 of by~a •• 2560 Ttm. ne.dad • 21.333 IMPOsSiaLE 
6 • of byt ••• 3072 Ttm. n.aded,- 25.600 IMPOSSIBLE 
7 1 lof byta •• 31584· T1ma n.ed.d • 29.867 IMPOSSIBLE 

1 # of byt... 512 T' .. ne.ded. 4.267 Ne.t. 7 
2 1 9f byta •• 1024 T' •• n.ad,d. 8.533 IMPOSSIBLE 
3 # of bytae • 1538 Tl.e n •• d.d • 12.800 IMPOSSIBLE 
.II # 0" byta •• 2048 Ti ... ne.d,.d • 17.,067 IMPOSSIBLE 
5 , of byt ••• 2560 Ttma n •• dad • 21.333 IMPOSSIBLE 
& # of bytae • 3072 T' .. na.ded • 25.600 IMPOSSIBLE 
7 , of byta. • 3584 T' ... n.edaCS • 29.867 IMPOSSIBLE 

1 1 of byt.a. ~12 Tt •• ne.ded· 4.267 H •• t. i 
2 , of byta. - 1024 Ttma n •• dad. 8.533 IMPOS$lBLE 
3 1 or byt.a • 1538 Ttme na.dad • 12.800 IMPOSSIBLE 
• , 0' byt ••• 2048 TI •• n •• ded • 17~067 IMPOSSIBLE 
5 • 0' bytea • 2560 T'ma nead.CS a 2\.333 IMPOSSIBLE 
6 # of byt ••• 3072 Tt .. naed.d • 25.eOO IMPOSSIBLE 
7 " of byte •• 3584-Ttma na.d.d • 29.867 IMPOSSIBLE 

1 1 of byt ••• 512 Tl __ n.ad.d. 4.267 Ne.t • '1 
2 • of byta •• 1024 Tt.a na.daa'. 8.533 IMPOSSIBLE 
3 , 0' byta •• 1536 T'fm. -n •• dad • 12.aOO IMPOSSIBLE 
.II , Of byta •• 2048 T'.e neadeCS • 17.067 IMPOSSIBLE 
5 , of byta •• 2580 Ttma na.deCS • 21.33~ IMPOSSIBLE 
6 , of byta. • 3072 T.tma n •• ded • 25.600 IMPOSSIBLE 
7 , or byt ••• 3584 Tt~ naaded • 29.867 IMPOSSIBLE 

1 , 0' byt •• :: 512 Th •• na.d.d. 4.267 H •• t • 1,3 
2 # of byte •• 1024 T'ma ne.deCS. 8.533 IMPOSSIBLE 
3 # 0' byte •• 1536 Tlm. naedad • 1~.BOO,IMPOSSIBLe 
4 , O"byt ••• 2048 Tlm. n.eded • 17.067 IMPOSSIBLE 
5 , 0' byt .... 2560 TlIII. na.deci • 021.333 IMPOSSIBLE '-
6 , of byt ••• 3072 T'm. na.dad • 25.600 IMPOSSIBLE 
7 , Of byt.s • 3584 T' .. n •• d.d .- 29.867 IMPOSSIBLE 
1 • of byt ••• 512 Tt .. n •• d.d·. 1.0671MPOSSIBLE 
2 , of byte •• 1024 T1me na.dad. 2.133 IMPOSSIBLE 
3 , 0' byt ••• 1536 Tlm. ne.ded. 3.200 IMPOSSIBLE 
4 , of byt •• • 2048 'T1_ na.dad • '4.267, IMPOSSIBLE 
5 # of byt ••• 256& T'ma n •• ded. 5.333 IMPOSSIBLE 
6 , of byte. • 3072 Ttm. n •• d.d. 6.400 IMPOSSIBLE 
7 , of byta. • 35B4 Tll11. n •• ded. 7.467 IMPOSSIB~E 
1 , or byte.· 512 Ti.a -ne.d.d. 1 .067 1~05SIBLE 
2 , of byt •• : 1024 Tlma n •• ded c 2.133 IMPOSSISLE 
3 , bf byte •• 1536 T1me na.dad. 3.200 IMPOSSIBLE 
.II , of byte. • 2048 Tlm. ne.ded. 4.267 IMPOSSIBLE 
5 ,'of byt ••• 2560 Tlma n.ed.d ~ 5.333 IMPOSSIBLE 
6 , of byt •• • 3072 Ttme na.ded. 6.400 î~POS$IBLE 
7', of byt ••• 3584 Tfma n •• ded. 7.467 IMPOSSIBLE 

1 # of byt ••• 512 Tt .. na.ded. 1.067 N.~t. 2 
2 , 0' byt •• • ;024 T'me ne.dad • ~2.133 IMPOSSIBLE 
3 , 0' byt ••• 1536 TI •• n •• ded. 3.200 IMPOSSIBLE 
4 , 0' byt ••• 2048 Tt .. n •• daa. 4.267 IMPOSSIBLE 
5 , 9f byt •• • 2560 T1me n •• ded. 5.333 IMPOSSIBLE 
6 1 of byt •• • 3072 Tlm. n •• ded. 6.400 IMPOSSIBLE 
7 , of byt ••• 3584 T'm. n •• dad. 7.467 IMPOSSIBLE 

1 , 0' byt ••• 51~ Tlm. n.eded. 1.067 H.~t • .II 
2 , 0' byt ••• 1024 TI __ na.d.d. 2.133 IMPOSSIBLE 
3 , or byt •• -,1536 Tlma n.aded. 3.200 IMPOSSIBLE 
4 , 0" byt •• • 2048 Tlma n •• ded. 4.267 IMPOSSIBLE 
5 1 0' byt •• • ·2560 T'~ n •• ded a ,5.333 IMPOSSIBLE 
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- -----Rata. (' "'otal Uma· 2.000 .ac. , 0' block.· 6" 0' bytaf. 2 l'lm. naad'ad· 6.400 IMPOSSIBLE 
R.ta • 400l otal tlm •• 2.000 .ac. , 0' block.· 7' 0' byta.. j4 Tlm. n.ad.d. 1.467 IMPOSSIBLE 
Rat •• 4aoo Tlme avall •• 2.500 •• C. , of blockl. 1,of byta. • -512 Tlma naadad. 1:067 Maxt. e 
R.ta.4800 Tlma .vall •• 2.500 •• c. , of block •• 2' of byta •• 1024 TI •• naadad • ,,-2.133 N •• t. 2 
Rat. s 4BOO Total tlma. 2.500 .ac. , O'~bIOC~. z 3' of byta. a~1536 TI •• naadad,. 3~OO IMPOSSIBLE 
Aata • 48QO Total tlme· 2.500 .a~. , of block. = 4. of byta, • 2048 Tlma n8.dad· 4.267 I~POSSIBLE 
Aata • 4800 Total tlme. 2.500 .ac. , 0' block.. 5' 0' byt ••• 256~ Tlme ~eadad. 5.3~3 IMPOSSIBLE 
Rata. 4800 Total' tlme. 2.500 .acl , Of block. = 6. of byt •• = 3072 Tlm. na.d.d. 6.400 IMPOSSIBLE 
R.ta ~ 4800 Total tlma. 2.500 .acs " of blocks. 7.' of byta. R 3584 Tlma n.ad.d ~ 7.467 IMPOSSIBLE 
Rata. 4800 Tlma avall.,- 3.000 .ac. , ot block •• l' 0' byta. a 512 TI-. n.adao. 1.067 Na.t. 8 
Rata" 4800 Tlma avall •• ~.OOO .aca , of block •• 2" ot byta •• 1024 TI .. n.adad. 2.133 M •• t. 4 
Rate" 4800 To~ .. l, t.lma. 3.000 .acs Il 0' blocks· 3" o'.byta •• 1536 Tlme n •• d.d. 3.200 IMPOSSIBl.E 
~ate E 4800 Tgtal,·tlme.- 3.000 •• c. , of blocks = 4. 0' byt •• c 2048 Time n •• d.d ~ 4.267 IMPOSSIBLE 
Rata u 4800 Tot.r·tlm •.•. 3.000 .ecs , ot bloCks '. S. 0' byte. = 2560 Tlma n •• dad. 5.333 IMPOSSIBL~ 
Rat~ = 4800 Total tlma. 3.000 .acl , 0' blocks a 6" of byt ••• 3072 Tlma na.dad. 6.400 IMPOSSIBLE 
Rate. 4800 Total tlma. 3.000 s.e. , of blocks· 7' 0' byta •• 3584 Tlma n.adad. 7.467 IMPOSSIBLE 
Rate.4800 Tlme ava" •• 3.500 aac. , of block •• 1. of bytes = 512 T'~a naadad a 1.067 Ha.t • 10 
R.te = 4800 Tlma avall. a, 3.500 .ac. , of block. s 2 tI of byt.S ~ 1024 Tlme na.d.â. 2.133 NaKt. 6 
Rate = 4800 Tlma av.II.,- 3.500 sac. , of blocks. 3' ot byt ••• 1536 Tlma n.adad. 3.200 N •• t. 1 
Rate" 4800 Total tlma t 3.500 .acs , 0' blocks = 4" of byta. E 2048 Tlm. naadad. 4.267 iNPOSSI8l~ 
Rate = 4800 Total tlma = 3.500 .ac. " of blQcks = 5" 0' byt •• = 2560 Tlma naad.d. 5.333 IMPOSSIBLE 
Rate = 4800 Total tlme. 3.500 .acs • of blocks = 6'~' byt •• '" 3072 Tlma na.ded. 6.400 IMPOSSIBLE 
Rate = 4800 Tota' tlma. 3.500 .ac. , of blocks. 7" of byte •• 3584 Tima naad.d ~ 7.467 IMPOSSIBLE 
Rate. 480a Tim. avarl. a 4.000 sats , of blacks" "of byte •• 512 Time n.adad. 1.067 Na.t • 12 ' 
Rate a 4800 Tlme avall,· 4.000 aacs , of blocks. 2' of bytas • 1024 Tlme n.adad. 2.133 Na.t. a 
Rata = 4600 Tlme aval' .• 4.000 .ac. , of blo~ks '" 3' of byte. = 1536 Tlm. n.edad. 3.200 Ha.t .' 3 
Rate = 4800 Total tlm. = 4.000 .ecs , of blacks 4 , of bytes ~ 2048 Tlma na.ded. 4.267 IMPOSSIBl.E 
A.te = 4800 Total tlme· 4.000 aacs , of blacks 5 , of bytes 2560 Tlm. na.dad: 5.3~3 IMPOSSIBLE 
Rate" 4800 T,ota 1 tlma'" 4.000 .ac. , of blocks = 6' 0' bytes'" 3072 Tlme n •• dad. 6.400 INPOSSIBLE 
Rate'" 4800 Total ,.t 1 me. .. 4.000 .ec. , of block. 7 , of bytes 3584 Tlme n •• da_d ., 7.467 IMPOSSIBLE 
Rate" 4800 ,Tlme ava\! ... <&.500 .acs , ot blOCks l' of .bytes = 512 TI",a naadad. 1.067 N •• I • 14 
Rate = 4800 TI~e avall .• 4.500 .ac. , of blocks 2 , of bytes 1024 Tlma naadad = 2.133 H •• t • 10 
Rata ~ 4800 rlm~ avall. 1 4.500 seca , of blacks 3" of bytes 1536 Tlm. neaded. 3.200 N •• t. 5 
Rate = 4800 Tlm~ avatl.· 4.500 .ac. , of blocks = 4,' of bytes = 2048 T\ma nead.d" 4.267 Na.t. 1 
Rate" <\800 Total tlma" 4.500 a.cs , of blocks = 5" of bytes' '" 2560 Tlma naadad. 5.333 IMPOSSI8LE 
Rata'" 4800 Total, tlm.·. 4.500 .ac •• of blocks '" 6' of bytes = 3072 Tlma naaded. 6.400 IMPOSSIBLE 
Rete .. 4800 dotal tlma· 4.500 .ecs " of blocks" 7, of bytes. 3584 Tlma na.dad. 7.467 IMPOSSIBLE 
Rate 4800 Tlma avall. " 5~OQO .aca , of ,bloCks l' of bytea 512 Ttm. n •• dad. 1.067 N •• t • 16 
Rate: 4800 TI~e avall. : 5.000 .ac. # of blOCk& 2 # of bytes; 1024 Tlme n.aded K 2 133 N •• t • 12 
Rate -" 4800' Tlmi avall.8O 5.000 s.c. , ot blocks = 3' of bytes :t 1536 T'ma needed. 3:200 Nellt. 7 
Rate = 4800 ~\m. aval'. • 5.000 •• c. , of block. = 4' of bytos 2048 Ttm. n.eded = •• 267 HaKt = 3 
Rate = 4800' Total tlma c 5.000 .ac. _ of bloCkS = 5' of bytes = 2560 Time na.dad = 5.333 IMPOSSIBLE 
Aata = 4800 Total tlme" 5:000 •• CS , of bloCks '"' 6' of bytes" 3072 Tlme n.edad" 6 .. 400 IMPOSSIBLE 
Rete = 4800, Total tlma = 5.000 .ecs # of bloCkS = _ 7 , of bytes = 3584 Tlm. naadad" 7.467 IMPOSSI8LE 
Rate = 4800 Tlme avall. = 5.500 sec. , of blocks = -l'of bytes = 512 Tlme n.edad 8 1.067 "a.t • 18 
Rata • 4800 Tlme avall. = 5.500 •• cs , of blocks = 2' af bytes \024 Tlme ne.ded '"' 2.133 ~.t • t4 
Rate = 4800 Tlme avalJ. 2 5.500 &acs 1 of blocks 3 # of bytes ,1536 Tlma n.edad '"' 3.200 k.xt. 9 
Rate = 4800 Tlme avall. 5.500 secs' of blocks = 4. of bytes = 2049 Tlme n •• ded a 4.267 N.Kt = 5 
Rata = 4800 Tlme avall. : 5.500 sac. , of blocks = 5' of bytes: 2560 Tlme n.adad '"' 5.333 Neat = 1 
Rate c 4800 Total tlma = 5.500 .acs " of blacks = 6. of bytes = 3072 Time ~eeded. 6.400 IMPOSSIBLE 
Rat. = 4800 ~otal tlme = 5.500 sec. , of blocks = 7' of bytes = 3584 Tlme nêeded • a.467 IMPOSSIBLE 
Rate'"' 4800 Tlme avall. 6.000 •• c. # of blocks = \, of bytes 512 lime needad = 1.067 N •• t • 20 
Rate. 4800 Tlme avall .• 6.000 secs' of blocks. 2. 6f bytes 1024 Tlma n.adad. 2.133 He.t .)6 
Rate· 4800 TI~e avalJ. = 6.000 sac. , of block. = '3 " of bytas = 1536 T\ma naaded _ 3.200 Ha.t .' Il 
Rata 4800 Tlme aval).: 6.000 aac. , of blocks: 4' of bytes'" 2048 Tlme n •• dad S 4.267 Haxt & l 
Rata: 4800 Tlme avall, = 6.000 s.ca , of block. = 5' Dt bytes 2560 Tlme needad: 5.333 Neat • '3 
Rate = 4800 Total tlme:: 6.000 .ecs , of blocks = 6. of bytes = 3072 Time ne.dad S 6.400 JMPOSSIBLE 
Rate 4800 Total tlmo:: 6.000 .ocs " of Olocks = 7' of bytes = 3584 Timo ~eaded ~ 7.467 IMPQSSl8LE 
A_te = 4800 Timo avall. 6.500 .ecs l'of block. sI' of bytes a 512 Tlme naedad = 1.067 Naxt,- 22 
Rete • 4~OO Tlme avell. = 6.500 seca " of blàcks. 2" 0' bytés :: 1024 Tlma na.dad = 2.133 HeKt • 18 
Rata = 4800 Tlmp avall.:: 6.500 aec. , ~f block." 3' of bytes: 1536 Tlme·needod 3.200,N •• t. 13 
Rat. = 4600 11me .vall. :: 6.500 saca # of blocks. 4' 0' by~s = ~048 Tlme naaded = 4.267 Na~t <9 
Rata • 4800 Tlme .vall.:: 6.500 .ec. # o,f block." 5' of byte. 256b TlflIe na.dad" 5.333 N.Ilt.. 5 
Rata • ~800 ,Tlme evall. = 6.500 •• c. # of block. & 6. of byte. :: 3072 Tlm. na.ded:: 6.~00 Ntxt .. 0 
Aet. • ~80G Total t'ma· 6.500 .ees ',ot blocka. 7' of byte •• 3584 T\me ~edad. 1.~67 I~POSSIBlE 
Aet.· 4800 Tlme • ..,.11. t 7.000 •• c. , of bloCk. a. l' of byt •• ," 512 Tlm. n.eded. 1.067 NeKt • 24 
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aaud Rat •• 120, rotaI t Ima • 0.500 •• c. , of bIOCk· •• 1 , of byt •• a ~12 Tlm.-n •• o.O = 4.267 l~POSSIBLe 
Saud Rat. • 1200 Total ,t lm. • 0.500 •• c. , of block •• 2 , ,of byt ••• 1024 Ttm. ne.Oad • 8.533 IMPOSSI8LE 

'f B.ud Rat •• 1200 Tot.1 t 1"'. • 0.500 s.cs • of block. 3 "Of byt.s .. 1536 Ttm. n.eded a 12.BOO IMPOSSIBLE: 
Baud Rat. • 1200 Total t 1111. • 0.50~ .ec •• of blocks .. 4 , of byt •• "' 20~B Tilll. n •• d.d • 17.067 fMPOSSI8LE , 
BatJd Rat. ,. 1200 Total t lm ... 0.500 •• ca • of blOCkS : 5 • of byt •• ~ 2550 Tlma ne.ded': 21.333,IMPOSSIBLE 

,Baud Rat •• 1200 Tot.1 t lm •• 0.500 •• c •• of blacks = 6 , of byte. ,.. 3072 TI'm. 'n •• ded .. 25.600 - IMPOSSIBLE 
aaua Rate • 1200 Total t lm ... 0.500 •• c. , of blaCk.'; 7 • ~f byte. = 3584 Tlme needed .. 29.867 'MPOSSIBLE-
Baud Rat ... 1200 Total t lm. ,. 1.000 •• c. , of block. ,. 1 , of byt •• '" 512_Tlm. needed. 4.267 IMPOSSIBLE 
BlIud 'Rate • 1200 Total t lm. '" 1.000 •• ca • of blacks .. 2 , of byte. " 1024 Tlme ~.eded • B.533 IMPOSSIBLE 
Baud Rata • 1200 Total t Ime • 1.000 •• c. , of block. =.3 , of byt .... 1536 Tlme needed .. 12.800 IMPOSSI~E 
eaud Rate • 1200 Tola\ 'ttme .. }.OOO aec. 1 of blocks 4 1 of bytes 2048 Tlme needed ,. 17.0&7 IMPOS$lSLE. 
Baud Rate • - 1200 Tot .. 1 'l:Ime • 1.000 a.cs , of blocks 5 , ot ~tes : 2560 Tlme needed 21.333 IMPOSSIBLE 
S~ud_R.t ... 1200 To1:11 r''time .... 1.000 a.es , of blocks 6 1 ot y tes = 3072 T\me naedad " 25.600 IMPOSSIBLE 
Baud Ralle .. 1200 Total tlme " 1.000 a.ca , of blocks c 1 "Of bytes'" 3564 Tlma needad • 29.867 IMPOSSIBLE 
B'aud Rata .. \200 Total t lma = 1.500 seca , of blocks " 1 , of bytes = 512 Tlma needed " 4.267 IMPOSSIBLE ~ 

Baud Rat ... 1200 Total t ~mQ .. 1.500 secs' of blocks " 2 , of bytes " 1024 Tlm. need.d = B,53~ IMPOSSiBLE 
Bllud l'lat. .. 1200 Totel t Ime " t.500 saca , of blacks 3 , of byte ... 1536 Tlme ne.ded .. 1~.800 IMPOSSIBLE ~. SauO Ratlll " 1200 Total tlme .. 1.500 secs, of bloCkS 4 , of byte. " 2048 T\me na.ded ~ 17.067 IMPOSSIBLE 
Saud Rata = 1200 Total tlme " 1.500 secs, of bl~cks • .. 6 1 q,f, bytes 2560 Tlme n •• ded C 21.333 IMPOSSIBLE 
Saud Rat ... 1200 Total tlme '" 1.500 secs, of block" '" 6 , ot bytes c 3072 Tlm. n •• deà • 25.600 IMPOSSISLE 

" Baud Rate .. 1200 Total Ume ~.500 sacs' of blacks .. 1 , of bytes = 3584 Tlme naeded = 29.867 IMPOSSIBLE , . Saud Rat. " 1200 Total t lm. 2.000 secs, of blocks ? 1 , ot bytas .. 512 Ttme n.aded-. - ~. 267 IMPOSSIBlE 
Baud Rat .. = 12od. Total t Ime 2.000 •• cs , of blocks " 2 , of bytes 1024 Tlme ne.d.d .. 8.533 IMPOSSIBLE 

-'-"aud Rate = 1200 Total t Ime :: 2.000 .eca , of blocks = 3 , ot bytes " 1536"T\ma naedad " 12~800 IMPOSSIBLE 
Baud Rate" QOO Total tlma " 2.000 secs' of blockS " 4 , of bytes " 2046 Tlme needed S 17~067 tMPOSSIBLE 
Saud Rata Cl 1200 Total t Ima ., 2.000 .acs' 1 of'blocks :: 5 1 of bytes = 2560 Tlme ne.d.ô 2 21.333 IMPOSSIBLE 
Saud Reta • 1200 Tata' t ime " 2.000 •• c. , of bloçks 2 6 , of bytes:: 3072 Tlma neadad • 25.600 IMPOSSIBLE 
Saud Rate .. Izao Total tima '" 2.000 secs 1 of blocks 7 1 of b'ytes :: 3584 Tlma naaded .. 29.867 IMPOSSIBLE 
aaud Rate .. 1200 Total ttm~ .. 2.500 aec. 1 of blocks .. 1 , of bytes 512 Tlme neadad • 4.2Q7 IMPOSSIBLE 
Baud Rate = 1200. \TO~.', t ma .. 2.500 lacs' of blocxl .. 2 , of bytel = 1024 Time neadeCl = 8.533 IMPOSSI~lE , r 
Baud Ra"'ta .. 1200 Ta al ~Ima .. 2.500 secaM of blocks " 3 , of bytes " 1536 Tlme neaded'. 12.aOO IMPOSSIBLE 
Baud Rata :: 1-200 Total t 1 me =, 2.500 .e~ , of blocks .. 4 , of bytes .. 2048 Tlme neadad .. 17.067 IMPOSSIBLE .Baud Rate 1200 Tot,' t ime 2.500 sa , of blocks 5 , Qf byte ... 2SS0 Time na.ded' .. 21.333 IMPOSSIBLE 
BauO Rate :: 1200 Total t Ime = 2.500 aecs , of biocks 6 , of bytes = 3072 Tlma neaded = 25.600 IMPOSSIBLE 
aaud Rat ... 1200 Totel tlme .. 2.500 secs 1 of blocks '" 7 , of bytes" 3584 Tlma needad • 29.867 IMPOSSI8LE 
Baud Rate " 1200 Total tlma .. 3.000 socs, of blackS .. 1 1 of bytes = 512 Tlma ne~ded • 4.267 IMPOSSI8LE 

, 
" 

Baud Rate .. 1200 Total t Ima .. 3.000 saca , of blocks 2 , of bytes " 1024 Tlme ne.dad .. 8.533 IMPOSSIBLE c; aaud Rate .. 1200' To-ta 1 t \me .. 3.000 .ec. , of blocks 3 , of bytes .. 1536 Tlma needed • 12.aOO IMPOSSIBLE Saud Rate ,. 1200 Toi •• t Ima 3.000 .ec. , of blocks 4 , of bytes 2048 Tlme neadad :: 17.067 IMPOSSIBLE BaUd Rata • 1200 qotal t lme " 3.000 seca 1 of blOCkS " 5 , of bytes" 2560 Tlme naadad .. 21.333 tMPOSSfBLE 
8aud Rate .. 1200· Totel t tme ;:: 3.000 aees 1 of blocks = 6 1 of bytes" 307ê Tlme needed '" 25.600 IMPO~SIBLE 

~ 
, , . S~uà Rite .. 1200 Total tlme ., 3.000 seci , of blocks = 7 , of bytes = 3584 Tlma neaded = 29.867 IMPOSSI8lE 

Baud Rate 1200 Totel t lme ,. 3.500 sec. , ~f blocks 1 1 of bytes 512 Tlme needed : 4.267 IMPOSSIBLE Saud Rate 1200 Total tlme " 3.500 secs' of blacks =_ ~ , of bytos .. 1024 ltma needad ;II 8.533 IMPOSSIBLE Baul;! Rate .. 1200 Total tima .. 3.500 seca , of blocks 3 , of bytes 1536 Tlme needed • 12.800 IMPOSSi8LE 
Blua Ratà '" 1200 Tota' t IlT\e = 3.500 .eca • of blocks = 4 , of bytos = 2048 Tlme needed • 17 .067 IMPOSSIBLE .. , 
Baud Rate .. 1200 Totel tlme .. 3.500 oecs , of blockS S'of bytes" 2560 Ttma needed ,. 21.333 IMPOSSIBLE 
8aud Rata ,. 1200 lotal tlma = 3.500 secs' of blocks = 6 , of ~ytes = 3072 Tlme needad .. 25.600 IMPOSSISLE 8aù.d Rate 1200 Total t lm .. 3.'" .~ • o. b'oco, 7 • of bytes 3584 Time needed = 29.867 IMPOSSIBLE Baud Rate" 1200 Totél t Ime 4.000 ~ cs , of blocks = 1 " of bytes 512 Time needed 2 4.267 IMPOSSIBLE Baud Rato Il 1200 Total tlme '" 4.000 se $ , of blocks 2 , of bytes ='-1()24 Time needad = 8.533 IMPOSSIS-LE " flaud Rate .. 1200 Totàl tlma ,. 4,000 sec , of blocks r 3 , of bytes = 153S Tlme needed = 12.800 IMPOSSIBLE Baud Rate .. 1200, TC\tal tlms • 4,000 s s'of blocks " 4 " of bytes ~ 2048 Time ne.dad .. 17 .067 IMPOSSIBLE Baud Rate " 1200 Total tl"l ... 4.000 secs, of blocks = 5 1 of bytes 2560 Tlme ne&dad 21.333 IMPOSSIBLE ,-
Saud Rllta = 1200 Total t lm •• 4.000 .e~a , of bloCks 6 1 of bytes 3072 Tlme needed :: 25.600 IMPOSSIBLE Baud Rata = 1200 Total tlma ;II 4.000 lecs • of blocks .. 7 , of bytes = 3584 T~me needed .. ~9:S67 IMPOSSIBLE 
aaud Rate .. 1-200 Tlme aVilI. ". 4.500 lecs , of blacks = t Il of bytes = 512 Tlme neaded " 4.267 Nut li 1 8aud Rate'" 1200 Total t lm. " ~.500 aacs , of blacks = 2 , of bytes .. 1024 Time needed 8.533 IMPOSSI8LE ", ~aud Rate 1200 Total t Ime-;o 4.500 .eca , of bloCks -il , of bytes :: 1536 Tlme needad = 12.800 IMPOSSIBLE .. -, 
eaud Rata .. 1200 Total t Ime " 4.500 secs, of blacks 4 1 of bytes 2048 Time n.eded =-17.067 IMPOSSIBLE " .' Saud'Rata • 1200 Total t Ime • ~.500 .aca , of blaCks S" of byta. = 2560 Tlme ne.dad Z 21:333 IMPOSSIBLE .. Saud Rata • 1200 Total t Ime ~ 4.500 aeCa , of blocks • ~ , of bytea .. 3072 Tlma needed • 25.600 lMPOSSIBLE eaud Rate • '200 Tote1 t,,,, •• ~.500 aecs Il 'of blocks • 7 , of bytes • 35B4 T1me n.edad * 29.867 IMPOSSIBLE Baud Aata • 1200 Time aval t • • 5.000 •• e. , of ~loCk. = ,1 , of byt.. = 51Z Tlma ne.ded = ~.2&7 H ... t " 3 Ihtud Aete • 1200 Total tl.".. • 5.000 aec. , ot black. = '2 1 of byte. z 1024 Ttme ne.dad • 8.53~ JM~OSSI8lE 

f' 

. < 
--



,. 

Baud Aata a l' Tlm. avall. a 7.000 •• cs Il of blocks '" 2 , of bytr~-; 124 Tima neaded = 2.133 Na"t • 20 
~aud Rafa = ~uOL (lma avall.': 7.000 s.cs Il of bloCk5 '" 3 Il ot bytes .. ~36 Tlma_needed = 3.200 Ha.t .. 15 '-
~aud Rata '" 4BOO Tlme, avall. " 7.000 .a~. Il ar-blacks '" 4 Il of byte. • ~048 Tlme need8d '" 4.267 Ha.t • "_ 
Saud Aata • 4600 Time avall. • 7.pOO s.e., '_of bl-ocks '" 5 Il of byt •• .. 2560 Tlma n.aded ~ 5.333 N .. t " 1 
Saud Aat~ s 4800 Time1lval'. a 7.000 a.ca Il ~f,blocks '" 6 , of bytes 3072 11ma needad '" 6.400_N •• t • 2 
Saud Aat. a 4800 Total tlma -. 7.000 •• cs , of blocks = 7 ., of byt~ = 3S8~ Tlme needed ~ 7.467 IMPOSS18LE 
Baud Aata '" 4800 Tlmeavall. • 7.500 sac. , of blocks 1 • of bytes '" 512 Tlm6 needed = \ .067 H •• t • 26 
Saud Rat •• 4BOO 'Tlme avall. .. 7.5eO aeca Il of blockll :::- '2 Il of bytes = 1024 Tlme needed : 2.133 N .... t • 22 
Saud Aata • 4BOO Tlme avall. • 7.50u .ec. 1 of blockll .. 3 1 of bytell '" 1536 Jima n.edad • 3.200 N •• t • 17 " 
Baud Rat •• 4800 Tlme avall. · 7.500 •• Ca • of blocks "!' 4 Il of bytes'" 2048 Tlm. neadad • 4.267 He.t • 13 
BaUd Rate • 4800 Tlme avall. · 7.500 a.Ca 1 of black. s 5 , or byt'es-" 2560 Tlm. na.ded & 5.333 HaKt • 8, -
Baud Rata • 4BOO Tlme ,aval 1. • 7.500 s.cs Il cf blocks ., 6 Il or bytes. 3072 Tlm. needed • 6.400 H.llt-. 4 
Saud Rata ., 4800 T,lme .. \ra' l~ lE 7.500" sacs 1 of blocks -'" 7, III rit bytes '" 3584 Tlm. needad a 7.467 Naxt • 0 
Baud Rate & 9600 Tctal'~'~e" 0.500 secs III c. blocks .. l'lOf bytlls 5J2 Tlme needad : 0.533 IMPOSSIBLE 
aaud Ra,a " 9600 Total tlme "," 0.500 aec. , of blocks = 2 • o. bytes = 1024 Tlm. n.edad = 1.067 IMPOSSfSl.E , 
Baud Rat. " 9600 Total t Ima ,. 0.500 secs 1 0' blacks 3 1 of bytes \S36 Tlme naad&d .. I.GOO IMPOSSIBLE \ 

aaud Rat. a 9600 Total "tlma .. 0.500 aecs Il or blacks 4 , of bytes .. 2048 Tlme naeded 2.133 IMPOSSIBLE 
Saud Rata" 9600 Total t Ime .. 0.500 sacs' oF blocks ., 5 1 of bytas = 2560 Tlme needed ,. 2.667 IMPOSSIBLE 

,~ 

Baud Rat •• 9600 Total t 1", ... 0.500 s.cs ;"qf blocks .. 6 1 of bytes c 3072 Tlma n.adad a 3.200 IMPOSSIBLE 
Baud Rata " 9600 Total f Ime .. 0.500 secs 1 of blocks .. 7 Il of bytes .. 35~4 Tlma na.dad .. 3.733 IMPOSSIPLE 
aaud Rate " 9600 Tlme aval1. = 1.000 secs' of b~ocks .. 1 • of bytes .. 512 T'ma naedad =',0.533 H •• t • 2 
aaud Rate ,. 9600 Total' t Ime = 1.000 secs 1 of blocks = 2 1 of bytes 1024 Tfme n •• ded 1.067 IMPOSSISLE • 1 

Saud Rate .. 9600 Total t Ime .. 1.000 secs 1 of b~ocks = 3 1 cf bytes '" 1536 Tlme noeded 1.600 IMPOSSIBLE 
Saud Rat. • 9600 - T,Dtal t lme = 1.000 secs # of olocks .. 4 Il of bytes '" 204S-Tlme n.ede~ • 2.133 IMPOSSI8LE 
Baud Rata e 9600-' Tot.r -tlme = 1.000 sec •• of blocks : 5 # of bytes ;-2560 Tlme naeded = 2.667 IMPOS~18lE 
Baud Rat. ~ 9600 Tote) t Ime '" 1 .000 s.cs 1 of blocks 6, # of bytes'" 3072 Tlm. needad = 3.200 IMPOSSIBLE 

. Baud Rata = 9600 Tote 1 t Ime .. 1.0')0 aecs 1 of blocks 7 Il or bytes .. 3564 Tlma na.dad a 3.733 IMPOSSIBLE 
Saud Rata R 9600 Tlme avall. = 1.500 sacs # of'blocks .. 1 # of by,tell ,. 512 Tlme needed .. 0.533 Na.". ~ 
Saud Rate .. 9600 Tlme aval \. '" 1.500 seca -"of blocks '" 'i • cf bytes .. 1024 Tlma n.eded • 1.067 N •• t .' 2 , 
Saud Ratq .. 9600 TQtal t Imq ;: 1.500 nCl • of blocks " 3 • Of bytes = 1536 Tlm. naeded • 1.'600 IMPOSSIBLE l' 

a.ud ~at. = 9600 ,Total t lme = 1.500 lIecs • of blocks 4 # of bytes = 2048 'Tlme neadad " 2. 133-IMPOSSI8LE 
Baud.Rat. .. 9600 Tofol t Ime .. 1.500 sacs' of blccks .. 5 1 of bytes ~ 2560 Tlme n.ed.d a 2.~G7~IMPOSSI8LE 
Saud Rata .. 9600 Totj!ll i Ime =, 1.500 •• cs , of blocks .. S', o~ bytes 3072 TI~._nee~ed • 3.200 1 Mp(fSSUfLE 
Baud RaO' 9600 Tottl tlme :; 1.500 lIeca , of blocks 7 , cf bytes .. 3564 Tlme naadad .. 3.733 IMPOssiBLE 
Saud Rate 9600 Tlm avall. ;: 2.000 aacs # of bloCks 1 # of bytes = 512 Tlm, n •• ded .. 0.533 Nëxt • ..,e 
Baud Rat. • 9600 Tlme 'avall ~- .. 2.000 ncs • of blocka .. 2 , of bytea :: 1024 Tlme needad • 1.067 NeKt • ' .. 
Baud Rat. 9600 Tlme aval'. .. 2.000 seca # or blacks" 3'1 of b)!'tes = 1536 Tlme ne.d.o • 

, 
1.600 He.t • 2 

Baud Rate = 9600 Total t Ima .. 2.000 secs 1 of blocks .. 4 , or bytes 2048 TI~a naaded 2.133 IMPOSSI81.1: 
Baud Rato '" 9600 TGtal t 1 Ille .. 2.000 sacs Il of blocks .. 5 , of bytes = 2560 Tlm. needed s 2.667 1 lof PO SSIBI..E 
Baud ~at. = 9600 Ta ('a 1 t hDa .. 2.DOO aecs 1 of block$ '" ,6 • of bytes z 3072 Tlm. neeaed c 3.200 IMPOSSIBLE 
Baud Rate a 9600 'Tetal t lme '" 2.000 secl 1 of blocks ;: 7 Il of. bytes ;,3584 Time n.eded _ 3.733 IMPOssiBLE, 
Bliud Rate .. 9600 Tlme/avell. :: 2.500 secs 1 of blocks 1 1 of bytes 512 Tlme needed Z 0_,533 Hut • ~ 
Baud Rllte :: 9600 Tlme avait. = 2'-.500 secs 'l'of blocks '2 , of bytas .. 1024 Tlm. n •• dad 1.067 If."t · 6 
e.ud Aete '" 9600 Ttme ·aval 1. 2.500 secs '.01' bloCkS = :3 , of bytes 1536 Tlme needed : 1.600 Nut • .. 
Saud R.et. .. 9600 Time avall. 2.500 seca 1 of blocks .. 4 '1 of bytell :: 2048 Tlma ne.d.d • 2.133 Nut • 2 
Baud Rate .. 9600 Total t Ime = 2.500 IISCs • of blocklli ::: 5 , of Dy teS = 2560 Tlme needed = -2.667 IMPOSSIBLE 
Baud Rate = 9600 Tote 1 t Ime = 2.500 I18ca 1 of blocka " 6 • of bytea :: 3072 Tlme needed = _ 3.200 tMPOSSlBLE - ·s Bllud Rat •• 9600 Total t Ime .. 2.500 a.cs 1 of blaCks ;: 7- # of bytes" 35B4 Tlllle needed .. 3.733 IMPOSSUILE 
Baud Rate .. 9600 Tlme avall. :: 3.000 aecs # of blacks 1 1 of bytes 5L2 Tlme neaded 0.533 H .... t = 10 
BaYd Rate .. 9600 Tlme aval 1. 3.000 sacs' of bloCks :: 2 1 of bytes 1024 Tlme needed 1.06rHut li 8 
Baud Ret. • 9600 Tlm.llvall. = 3.000 secl '1 of blocks ::: 3 • of bytes = IS36 T Ime n,eeded 1.600 Nut .. & 1 
Baud Rete " 9600 Tlme .vall. " 3.000 .. ca 

• of bloCks ::: 4 • of bytes = 2048 Tlme needed .. 2.133Hut .. 4 . -
"Saud Rate '" 9600 Tlmlt avall. 3.000 secs '1 of blocks 5 Il cf bytes 2560 Tlm. need.d .. 2.667 NeKt .. 1 
BaUd Rate • 9600 To,ta' tlna .. 3.000 aeca # of blocks " 6 1 of b..ytes = 3072 Tlme needud K 3.200 IMPOSSISLE: 
Saud Rat. .. 9600 Total t Ime = 3.000 aecs Il' or blocks = 7 # of bytes = 3584 Tlma needed ~ 3.733 IMPOSSIBLE eaud Rate .. 9600 Tlme avall. = 3.500 lIecs 1 of blaCkll :: 1 , of bytes ,. 512 Tlme naéded " 0.533 Nut • 12 Baud Rate " 9600 Ttme avall. :: 3.500 secs 1 of blacks :: 2 1 of bytes '" 1024 TI~a needed = 1.067 Hellt • 10 
Baud Rate :: 9600 Tlme avall. = 3.500 aeca # of bloCks 3 1 of bytes .. 1536 Tlme neadad l.êOO NeKt & a 
Saud Ret. "' 9600 Tlme • .,,1111, 3.500 sacs. of blocks 4', of bytes = 2048 Tlm. needad 2.133 Nellt • 6 
Baud Rat. .. 9600 TI .... a"ell. 3,500 .ecs • of blocks 5 , of bytes =.2560 Tlme n.eded " 2.667 Neat .- 3 
Baud-Rate • 9600 TI",. avall. .. 3.500 sec. # of bloCkJS = 6 1 of byt.s = 3072 Tima need.d = 3.200 Nut · , 1 Baud Rate • ~600 Total t lm. .. 3.500 .ec. 1 of blocks " 7 • of byt.s = 3584 Time n •• daO a 3.7.33 IMPOSsiBLE n' Saud Rat •• 09600 Tlm. aval 1. • 4.000 .ec. 

• of bloC;ka . 1 Il cf byte. . 512 Ttma ne.d.d • 0.533 N."t · '4 
Jo 1 

Saud R.ta • 9600 T'III. aval 1 ... " 4.000 a.ca 1 cf blocks " -2 , of bytes .. 1024 Tim. n.ed.d ~ 1.067 Next • 12 
..., 

aaud Rat ... 9600 Tt ... avat 1. a 4.000 a.ca Il of blocks • 3 Il of byt ••• 1536 Ttm. n.eded • L600 H.at • 10 • Saud Aate • 9600 Tt",. evat 1. a 4.000 e.ca • of blocks • .. Il of byt.s & 2048 Tlm. n •• d.d • 2.133 Hut ! 8 
/, 



" 

r 
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Baud Rata. Ir Tlme avall. = 
8aud Rate • ~~Ol rIma avall. = 
Saud Rata = 9600 Tlma av~II. R 

Baud Râta =- 9600 Tfma a ... al'. = 
Baud Rata. 9600 Tlma avall. 
Saud Rata = 9600 Tlme a ... all. ~ 

Baud Rata. 9600 Time ava\\. • 
S.ud.Rate m 9600 Tlme a"all.·= 
Baud Rate. 9600 Tlme avall .• 
Baud Rata - 9600 T1ma avail .• 
éaud Rata. 9600 Tlma avaiT .• 
Baud Rata. 9600 Tlma ,avall •• 
Baud Rate = 9600 T~mè av.ll. = 
Saud·Rata = 9600 Tlme ava\l. ~ 

Saud Rat.e .. 9600' Tlme aval'. ". 
Saud Rat'e .. 9600 Tlme avall. :: 
Saud 'Rata c 9600 Tlma avall. :: 
Baud Rat~ • 9600 Tlme avall. : 
aaud Rata: 9600 Tlme avall. : 
Baud ~ate 9600 Tlme avilI. 
eaud Rata 9600 Tlma avall. = 
Baud Rata = 9600 Tlma aval'. = 
Saud Rata = 9600 Time avall. 
BaUd Rat. :: 960a j'Tjma avall. = 
Baud Rate = 9600 Tlme avall. = 
Baud Raie 9600 Tlma avall. 
Baud Rata = 9600 Tlme,avall. 
Baud Rate = 9600 Tlme avall. = 
Baud Rate = 9600 Tlme avall. = 
Baud ~ata 9600 Tlme .v811. 
Baud Rate = 9600 ,Tlme avdl l'~ : 
Baud Rata 9SPO TI~e avall. :: 
Baud Rate 9~00 Tlmp avall. , 
Baud Rate:: 9600 Tlm~ avall. 
Baud Rate 9600 Tlme avall. 
Saud Rate - 9600 Time avall~ 
Saud Rate: 9600 Tlme aval1. c 
Baud Rata = 9600 Tlme avall. = 
BaUd Rata c 9600 Tlme 8va11. = 
Baud Rata = 9600 T'~ avall. 
Saud Rate = 9600 'Time avall. = 
eaud Rata 9600 Tlme avall. 
Baud Rate m 9600 Tlme avaiT ... 
Baud Rate. 9600 Tlme avall. = 
Baud Rate = 9600 Tlme .va~l. = 
Baud Rate 9600 Tlme avafl. 
Baud Rata - 9600 Tlme avall. 
Baud Rate = 9600 'Tlme aval L 
Baud Rete = 9600 Tlme avatl ... 
Baud Rate = 9600 Tlme avall. : 
Baud Rate = 9600 Tlme avall. = 
Saud Rate 9GOO Tlme avall. ~ 
Baud Rate· 19KZ T~me avall. 
Baud Rate = 19K2 To~al tlme = 
aaud Rate = 19K2 Total ~lmp = 
Baud Rate = 19KZ' Tota 1 t Im& .. 
Saud Rate = 19KZ Tata' tlme .. 
Saud Rate 19KZ Total tlme 
Baud 8ate • 19K2 Total tlme • 
Baud Rate = 19K2 Tlme avall. = 
Baud ~ate c 19K2 ïlmp avall ... 
Baud Rate· 19K2 Tlme avall. a 
Baud Rate = 19KZ Total tlma • 
Saud Rata· J9K2 Totai tl~a • 
Baud Rat. a 19K2 Total tlma'â 
Baud Rata· 19K2 Total ttma .-

", 

, -
5 , of byt" ;60 T~ma naadad • 
6 , of byté, ~ J72 Tlma neaded = 
7 , of byte. :: aSa4,Tlme naeded ~ 
"of byte.:: 512 Tlma needad • 
2 , of bytes = 1024 Tlma needad :: 
3 , of byt~s =' 1536 T~ma n.adad = 
4 , of byta. = 2048 Tlm' naaded a 
5 , of byttra :: 2560 Ttm' neaded • 
6 , of byte •• 3072 Ttm. n.aded • 
7 1 of bytes • 3584 Tlme needad • 
1 , of byte.. 512 T~m. neadad • 
2 1 of bytes = 1024 Tlme naadad • 
3 , of byt'a, c 1536 Ttme needed '" 
4 , of bytas 2048 Tlma n.adad • 
5 , of byta. :: 2560 T~ma neodod :: 
6 , of byte. a 3072 Ttm. neaded • 
7 , of bytes a 35B4 Ttme neadad • 
1 , of bytes:: 512 T'm~ needed = 
2 , of byte, = 1024 T'me naaded = 
3 , of bytes 1536 Time needed = 

4.000 .ac. , of blacks ~ 

4.000 •• CI , of blacks = 
4.000 ~eca , of blocks = 
4.500 .aca , of blocks ~ 

4.500 .aca , of blacks 
4.500 aac. , af,blacks 
4.500 .aca , ot blocks .. 
4.500 .ec. 1 of black. a 
4.500 •• ca , of ~loCks = 
4.500 •• c. 1 of block. 
5.000 saca , of blaCkS = 
5.000 .aca , of blocks c 
5.000 aaça , of blacks ~ 
5,000 .ecs , of blacks 
5.000 .ac. 1 of blacks; 
5.000 secs' of blacks .. 
5.000 .ec. , of blacks = 
5.500 aaci , of blocks .. 
5.500 secs' of blQCks = 
5.500 secs' of blocks 
5.500 aec. , of blacks 
5.500 sac. , of blacks 
5.500 .ecs , ot blaCkS 
5.500 secs' of blacks = 
6.000 secs , o~ blacks = 
6.000 sacs' of blocks ~' 

= 4' ot Oytes 2048 Time needed = 
= 5' of bytes 2560 Time ~eeded = 

6 , of bytes 3072 Time needed : 
7 , of bytes = 3594 Tlme neoded D 

1 1 of bytes = 512 Tlme needed = 
2 , of t024 Time needed = 
3 , = 1536 Time needed = 
4 , 2048 Tlme needed 
5 , = 2560 Tlme needed = 
6 1 y tes = 3072 jime needed = 
7 , y tes : 3584 Tlme needed = 
1 , tes = 512 'Ime noeded 
2' b tes = 1024 Tlme needed = 
3 # by~es 1536 Tlme needed .. 
4' bykes = 2048 Tlme·nooded = 
5 1 bytes 2560 Tlme needed 
6 , bytes 3072 Tlme needed 
7 1 bytes 3584 Tlme needed 
1 t bytes = 512 Tlme ~eadad : 
2 , of bytes 1024 Tlme needed = 
i 1 o~ bytes = 1536 Time needed 
4 , of êytes 2048 Time needed 
5 , of bytes: 2560 TIme needee 

, 6.000 secs, of OrOCks ; 
6.000 socs, of blocks = 
6.000 secs' of blaCks = 
6.000 socs, of blocks :: 
6.000 sacs' of blacks = 
6.500 secs.' of blacks = 
6.500 aee. , of bloCks = 
6.500 secs 1 of blacks 
6.500 secs' of block~ 
6.500 secs' of blocks = 
6.500 secs. of blacks = 
6.500 aecs , of blacks 
7.000 aaes • of blocks = 
7.000 s.cs , of blocks·: 
7.000 secs. of blocks,= 
7,000 sacs. of blacks 
7.000 sec. , Of blacks 
7.000 secs' of,blocks 
7.000 sacs. of blocks 
7.500 sacs' of blacks 
7.500 aecs , of blocks 
7.500 sec~ of blocks 
7.500 secs, of bloCks 
7.500 secs' of blacks 
7.500 sec a i of blocks 
7.500 sacs.' of blacks 
0.500 secs j ~f blocks 

6 , of bytes 3072 Tlme n&eded 
=,' 7', of bytes = 3584 Tlme needed = 

0.500 aaça , of blocks 
0.500 aecs , of blaCks = 
0.500 secs' of blocks = 
0.500 sacs' of blocks c 
0:500 S.CS , of blacks = 
0.500 aacs , of blaCks :: 

l'of bytès 512 Tlme,needec 
= 2 1 of bytes 1024 Time needed = 

3 , of bytes 1536 Tlme needed 
= 4 # of bytes = 2048 Tlme needed = 

5 , of bytes = 2560 Tlme naadeo 
= 6' 01 bytes = 3072 Time needed = 

7 , ot bytes 3584 TI~a needed = 
l'of bytes 512 Tlma needed 

2 , of bytes = 1024 Tlma needed = 
3 1 of bytes = 1536 Tlme needed 
4 , of bytes' = 204B Tlme needeo = 
5 , of bytes 2560 Tlme needed 
6 , of bytes = 3072 Tlme naedaa : 

1.000 .eCI , of block~ = 
1.000 aec. , of blacks = 
1.000 aec. , of bloCk. = 

7 , of bytes = 3594 Tlme needod = 
1 1 ~, bytes = 512 Tlma neodéo = 
2 # of bytes = 1024 Tlme needad = 
3 1 of byta •• 1536 Tim. needed = 

1.000 .aca ~ of blocks :: 
1.000 .acs , of blocks • 
1.000 .aC' ,~o, blocka a 
1.000 .~C. , of black •• 

4 , of bytes • ~048 Tlm. n.edad • 
5 , of byt ••• 2560 Ttma n.aded : 
6 , of byta. p 3072 Tlma naadad 2 

7 , Of byt ••• 3584 Tlm. needad • 

2.667 N.xt. 5 
3.200 Nellt· 3 
3.133 Next a 1 
0.'533 Nut • 16 
1.067 Naxt • 14 
1 .600 Na. t • 12 
2 • 133 N. H • 10 
2.667 -H8lIt. 7 
3. 200 Nu t a 5 
3.733 "'.xt· 3 
0.533 "'axt • 1-8 
1.067 N.xt • 16 
1 .600 Hi .. t .. 1 ~ , 
2.133 Next' .. 12 
2.667 Next .. 9' 
3.200 Naxt Il 7 
3.733 H.xt - 5 
0.533 Nut • 20 
1.067 H •• t • \8 
1.600 Nallt -- 1'6 
2.133 Haxt .. 14 
2.667 N.at Il 11 
3.200 .... Ilt.. 9 
3.733N8lIt a 7 
0.533 Ned .. 22 
1.067 H.xt • 20 
1.600 Nallt • 'la. 
2.133 Nellt • 16 
2.667 Nut a '13 
3.200 Na.t .4\ 
3.133 "'aat. 9 
0.533 N.llt .. 2" 
1 • .D67 Na. t • '22 
1.600 Nellt .. 20 
2.133 N.eÙ. 18 
2.667 H.xt .. ,$ 
3.200 Nallt • 13 
3.733 Ne.t .. " 
0.533 Nut -.. 26' 
1.067 Nellt • 2-4 
1.600 N •• t .. 22 
2.133 Next .. 20 
2~667 Naxt .. 17 
3.200 Haxt • 15 

"3.733 Ne.t • 13 
0.533' Naxt .. 28 
" .067 Ne"t • 26 
1.600 Next .. 24 
2.133 Next .. 22 
2.667 Nut • 19 
3.200 Neat .. 17 
3.733 Naxt .. 15 
0.267 Next. 1 

0.533 IMPOSSIBLE 
0.800 IMPOSSIBLE 
1.067 IMPOSSIBLE 
1.333 IMPOSSIBLE 
1.600 IMPOSSIBLE 
1.867 IMPOSSIBLE 
0.267 Nellt.. 3 
0.533 Nallt"' 2 
O.BOO Na.t .. ,1 

1.067 IMPOSSIBLE 
1.333 IMPQSSI8~ 
1.600 IMPOSSIBLE' 
1.867 IMPOSSIBLE 
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Baud 
Baud 
Baud 
Baud 
Baud 
Baud 
Baud 
Baud 
Baud 
Baud 

• Baud 
Baud 
Baud 
Baud 
Baud 
Baud 
Baud 
Baud 
Baud 
Baud 
Baud 
Baud 
Bau1:l 
Baud 
Baud 
Baud 
Baud 
Baud 
Saud 
Baud 
Baud 
Baud 
Baud 
Baud 
Baud 
Baud 

. Baud 
Bàud 
Baud 
Ba'ud 
Baud 
Baud 
B-aud 
Bau1:l 
Baud 
Baud 
Baud 

~ Baud 
Baud 
Baud 
Baud 
Baud 
Baud 
Baud 
BaUd 
ailud 
Baud 
Baud 
Baud 
Baud 
Saud 
Baud 
Baua 
Baua 
Baud 
aaud 

? 

/ -Rate" (2 -Im.avall." 
tille av.ll. :: 

rlm. aval' .• 
TI .... e avall. :0 

llm. avall. ,. 
Total tlme ,. 
Tot.l tlm. = 
lime av.lI ... 
Tlme avall 
Tlma avell. '" 
Tim. avall. '" 
Tlme ,lIvall ... 
Tll1Ie aval' ... 
Tlme a",ell~ ;; 
Tlme aval' ... 
Tlme aval'. '" 
Tlme aval'. " 
Tlme aval'. :: 
Tlme av.lI. :: 
Tlme avall. :: 
Tlme avall ... 
Tlme avall ... 
Tlme avall ... 
TJme avell ... 
Tlme aval' ... 
Tlme avall ... 
Tlme avat 1 ... 
Tlme avan. = 
lime aval' ... 
Tlme 8vall ... 

.Tlme aval i .... 
Tlnle avall. ,. 
Tlm,. a';all. , 
TlmV. Ilvall. ,. 
Tlme Ilvall ... 
Tlme avall:-:: 
Tlme aval 1. :: 
Tlme avall. 
Tlme avall. 
Tlnfè avall. 

nlme aV811 ... 
Tlma avall. = 
Tlma a"all. 
tlme avall. 
Tlme·avall. 1;1 

Tlme avall. '" 
Tlme'avall ... 
Tlme. avall. :: 
Tlme avall. =. 
Tjme avili 1 . 
Tlme avall. :: 
Tlme aval'. :: 
Tlmll avall ... 
T 11'1t1 ava IJ • 
Tlme avall. :: 
Tfma ava(l. :: 
Tlme avall. II: 

Tlme avall. :: 
Tlme aval 1. 
Tlme avall. = 
Tlme aval'. 
Tlme avall ... 

Rate:: _1<:< 
Rate :: 191<2 
Rate .. 19K2 
Rate ri 19K2 
Rate a 19K2 
Rate • 19K2 
Rate" 19K2 
Rat ... 19K2 
Rate ,. 19K2 
Rate Il 19K2 
Rate • 19K2 
Rate" 19K2 
Rat ... 191<2 
Rat.e .. 191<2 
Rate .. 19K2 
Rate:;: 191<2 
Rete .. 19K2 
Rate" 19K2· 
Rate = 191<2 
Rate = 191<2 
Rate 19K2 
Rate" 191<2 
Rate" 191Ct 
Rat •• 191<2' 
Rate Il 19K2 
Rate .. 191<2 
Rate .. 19K2 
Rata .. 19K2 
Rata = 191<2 
Rate:: 191<2 
Rate .. 191<2 
Rate 19K2 
Rate" 19l<2 
Rate .. 19K2 
Rate :: 19K2 
Rate:: 191<2 
Rate 19K2 
Rate .. 191<2 
Rate" 19K2 
Rate" 19K2 
Rata:: 191<2 
Rate 191<2 
Rate .. 191<2 
Rate I~K2 
Rate :: 191<2 
Rat. "' 19K2 
Rate .. 191<2 
Rate" 19K2 
Rate .. 191<2 
Rate ,. 191<2 
Rate :: 19K2 
Rate .. 191<2 
Rate .. \91<2 
Rate" 191<2 
Rate" 19K2 
Rate" 19K2 
Rat •• 19K2 
Rate .. 191<2, 
Rate .. 19K2 
Rate • 19K2 
Rate • 19K2 
Rate" 19K2 
Rate • 19K2 
Rate. 19K2 
Aate • 19K2 

'''''l''t-Ine avatl ... 
Tlma avall .• 
Tlm. ava41 ... 
TI .... avall ... .,.. 

t.500 aecs , of blocks .. 
1.500 secs' nt bloè~5 
1.500 secs 1 of blbcks 
1.500 a.cs , of block~ 
1.500 .ecI' of blaCks,'" 

1.500 .eca , of blocks = 
1.500 .eca , of blocks = 
2.000 secs' of blocks = 
2.000 secs' of blocks :: 
2.000 sec. , of blocks • 
2.000 .ee. , of blaCks .. 
2.000 .eca , of blocks : 
2.000 s.c. , Dt blocks :: 
2.000 sacs' of blacks :: 
2.500 sec. , of blocks .. 
2.500 s.cs , of blacks :: 
2.500 seca , of blocks 
2.500 sec. , of blocks 
2.500 sec. , of bloCks :: 
2.500 .eci , of blocks :: 
2.5QO s.ca , of bloCks 
3.000 seca " of bloCks :: 
3.000 s.ca ,'of blacks .. 
3.00b secs ':Df 610Cks :: 
3.000 seca , of bloc~s :: 
3.000 secs 1 of blocks :: 
3.000 secs' of blacks 
3,000 secs' of blocks :: 
3.500 s.c. 1 of block" = 
3.500 secs' of blocks = 
3.500 secs' of ~Iocks 
3.500 secs', of blacks :: 
3.500 seca , of blacks :: 
3.500 seca , of blacks 
3.500 seca , of blocks :: 
4.000 ~ecs , of blaCks :: 
4.000 secs' of blacks = 
4.000.secs 1 of blacks 
4.000 secs' of blocks = 
4.000 seca , of blDCks 
4.000 sec.s , of blo'cks :: 
4.000 .ecs , of bloCks 
4.500 secs' of blocks 
4.500 aacs , of blacks 
4.500 secs' of ~Iocks 
4.500 secs' of blocks 
4.500 secs' of blocks :: 
4.500 aecs , of blocks = 
4.500 secs' of blacks 
5.000 secs' of blocks = 
5.000 aGc, , of bloCk~ :: 
5.000 .eea , of blocks :: 
5.000 .ec. , of blacks. 
~.OOO aeca , of blocks 
5.000 .ecs , of blocks :: 
5.000 .ec. , of blocks 
5.500 sec. , of blacks = 
5.500 sec. , of blocks 
5.500 secs' 0' brocks 
5.500 sec a , 0' clocka = 
5.500 a.cs·' of bloCks = 
5.500 aacs , of blocks : 
5.500 •• c. , of blocks = 
6.000 .eca • of bloCks c 

6.000 se~ •• of block. = 
6.000 •• c. , of blocks & 

/' 

1 , of bY~ o... 12 Tll11e needed = 
2 • of byteo 14 Tlme naeded = 
3 , of bytes 1536 Tlm. neaded': 
4 , of bytas = 2048 Ti~ ne.ded a 

5 • of bytes ~ 2560 T1me needea • 

0..267 Naxt. 5 
0.533 Neat. 4 
0.80.0 N.xt· 3 
1.067 Next. 2 
1.333 .... t.. 1 

6 , of byte~ = 3072 Tlme n •• ded • 
7 , of bytes c 3584 Tima 'needed • 

1.600 IMPOSSIBLE 
I.B67 IMPOSSIBLE 

l'of bytes = 512 Time needed. 0..267 Ne.t • 
2 , of byt.S 1024 Tlme needed & 0.~3 N •• t • 
3 , of byte. • 1536 Tlme ry.eded. O.~OO ~ •• t • 
4 , of bytes = 2048 Tlme na.dea" 1.067.N.xt • 
5 , of bytes'" 2560 Tlme needea. 1.3-33 H •• t • 
6 , of bytes ~ 3072 Tlma naeded.- 1.600 Next • 
7 •. of byte. '" 3584 Tlma n.eded • "1.867 Nex' • 
1 , Df bytes 512 Time needed· 0.267 Ne.t • 
2 , of bytes 1024 Tlme needed '" 0.533 N •• t • 
3 '.Gf byte. = 1536 Tlme needed. 0.800 N •• t • 
4 , of bytes = 2048 Tlme ne.ded. 1.067 Ne.t • 
5 , of bytes = 2560 Tlma needed" 1.333 Ne.t • 
6 , Df bytes .. 307~ Tlme needed '" 1.600 H •• t • 
7 , of bytes = 3584 Tlme needea. 1.867 Neat • 
J • of byte. = 512 Tlme neaOed. 0..267 Ne.t • 
2 , of byte. '" 10.24 Tlme needed" 0..533 Ne.t • 
3 , of bytes = 15~6 Tlme needed" 0..800 Na.t • 
4 • of ~yta. = 2048 Tlme naaded = 1.067 He.t • 
5 , of byte. 2560 Tlme needaa. 1.333 Ne.t • 
6 • of byta. = 3072 Tlme needed a 1.600 Ne~t • 
7 • of bytes" 3584 Tlme needed. 1.867 Na.t • 
1 , Df byte' 512 Tlme needea '" 0.267 Next • 
2 , of bytes = 1024 Tlme naeded: 0.533 Ne.t • 
3 , Df bytes 1536 Tlme naeded. 0.800 Ne.t • 
4 • of byte.~ 1& 2046 Tlme naeded. 1.067 Ne.t • 
5 • of bytes'" 2560 Tlme needed a 1.333 Ne.t • 
6 , of bytes 30.72 Tlme needed. 1.600. Ne.t • 
7 , of bytes" 3584 Tlme neaded = 1.867 Ne.t '" 
1 , of bytes '" 51~ Tlme needed s 0.267 Ne.t • 
2 , of bytes 1024 Tlme needea. 0.533 Next • 
3 , of bytes = 1536 Tlme needed: 0..800 Maxt • 
4 , of bytes = 2046 Tlme needed ~ 1.067 Next ~ 
5 , of bytes 2560 Tlme needad. 1.333 Mext • 
6 , of byteS = 3072 Tlme needed = 1.600 N,.t,. 
7 , of bytes = 3584 Tlme ne.ded z 1.867 Neat • 
1 • of bytes = 512 Tlme needad" 0.267 N.~t • 
2 , of bytes = 1024 Tlme needed" 0.533 Next • 
3 , of bytes = 1536 Tlme needed = 0.800 Na.t • 
4 , of bytes" 2048 Tlme needed S 1.067 Naxt • 
5 , of bytes 2560 Tlme needed C 1.333 Maxt • 
6 , of bytes = 3072 Tlme needaa: 1.600 Meat. 
7 , of bytes: 3584 Tlme needed. 1.867 Next • 
"of bytes = 512 Tll1Ie needad c 0.267 N •• t • 
2 , Df bytes = 1024 Tlme neaded. 0.533 Ne.t • 
3 , of bytes = 1536 Tlme needad 2 0.800 Ne.t • 
4 , of bytes = 2048 Tlma needed. 1.067 Next ~ 
5 , of bytes = 2560 Tlme needed = 1.333 Ne.t • 
6 , of bytes = 30~ Tlme needad c 1.600 Ne.t • 
7 , of bytes = 358~T'me needed = 1.867 Next z 
l'of bytes 512 Tima needad s 0.267 Na.t • 
2 , of bytes = 10.24 Tlma needed. 0.533 N.~t • 
3 , 0' bytes 1536 Time needeo" 0..800. Hext • 
4 • 0' byte. = 2048 Tlma needed s 1.0.67 N •• t • 
5 , 0' byt.s = 2560 Tlme needed a 1.333 Mext • 
6 , of byte. = 3072 Tlm. naeded" 1.600 Ne.t • 
7 , of bytes • 358~ rima needed. 1.867 Na~t • 
"of bytaa· 512 Tlme needed & 0.267 Ne.t • 
2 • of bytes a 10.24 Tlme needed. 0.533 Na.t • 
3 • 0' byt •• : 1536 T1me needed. 0.600. H •• t • 
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APPENDIXD 
- ... - ....,--------

LOOS : A Prolram io, Lo~ Diia iDto- the Computer Tbroup tbe naià Loger 
à ", " II -----------... ----------.;.-------_ ..... -.... --------------------, 1 r - • p <. _ \. 

-
~ 

clim limit(5),dur(6) . 
, input 'enter messase tb,t you visb to adel to data 'of file',lDes&IleS 
. relD let dab file Dame, do not (orse& to inclu4e driye leUer! 
'input lenter name of file to store 4a~ in - > ',meS 
it (fileS = -) or (fileS='swp·) lilen end 
prin' ' • ", 

.. prini ',~ 

open' "eoID1:9600,n,a,,~8,C8,ds,ed' as #1 
open fileS _ *2 'leD=512 . 
'field #2, 256 18 blctt', 256 as bre~ 

... 

relD print #l,chrS(O) :rem &elliouer to- resel ri&hi &~&y 
• q 

• relD initialise &obi leDlth' 
\;,' 

10 tobl :: ,,0 . 

( . 
relD send oui eommand ,byte '(first gel deeimal value or'Cè>'lDmatadr 
r~1D -, 34 seems io he a gOOti ,number 

15 k=loe(l) , - , , :rem 
:re-m 

~ clear lbe com büff~r' . 
if -k>O lheD d=inJ!ud(l:,!l):&oto 15 If ". 

, . 
. J )7 input 'enter the number .of tilDe ( < or'= 5,) interyals tG lQI '--) ',per 

if per = 99 'ben end :rellà alM>rHnpu& is ~ ~ . " -
"if per.>" then 17,' '_~ , 
print ,; . -
print " _ 
prinPplea8e input the number or scan Iines to t,piure _:n4- tbe' . , 

, p~int 'intervaJ beweeD tb,em, ror';per;' tilDe periods.8
, ' 

, '1 _.... ... ~.. 1, 

aamioU" = 0 

for i = 1 to ,per 
print i;-- .; , " 0 ' -

input" number ,durahon ) 'Jimi~n,dur(i) 
if (Umil(i)=!I!I1 or (d r 991 theD, end :rem lilori mpal is !I!I 

" -

---
, " 

- :. 

-- 0' ' 

. ' 

" \ 

v ' 1 



) 

" , 

I~-

t 

• 

o 

,-

.' Dumlolll = l"lID&otlS + limi~i) 
:rem ~ ~&use ~ata. is rad 

:rem ia 1/2 scaD IiDe blocks - _" 
, dur(i) = dur(i)tt 
Jimi~iJ = Iimi~O·dur(i) 

DeI& i ' , , ' 

rem lhe Ded bloek of code puis • ~eader 00 the data file to tell the 
- rem deeodè proglm how IJl&Dy sa.ples of dU &0 expee& 

'" . 

illiS=1 • 
'aS=atrjl&S(255,iaisJ 

" 

, -, 

r~m ai 'bis 'poia&· )'OU gn ad. a mesaase lo tli~ -.tofeà' -riir::, 
rem do 80 br puUia& the \ messa,e laia the variable '1D~~r 
rem i.e. messaseS = -hi &~ere or whl,leyer' " 

vS=mkiS(Dum&OUI) 

midS(aS,l)=YS ' 
'. 
midS(d,3)=meSsl&eS 
lse& bletlS=aS 
lse& blet2S=aS 

pui #2 

rem iDpU! lenier dêeilqal value. of commaDd byte -->ÏI,cmd 
rem fix Ihe command byte '\0 M· " ' ' 

cmd =' 3.4. 

priDi #l,ebr$(cmd);ehrS(emd); :rem sen~ eomma .. d' oui' &vice 

rem prinl ,ou& ThoDS" aDBwer 

22 k=loe(l) :rem it should jusl p~iDt out' .... · '.1\' 00 the serMn 
if 'k<l &hen 22 
aS=input$(l,#l) 
priDi aS 

l' ' 

l • 

'K" 

\ 

l' 

rem noY s&ad talin, in the data in blocb 01 255 lenlth . . .. 
for i :b 1 to per :rem repea& the whole &hina for 'per' lime periods 

~ 

durent =\,0 

. 
" 

., , 

... 

',' 

l ' 

• 

, \ 1 ~ • 

, " 

• 1 • 

," 
" 



. ' -

. -

1 

, .' 

Iimi&(iJ=limit(i) ... toial 

- ,-
k=loc(l) \' , " 
if k<255 'hell 25 

:ré~ wail' until, 255 ~Y~ iD huffer 

. - . 
io&l1 = ·&o&lk~ 1',. " :ie~: i,acreIil8.t &à.id· lealÜl black of 255 COUD ter 
pria'. ~a hlock clo.e' *7=-;&olal/2;-_ads-

" " ~. aS=iBpud(~,#l) :re. iake 256 bytes of data ~ul. of tOm buller 
'" , 

l ' 

dur~i = durea' ... 1 .. 
,if'dureDt :: dur(i)-l the. lset bleklS=aS 

l,. ' 

" 

• if 'dure .. t ::: dut(i) lheB lsel ~lék2S=..s: dur~Dl :::t O:pul #2:prill~ ·8&ID~ledl" 

. if iotal < limil(i) 'lieD 25 :re:m the Dumber of 255 'byte sepaeals &0 le& 

Bed i 
, { 

:rem stOp the loger dey'ice 

l, 

,~ rem 
' .. ' \. 

, ., 

re.m i& is a very imporia.t thiDI to properly ,close the 0,..841 files 
. -

- cJOH #1 
close #2 .. 

" ~ 

, . 
, , , 

" ..... \ 

'1" 
J _ 
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'.' 

___ ~ __ lt~ _ 
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... '" ~ .' "" . ;:: ' " 

DECODE6 : A Pr0itam -tG DeeOcIe the ~i& • èc;IDPar~ to ''" Set Tilteshoid 
--~-~-----~-----~-------------~------~-----~~-----~--- ~ . ..' -....., . 

,re~ prosram lo sei dab oul of a file 

dim an&(512) 
dim cur(80) 

\' " 
\ . , 

dim eiShiy(80} . 
input' "input filename vhieb eontains tbe data -;fileS 
input "enier fHename to ouiput the numbers to -;lile2S 
input "enter tbreshold level";& ' . 

open fileS as Il len=512 
field 'l, 256 as blckl$, 256 as blck2S 

oPe':' file2S fQr ouipul as #2 ' 

S~i #1 
numtoUS=midS(blekl$,l ,2) 
100. = evi(numto&lS) , . 
'priDt "'here are";loop;·samples of data to decod~· 
'mesAseS = mid$(blckIS,3,250) ", ~' 
for looper = 1 to loop . 

. set #1 
aS=bleklS 
bS=blck2S 

for i = 1 &O. 25ti 
:lS =: midS(a.,i,l) 
an8(i) = asc{:l') 

ned i 

"Ior i = 257 &0 512 
. ii. = i-256 
x$ = midS(bS,ii,l) l 

ans(i) = ,.se(d) 
ned i 

" . 

. ,. 

'. ., 
" 

" 

" . 

E-l 

" ' 
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'( _ ':, "", : ,f., 

, 1 

J ., 
, . , 

• 1 

.... ;: 

, ., ~ (' 

! ~ , ~ ':- '/ 

t'< -J-

i· ' 

.. . 

''- , 

reID-put aula1ms prolram here 
for i=l &0 '512 " 

if aDa(iJ<1 Iher. coua&er=cOuD&er+l 
il 'aD&(i»=1 theD eoun&er=O , 
if couDter>10 ihen lasi=i 

Ded i 
eouDler=O 
for i;::512 10 1 siep -1 . 

if all8(i)<1 theD couD&er=coûDt8r+ 1 
if &Ds(i»=1 &heD eouDier=O , 
if COUNTER>lO then rirst::Î 

ned i " _ 
p~int Ifirst::.:1 firsl,llast=1 lut 
diam=(iasl-firsl+ 1 )*12.5 

" 
" 

;~ . -

, , 

.' 

~ .. " w 

'PRINT IDIAMETER=· DIAM 

IŒ.' " , 

r 
! " - :,.. 
f. 

1 "',. 
1 ~ 
t,l, 
: '1' 

\ ' " , 

, " 

-, 

prini 12,diàm .' 
relD leave ihis here for nov remove laler -;>if Il~i eol(l) lben 10 

.. 

dose Il 

eDd 

, " 

~J 

.. l 1 J 
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APPEND1X F' 

ACCURACY, REPRODUCI8IL1TY AND E~OR ANALYSIS . 

111 this appendix we maJçt:t sorne commerit,s regarding' the 

accùracy and reprod uc ibi 1 i ty of the measurements made .by the 

d'ie swe11' apparatus. and introduce ci simplif ied error 'analysts , . 

of the technrque involved. - , ' 
,~ 

F.1 Accuracy o,f Diameter Measur'ements 

Table F,.l shows comparison bet'ween measurements 
,0, 

madËi 
'. 

u~der a microscope and those made wi th the die swell opt ical 

. system for 8 glaSs and metai standard rods. Thec;e résults 

• show that -the deviat ion be t'!leèn the two rneasurements was below .. 
15 microns. The maximum deviation observed was 1.7%. 

F;;2 Reproducibility 

'For each of the resj.ns WI, W 3 and W4, replica te measure­

ments of extrudate equilibrium diClmeter and swell wece made, 

wh île at tempting to hold aIl var iables cons tan t. .The resu l ts 

are shown in Table F. 2. They: show tha t the max ~mum measu re~ 

spread in diameter was 37.5 !.1 (m~cron). The correspond lng 

spread in the swell value would be 0.028 fot:' the die used in 

the analys 15 (D = 1320 Il). 

, 

J, 

~ . \ 
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, . TABLE F .1 

The Diameters of Eight Metal and Glass Standard~­

Measured Under the Microscope (d 1) and Using the 

Apparatus (d2) ',' 

dl d2 ,dl " d2 dl - d2 100% - x 
, No. (micron) (micl:on) (micron) . dl 

l 725 7-12 .. 5 -l~. 5 ' -1.7% 
~ 

~ 

2 - 980 987.5 :.- 7.,5 " +0.7% , 
-

.3 - . 1115 ~125 +10 +0.9% 

4 ._, 1414 1400 
.. 

-14 -0.·7% 
. : , 

,-. 
S 1962 1950 -12 , 

-0.6% , , . 
, . 

6 , 2310' 2312.5 + 2.5 +0.1% 

7,' 2574 2562.5 -Il ... 5 
, 

-0.5% 

8 ' 2960 2975 15 +0.5% 

, ' 
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TABLE F.2 

" , . 
The Resul t's'of Three Sets of .Experiments' Repeated >. 

Under the Sarne Conditions- for Each Set. Melt 
. , 

Temperature in' AlI Cases = 190·C 

/ 

- , 
. - Shear . Maximum Maximum 
.1 

"R.ite' 
1 

-Oiame t'er Spread Spread 
, 'Resin ( s~l) , ( j.L } - " 

Sw~ll ( j.L ) 
, 

in Swell 
, 

-
2650 . 

, 2675 
WI' 77 ' 1 26-ti2.5 

2ii75 " , 
\ 

'2637.5 , \, -, \ ,-
1 

1 

\ ' '2087.5 \ " . 
\ "-..' -

~100 
,W3, 13.8 2100 

2075 
2087.5 

, 2312.5 
2'287.5 

~4 142 2287.5 
2275 
2312.5 

, 

.2'.00à 
2.02.7 
2.017 
2.027 
1.998 -

l .581 
1.591 
ï .5,91 
1.5:'7,2 
1.581 

1.752 
1 ~ 733 . 
1.733 
1.724 
1.752 -

1 

37.5 

! -
25 , 

, -

3~.~ 

, 
• 

. , 

, ~ 

-
, 

0.028 , 
, 

. 
'" 

. 
\ 

0.019 
-

-
, 

0.028 
~ 

li 

, 
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, j , , 

.. 

, \ , 
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• 1 

~.3 Simplified ·Error Analysis 
,'. 

The .following discussJon attempts to evalu'ate the contri-
- , f 

, .bution of uncertaint'ies in so~e ôf the, system variab1~s to the 

overall error in the measurement of die swefl. 

S~stema_tic errora in the measure~ent, of. extrudate swell 

might result from the following factors • 

. " 

~. 

F. 3.1 .The Error Due te.' Element-To-~lement . Spàcing ,J::sp 

.' 

'. 

a) ;1' element uncert,'ainty 5 +25 Il' 
1 1 \ '1,,1 

D + e 
25, 0 ' 

=,~ + 25 o ,0 
c' c 

. -, 
, < 

., - , 

" 

( F. 1) 

wh'ere" 0 - ts the meas'ured diameter of t.he extrudate e 
.'-

. . 'i n microns 

, D is the. (j iameter· of' the die in microns." c 
If the diameter, of' the useèl die is' 1320 Il then~' 

, \ " 

B'. = B '~ 0.0189 .. Tr~.e "rneasured 

for· a' ~easur::ed diamete'r of 2000 Il (B = 1,.52)' the .. 
p~rcentage -error woultl be 

, " 

E :: 0.0189 x 100% .. ' 1. 3% of the measured value 
sp 1.52 

o 

b)' 'Magnificat ion would increase the accuracy and reduce 

the uncerta inty. 

'. 

'. 

r " 

, " 

. -
~. , , .. 

" 

-. 

/ . 



. , 

/ ' 

, ' 

, ., 

> 

l~, " 

, " 

'For a magnification of 2.0 

B B" 0 • 0 l g,9 B 
True = measured + :2 'li: measured + 0.0095 

For the special case under consideration 

" , 

E = 0.6S% 
sp . 

. 'f. 3.2 Srror's Dué to Pas i tion.ing Uncertainty' Ep . 
, , 

'\ ' ~ The! distances between the optical components could be . ' 
ICdntrolled to a certain l imi t: 

'- " a) ! The distances between the lens and the photod iode 

, l ' 

,-
array could be set within an accuracy of +0.5 'nun. 

1 ~~~ 

this aècuracy reflects 01) t;he measured diameter Cmag-
. ~ tL " ' 

nified) as indical:ed oy Equation (3.2) 

. , 
l .~ 

t1 ... - , 0- ' 
" 

" 1 

where l' is -the dLstance between the lens and t~e 

photodiode array C image distance) and 0 lS the dïs .... 

,tance betweén the extrudate and the lens Cobje,èt 

distance). ~ , " 

For a magnification .of two CM = 2.0), using a lens .-, 
w i th a focal leng th of 50' mm 

l = ISO,mm 
'\' 

o 's 75 mm 

!, 

, ~. 



{ , 
...... 

" 

( 

, ' ... 

therefore 

M = 150 + '0.5 
75 

, F-6 

-, ~ :;: 

b) The extrudate may movè in the oil in the direction of 

" 

t'he opt ical path ,resul ting ih an' i-naccuracy. in the , , . 
, 

measurement. 

Assume tha~ this movemènt i8 ,+ 1 (i~ the 
. 

density of nun 

the oi 1 is set correctly)'. Thu$ 

M = 150 
75 + l = 2 + 0.027 

, , 

The maximum possi'bie inaccuracy in magnif.ication, 
" 

therefore, is '. 

, " 

M = 2 :;: 0.034 

'" This will .lead to a + 0... 0 3 4 x' 100 Go -1 7 Q. .' -? ~ = + ~ ~ error ln 2 

the, measured diameter 

',: 1 

l , 

E' :;: +1.7% 
P 

F. 3.3 Error Resul ting. from ,Temperature' Fluctua tions (ETBl.......!E. 

the Barrel 
" 

The temperature in the barrel cao be main..tained withirl 

+O.SoC. This will 'affect the accuracy of the measurem~nt in 

propo~tion to the effect of temperature on extrudate swell~ 

{ 
-, 

... 



F-7 
.t. 

(F. 2) 

For resin W1, as Table 4.3 shows, an increase' of 20°C in 

the melt temperature caused 0.10 increase in e~trudate swel1. 

If ~'~. is,~assurned 1inear (not ne;essarily true),' then a " 

+b.5°C change ,W'ou1d correspond to +0.005 change 'in the swe11 ." 

+0.005 
l:: (1.85 + 1.75)/2 x 100% = +0.3% 

, " 

where 1.85' and 1.75 are the: swell v.alues at .1,90·C and 210°C, 

respective1y. 

.. F.3.4 Error' Re'su1ting from.F1uctuation of Ternperatut'.e in the" 
1 

t ' - Thermostating Chamber ETC 
. 

The uncertainty about this temperature cou1d'lead ta an 
• 

inaccuracy, 'which reflects on the 'calcul:ated thermal expansion 
'.' 

. . 
'correction. The error resl.Jlting fr-om'this' is, however; neg1i-

gible- ( .. 0.01%). 

F .1.5 Surnmary' 

The rneasurement err'ors are summarized in J'able F. 3. The 

total static error eTSE) of this, measurement ~ystem can be 

estiJl1a ted in terms of the root-rne~n-square or the compd,ne n t 
\ 

characteristic, errors 

l 

.. 

" 
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TABLE F.3 

A Summary of the Important Measurement Errors 

1 .. 

,2 

3 

-
4 

-
, 

, ' 

Error 

Spacing Error, Esp 

Positi~ning Error, 

Barrel Temperature 

-
Chamber 'l'empera ture 

Total. 

\ 

" 

Static Error-, 

.. 
- MaQni tude 

0 

+0.6S% 

/ 

• 
Ep +1.7% _ 

Error, ETS +0.3% 
. 

Error, ETC +0.03% 

- , -
TSE +2% 

-
r 

... 

",,-

'. (~ 

1. 

" . 
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EXTRUDATE SWELL DATA 
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... ' G-2 
Extrudate SNttl1 Dlta ~or R •• in Wl 

. , --------------------------------------------------------
Shear Rate 

- (s -1) 14 59. 77 144 366 732 
Tlate \ 

(sec) 

-----------0.-------------------------------------------. 
lb 1.56 1.60 1.b5 1.72 .1.76 1.84 
32 1.58 1.64 1.70 1.77 1.82 1.99 
48 I.bl 1.65 1.71 1.80 1.83 1.92 
64 1.b3 1. 70 1.76 1.85 1.88 1.99 
80 l.b4 1. 70 1.78 1.87 1.90 2.01 
96 1.66 1. 74 1.80 1.88 1.93 

~ 112 1.68 1. 75 1.82 1. '90 1.94 
128 I.b9 1.76 ... 1.84 1.91 1.97 ' 2.07 
144 1. 71 1. 76 1.83 1.91 1.98 2.08 
160 1. b9 1.77 1.85 1.93 2.00 2.1'0 
176 1.71 1. 79 1.86 1.95 2.02 2. Il 
192 1.75 1.80 1.87 1. 9b. 2.02 2.11 

~ 

208 1 .. 72 1.81 1.87 1.96 2.03 2.13 
224 .1. 75 1.81 1.89 1.98 2.04; ~.14 
240 1.74 1.,83- 1.89 1.98 2.05 2.15 Il 

, 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 1.78 1.84 1.90 2.01 2.0b 2.16 

" / -'" 304 1.81 1.85 1.91 2.02 2.08 2.17 
320 1.82 1.84 1.91 2.01 2.08 2.18 
336 1.83 1.86 1 1.91 ~.02 2.09 2.19 
352 1.81 1.85 1.91 2.02 2.09 2~ U:J 
368 1.83 1.85 1.91 2.03 ~.O9 2.18 

.. 384 1.83 1.87 1.94 2.04 2.11 2.19 
400 1.83 1.87 1.94 2.06 2.12 2.19 
416 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 
448 1.83 1.88 1.95 ~.06 2.12 2.19 
4b4 1.84 1.87 1.-95 2.06 2.12 2.18 
480 1.85 1.88 1.95 2.07 :2 •. 1 l2. ~.20 
496 1.86 1.88 1.96 ~.06 2.13 2.18 ' 
512 1.87 1.90 1.97 2.08 2.15 2.21 
528 1.83 1.88 1.96 2.06 2.13 2.'21' 
544 1.84 1..88 1.96 2.07 2.13 2.20 
5bO 1.86 1.91 1.98 2 .. 08 2.14 ·2.:21 
57ô 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 1.8b 1.90 1 .. 98 2~9 2 .. 17 2..21 
624 1.B7 1.91 1 .. 99 2. 9 2.16 2.23 
640 1.86 1.90 1.98 2.09 2.17 . 2.,21 ' -
656 1.B6 1.91 1.98 2.11 2.16 2.23 
672 1.87 1.91 1.99 2.12 2.1M· 22 
6a8 1.87 1.91 1.99 2.09 2.1.2.23 
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 

-
~ 

-. • 
-- ~ 



'\ 

G_3 
Extrud .. t. S .... ll DatA for R •• in W2 

r' ---------------------------------------------------
Shear Rate 

(s -1) 3.3 - 6.4 14.~ 36 
Time ~"'JJ 

" 
/ 

( sac:) 

-...--------------------------------------------------
16, 1.64 1.65 1.71 1."78, 
32 ,1.62 1.65 1.69 1.77 
48 1.63 1.65 1.73 1.78 
64 1.63 1.65 1.74 1.80 
80 1. bS 1.66 1.75 1.80 
96 1. bS 1.66 1.75 1.81 

112 1. bS 1.67 1.77 .1.83 
128 1.65 1.68 1.77 1.~S 
144 1.bS 1.69 1.78 1.84 
160 \. 1 • .06 1.69 1.79 1.86 
176 1. bS 1.69 1.79 1.87 

, . ~92 1.6S 1.69 1.79' 1.87 
208 " 1.,65 1'.69 1.78 1.8S 
224 1.65 1.70 '1.79 1.87 
240 1.65 1.70 1.78 1.87 , 256 1.65 1.71- 1. '19 1.87 - ,2-12 -. 9' 1.66 1. il 1.81 1.89 
288 - 1.65 1.71 1.81 1. as'., - t 

304 1.6b 1.71 1.81 1>.88 ' 
326' 1.b5 ·1.72 1.81 1.8ij 
33b ,1.67 1.72: f .82 '" 1:90 
352 1.,6~ 1.71 1.80 1.89 
368 1.b6 

.. 
1.72 , 1.81 1.89 

.'384 ,1.66 1.73 1.81 1.90 
400 1.67 1.72 1.83 1.90 
416 1.61 1.74 ' 1.81 1.92 43 1.66 1.72 1.80 1.91 
4 ~" J 1.67 tIt 1.72 1.82 1<.91 
4 ,L" 1;66 1.7:S\. 1.84 . 1.91 . '4fii> " , 

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 ~.73 1.83 1.~3 
544 1.67 .1.74' 

•• J 
1.84 1.94 

560 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 
60S 1.67 1.73 1.83 1.95 
624 1.67 1.74 1.83 1.94 
640 1,.66 . 1.73 _. . 

,1.84 1.94 
656 1.66 1.73 1.8b 1.95 
672 1.~ 1.74 1.85 1.95 
68S~' 1.66 1.73 1.83 1.95 
704 1.67 ·1.73 1.84 1.96 
720 1.68 1.74 1.84' , 1.96 ,. 

~ 

.... ' , 

~ . ' ~ 

:-
" 
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Extrudat. SNell Data for Resin W3 
1 • , -

-------~--~------------------~------------~---------~ 
Shear ,Rate 

(s -1) 

Time ' 
(sec:) 

3.2 6.4 14.:3 

-------------------------------~------------------~--
,·t<'-50 16 1.50 1.48 

32 1.47 1.46 1.46 
4"8 1.48 1.47 - 1.47 
64 1.'49 1.49 1.48 
So 1.50 ,1.50 1.50 
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 1.5il 1 •. 55 
176 1.54 . 1.54 1.54 

~ 

192 1~54 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 1.5~ 1.55 1.56 
288 1.54 1.55 1.56"" 

304 ·1.55 1.55 1.55 
320 1.56 1.55 1.55 
336 1.56 1 .. 56 - 1.57 

352 1.56 1.,56 1.56 
368 1.,56 

.~ 
1.59 1.57. 

31:;14 1 1.56 1.56 1.57 
400 1.57 ,,~ 1.51 
416 1.57 ' 1. 1.57 ' 
432 1.57 1.56 1.57 
448' 1'."S7 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 1.5.9 1.58 1.58 
52S 1.58 1.58 1.59 
544 1. SE;! 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 . 1.59 
624 1.59 1.57 1.57 
640 1.59 1 .. 57 1.59· 
-656 

\ 
1.59 1.58 1.59' : 

672 1.59 1 .. ~8 1.58, 
6as 1.5B 1.58 1.58 
704 1.59 1.58 1.59 
7~ 1.59 1.59 1.59 

,.' 

.. .,..' " , 

Ir 

) 

o , 
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G_5 
Extrudat. Swltll DAta .for R •• in W4 . 

r--~;;-~;~;-----t,---'-----------' ----------------
'(5-1) 7 14 36 71 142 370 760 

lime 
(sec) 

---------------------------------------------------------
lb 1.31 1.35 1.43 1.}g 1.60 1.b6 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 ~ 1.72 1.89 
64 1 .. 31 1.36 1.46 1.53 1.74 1.92 
80 '1.31 1.37 1.47 1.55 1.64 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 
160, 1.33 1.39 ' 1.51 1.60 1.70 1.83 2.01 
17p, 1.34 1) 1.41 1.52 1.60 1.72 1.84 2.03 
~92 1.32 1.40 1.52 1.60 1.70 1.84 2.03 
209 1.32 1.39 1.52 .. 1.60 1.71 1.83- 2.03 
224 1.33' 1.40 1.52 1.60 1. 72 1.86 ,2.03 
240 1.3::3 1.40 1.51 1.~O 1.7,1 1.B5 2.04 

\ ,256 1~32 1.41 1.52 1.62 1'.72 1.85 \ 2.06 
- ,212 1 1.33- 1.41 1.53 1.61 1.73 1.B6 2.0~ 

288: ' 1.32' :i.. 41 1.52 1.60 1. 74 I.B5 2.05 
304.' 1.33 1.41 1.53 1.62 1. 74 1.B6 2.07 
,320 1.34 1."4Q 1.54 ' 1.63 1. 74 1.85 2.07 
-336 1.34 1.41 1.54 1.63 1.74 . 1.B7 2.07 
'352 1.32 1.4,1, 1.53 1.6~ h74 1.85 2.00_ ", 
368 1.33 1.41 1.54 1.62 o 1.74" 1.B7 2.07 
384 1.34 ' 1.41 1.53 1.62 1.74, 1.B7 2.08 
400 1':34 1'.41 ,1.54 1 ... 62 1.74 1.B7 2.08 
416- 1.33 1.42 1.55 1.63': 1. 75 1.B7 2.09 
432 1.33 1.4-1 1.53 ' 1.62 1.75 1.B7 2.07 
,448 1.34 1.41 1.53 1'·.62 1.75 1.B7 2.08 ...-

" 464 1.33 1.41 li. 54 1.63 1.75 1.B8 ' 2.09 
480 1.33 1.4~ 1.55 1.63 1.76 1.B1 2.08 
4C16 '1.34- 1.42 1.55 1.63 'b76 loBa 2.09 
512 1.33' , .1. ~2 1.55 ,1.64 1,'75 1.,B9 2.09 -, 
528 1.,33 1.54 1.63 ,°1 .. 74 1.B7 2.08 " ,1.41 
544 1.33 1.41 1.54 1-.62 1.75 1.B8 2.09 
560 1.34 1.41 1.54 1.64 1.75 1.BB 2.09 
576 

, 
,1.31 1.40 1.53 1.61 '1 io 75 1.B7 2.08 

592 1.32 1.40 1~53 1.62 1.14 1.B7 2.08 
608 1.32 1.40 1 .. 54 1 .. 62 1.73 1.B7 2.08 
624 1.31 1.40 1.53 1 .. 62 1.75 1.8e 2.09 
640 1.30 1.40 1.53 1. ~3 1.74 1.B8 2.09 
656 1.3:2 1.41 1 .. 53 1.63' 1.76 I.BEI 2.09 
672 1.33 1.40 1.54 1.63 '1'.76 'I .. B8 2.09 'il. 

688 , 1.31 1.40 1.54 ' 1.62 1.74 I.B8 2.09 
704,' 1.31 1.40 1.53' 1.62 1.74 1.88 2.09 
720 h31 1.40 1.53 1.63 1.75 1 .. 88 2.09 

,} . 
, 

.1 
, 

, ",' 

, 
-' ,. 
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, 
Dat;a ~or R •• i n W5 

------------------------------------------­. . 

Time 
(sec) 

64 128 

. , -----------------------..:...--------_ .. _-----,-----
16 
32 
413 
64 
80 
96 

112 
128 
144 
100 
176 
192 
208 
:!:24 
240 
25.6 
~"7'" .,' ... 

... - .' 
..)-',..' 

::;36 

4'.') 

'4"-4-:~ 

;"'t3 
.:,\~-+ 

r:: -. 

... =_. - :; 
=-::- ..... ...., -- .. -. -
C_" 

'- -

( 

/ 

1.60 
1.59 
~.62 
1.63 
1.65 
1.62 
1.b5 
1.65 
1.67 
1.66 
1.70 
1.70 
1.6a 

.1. é;9 
1.68 
1.69 

, -1.,7.1 
1.69· 
1.69 
!. 7'! 
1. "7(, 
.• 6.3 
'1.69 
t. ""7.) 

~.,:)-? 

i.7<) 
:.. - .L 

' •• (':)0 

1. - ... )' 

... -; j 

~.?3 
-1...:, -
),o? 

/~ • ..:. 7 
/.. ~....., , • __ 'Ia.i 

.... ..:JO 

! • ..j ! 
-r 

\. 

1.64 
1.64 
.1.67, 
h~e 
1. 71 
1. 71 
1. 71 
1.73 
1. 72 
1.73 
1. 75 
1. 74 
1.75 
1. 73 
1.i6 
1.76 

:.70 
1.70 _ . ..., 

l.ï4 
. -_ .. -
1 -=­.... w 

. -_ •• ;.J 

, 

=>~":~' . --. 
. . 

..:.. -; ~ . 
:.. .ou3 

_ •. c 

,. 

G-6 

.. 



, ,. 
J' 

\\~t J. 

~ 
'1:1 

G_7 
Extt-udat. 5 .... 11 Da6 'far pp Ras'in 

• 
----------""!t-------~---...,.-------------.J---------------- , 

Shear R~te 
(5 -1)- G L 0 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.b5 
64 1.,6.1 1.62 1.67 
20 1.62 1.65 1.69 
'?6 1.0.2 1.66 1.69 

"', 112 1 • .=.3 1.~6 1.7,2 
128 . ., , 1~b5 1.67 1.73 
144 1.615 • ,1.69 1.73 
160 ~.64 1.68 "1 1.72 
176 1.b4 1.68 ' 1.73 
192 1.b5 1.70 1.75 
208 1.65 1.69 1.76 
224 1.65 1.71 1. ~6 
240 1.65 1.69 1 .. 76 ) 

(-" r 256- 1.65 1.71 1,..77 
272 1 •. 67 1.70 1'.79 
288' 1.6S 1.70 . 1.77, 

'.30!4 ' 1.65 1.72 1 .. 80 
3~0 1.67 1.71 1.79 
336 ' . 1.67 1.74 i.79 

,. 352 1.67 1.74 .' 1.79 
~ 368 1.68 1.74 . " 1.81 -. - , 

384 1.66 1.,73 . 1.79 
:'400 1.67 1.73 '1.79, " 

416 1.68 1.72 1~.81 
'. ' ',' 

f • '432 1.68 1.72 1.81 
44é 1.68 1.74 1:80 
464 1.b8 1.73 1:80 
480 1.68 1.74 1.83 
496 1.69 1.7;; t.81 

ft 512 1.68 1.74' 1.8-1 . 
528 1.69 1.74' 1.82 
~44, ,1.ô9 1.75 1.81 ' ...., 

560 1.bS 1.77 1.82 .. 
576 1.6S 1~75 1.80 

" 592 1.69 1.15 " 1.83 
60S 1.68 1.74 1.81 
624 1.69 

l'f> '10 
1.74 1.82 

640 1.69 
, 

1.75 1.83 :-
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