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l " 

ABSTRAcr . 

• 
A fully-pred:i..cUve steady~state canputer lOOdel has been qeveloped " 

", 

for a $gle screw plastica.ting etct:ru:Ier. Included in the model are: 

(iJo a model for the flClW 'Of po'kr solids in the. feed hopper, 

(ii) a variatidn ot'the Darnel~~ Mol model for solids flow in the 

extruder scryaw channel, ' 
,~ 

(iii) a ~;ifica~i~1l': of the Tadmoi-, melting model 

in ~ screw channel, 

for the melting zone 

(iv~ an' impl!cit fini~difference solution of the conservatfcm' of -
A-' 

mass, manentun and energy equations for .the flow of the pol}'llleI,", 
.. 

, melt in the screw channel and die, and ~ , , , 

(v) (a predi~tive correlati~n ,for the extrudate swell at t~e die exit ( 

, . 
A temperature and ~ear rate dependent viscositY relation is used, ,to 

, .... 
describe the melt flow behaviour in' the' mooel. The parameters in ~he 

viscosity, relation' are obtain~ by applying regression analysis ',to . \ 

Instron cap:j.llary 'rheaneter data. Ert~te sWelltheo~ies develo~ 
• =- ';:;." \, 

for capillary rheaneters Dave been util1zedin,the developnen~ of the . . 
. coITeilation for the prediction of. the extrtldate swell at the ex~er . .' " 

die exit. '!he, parameters in the correlation are obtained by applYing 

regression analysis to Instron extrudate swell data. 

'Given the mater-iill and rheological properties of the polymer, the -, 
" . . 

screw geanetry and diIoonsions, and the extruder operating 'conditions', 
~ .' , ' . . ' 

(i.e. screw speed, barrel temperature profile, etc.), the following /lIe 

" 
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predicted: 

(i) ImSS flow rate of the p:ilymer, 

(ii) pressure and temperat1l!e profiles along the extruder screw 

• . cbs ooel and in the' die, and 

(iii) extrudate swell at the die eXit., 

,.\ . 

The Overall ertrU:ier model predictions have· been confinned with 

experimental results' fran. a 1 1/2 inch (38 urn) diameter, 24: 1 L/D sirigle 

screw eitnxl.er with it 3/16 inch (4.76 urn) diameter cylindrical rod die. 
, . 

iligh- and low-ciensity polyethylene resins were U$ed • 

. ' 

. , 

, 

/ 
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NOtATION 

. Dimensions and units '. 

The absolute systan of dimensions, (mass-length-time::tenperature) ·is 
used, and the umts.a,.re iD. SI (Systeme International d'Uni'tes): 

m 

L 

t 

T 

E 

F 

Variables 

A = 

A = 

Cp = 

diD = 

Db = 

Ds = 

e = 

fb = 

. fs = 

f' w = 

F = 

mass, kg'(kil~) 

length, m (metre) 

time,'s (second) 

'0 
,....'v-. 

tenperature, C (CElsiUS) arK (Kelvin) ,-' ',-

energy, J(joule) 

force, N (Newton) 

2 ,area,m 

degree of taper" dimepsionless 
, 

heat capacity, J/{kg-K) _ 

extrudate swell ratio,· dimensionless 

inside barrel diameter, m 

diameter 'Of the root of the screw, m 

.' 

. -, 

width of the screw flights (perpendicular to the flights), 
m 

) 

dynamic coefficient of' fr:lction at barrel surface, 
dimensionless 

-. 
I 1.-; 

dynamic coefficie~t of friction· at screw surface, 
dimensionless 

static coefficient of frictiori at feed' hOpper wall, 
dimensionless ('. 

force, N '---

xvii 

\. 



~ 

.J 
, 

. " 

.; 

" 
/ 

/ 

'. 
: .. 

. 
NOTATION Cco.nt'd) 

-
Fd shape factor for drag flow, diIilensionless . 

Fp shape factor for pressure flow, dimensi.onl,ess . . 

g • I = gravitational acceleration, m/s
2 

gc 

G' 

G 

H 

H 

HA 

H ex 

Ho,ho 

Ho 

H* 

12 

k 

.2. ' 

L 

M 

n 

N 

~ 
Ndelay 

Nl 

p 

= 

= 

= 

= 

= 

= 

= 

= 
= 

= 
= 

= 

= 

.~ . 2' 
gravitational constant = 1.0 Ckg·m)/(N·s ) 

mass flow rate, kg/s 

elastic IIICXjJJl.us, dimensionless 

screw channel depth, m . 

height of ~he vertical feed hopper, m 

depth of adapter flow channel, m 

screw channel depth in metering section, m 

heights in the convergent feed hopper, m 
, 

screw channel depth in feed section, m 

. height of solid bed, m 

-2 
se.cond invariant of the rate of defollllll.tion tensor, s 

therinaJ. conductivity, VI/Cm'K) 

axial· distance, m 

screw lead, ';111 

= nunber of grid divisions perpendicular to the direction of 
flow CY- or r-direction) in the finite difference grid . . . 

= power-law i.ndex 

= frequency of screw rotation, revolution/min 

= nunber of ~ plate channels 

= length of delay zone, screw turns 

= firstnonnal stresS difference, Pa 

=, pressure, Fa 
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OOl'ATION (cont'd) . , 

= 

q = 

Q = 

% = 

= 

r = 
= 

R = 

= 

= 

t = 

= 

dimensionless pressure 
. 2 

.beat flux, W/m 

3 
volunetric flow rate, m /s 

. '3· 
volunetric drag flow rate, m /s 

vOlune~ic pressure flo/ rate, in 3/ s 

. radial distance in cylindrical c06rdina tes, m 

'internal radius of a tube, m 

dimensionless radial. distance 

radius of breaker plate flow channel 

radius of die flow channel 

time, s 

recoverable shear,: dimensionless 

T =. tanperature, °eor K 

TA = adapter temperature, °c 

v 

= barrel surface tanperature, °e 

flow-average (bulk) temperature, °e 
= . °c die tanperature, 

= 'melting tempera;ture· of polymer, °c 
• 

=' ". solid bed tanPerB:ture, °e. 

= screw surface temperature, °e 

= velocity, m/s 

= 

= 

= 

Cl"?ss channel velocity, m/ s 

doWn channel velocity, m/ s 

tangential barrel velocity, m/s 

= velocity of barrel with respect to solid bed, m/s 

, -
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NOTATI~ (cont'd) 

Vsy = 

Vsz = 

Vx = 

Vx Jm,n = 

Vz = 

V~,n =, 

W = 

W = 

x = 

X = 

X = 

XjW = 
,-

y = 

y = 

z = 

~ = 

Z = 

velocity 6~ solid bed moving into oolid-meILinterface.'m/s 

downchannel velocity of solid bed, m/s 
-, 

diniensiQn1,~ crOSschannel;"velooi ty 

dimensionless cross channel velocity at ncxie (m,n) on 
-finite difference grid 

di~nsionless downchannel velocity 
• 

dimensionless downchannel velocity at ncxie (m,n) on fiJ;iite 
,~erence grid . 

width of the screw channel (perpendicular to the flights), 
mo ~ 

" 
width of the vertical feed hopper, m 

croSs channel distance in rectangular coordinates, m 

dimensionl~ss 'cross' channel distance 

width of the solid bed 

, oolid bed profile 

distance perpendicular to x- and z- directions' in 
rectangular;, Coordinates, m 

'dimensionless y-distance 

downehannel distance in rectangular cooi'dinates, m 

dOWl)channel distance at the barrel surface, m 

dimensionless down channel distanc? 

,Greek letters . 
y = 
0 = 

0 = 

Of = 

:"1 
shear rate, s 

effectiVe angle of friction, deg 

thickness of melt" film betv.een bariel and solid bE!d, m ,. 
flight clearance, m 
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-d = 

11 = 
e = 
e "::,.' 

= 
e "= m,n 

A = 

~ - = 
p = 
-T = 
T yx,Tiz = 

$ = 

IJl = 

Subscripts 

b 

'c 

f 

m 

m,n 

o 

s 

sc 

Overscripts 

. -I-
rate of deformation tensor, s 

non-&wtonian viscosit¥, Pa-S 

heliX angle, deg 

dimensionless tallpera:ture 

dimensionless temperature at node (m,n) in finite 
difference gI'id ' 

beat' of fuSion, J/kg 

Newtonian viscoSity, Pa -s 
, '3 

density,' kg/m 

, deyia. toric stress tensor, Pa 

shear stress ,in rectangular coordinates, Pa, 

angle between the direction of the flow of the solid plug 
relative'to the barrel, deg " 

rate of melting per unit down ,channel distance, kg/Cmos) 

refers to barrel surface 

refers to canpression section 

refers to feed section 

refers to pol:ymer melt, or metering section 

refers po location on finite difference grid 

'refers to the entrance to a flow .channel 

refers to p:>l:ymer solid or screw Surface 

refers to screw surface (Tsc) 

• 

refers to a vector, or the midp:>int betv.een the, barrel _and 
screw root 
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aIAPTER 1 

INI'ROOucrION 

1.1 The Extrusidlr Process 
. ' 

, '1 . 
~e screw extruder is a key canponent of the po1ymeIC processing ., ... 

indlll?try . which; is concerned with the conversion of polymers in raw 

material f6t\ (ie. solid polymer pellets, granules or powder) - ~nto 
0/ ' 

finishe& prqjucts. Operating on the principle of anArchimed~ screw, 
. - .... . . / 

rotating in- a heated barrel, an extruder is used to convert ;the solid , , 
" • ' 2./' 

polymer granules into melt and ,pump the highly viscous melt, through a 
" /.. ... 

die at high pressure to ,give, it a shape, ''for example a roo or -tubEi. 

After'being extruded, the polymer melt is cooled in order that its shape . , 

may bereta.iD.ed. As opposed to cyclic processes such as b1cm moulding ... ' , 

or irijection moulding, screw extruders operate at steady state and 

produce itaIE that are "infinite" in one direction, for example wire and 

cable fil~ts ,'rods; pipes, films,' sheets and various 

'. 
~e word' "-extrude" is derived'; fran the Latm words "ex" and 

"trudere" meanjng, respectively, "out" and "to thrust, push". Webster's 
New Collegiate Dictionary defines "extrude", as "to force, press or Push 
out; to shape (as metal, plastic, etc. ) by forcing: through a diet. 
Perhaps a more straightforwatd way of illustrating the extrusion process 
is to think of toothpaste being squeezed fran a tube (49). 

, . p .• " .. 

, ~ical v~es in the extrusion of low-density'polyethy1ene ~: 
viscosity = 1000 Pa's, ~ie head pressure,= 10,000 kPa. ' 

.. --' 
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Extruders used today in :the polymer processing industry date back 

'contoured pr.ofiles. 

. 
to the middle 1800s in Great Britain when ram extrud~were invented 'to 

coat telegraph wires with gutta percha, a naturallY occuring 

thenooplastic for insulation purposes. This extrusion process hOwever 

was intermitte~t in nature, and was not well.suited for the production 

,of mile upon mile of cable. 
(" , (!, 

Thus arose the need f0r a contirfuous 

extrusion process, and in time the screw extrtrler was invented. Screw 

extruders were also developed in the U.S.A. and Gennany at this time. 
. I ' 

For a oore .detailed historicai aCcount of the exi:rtrler, one is referred 
. ,. 

to any of several textbooks on polymer~processing (99a, 112a, 114a). 

Kaufman (49), in particular, has presented an in-depth review of the 

hist~ of the screw extruder before 1945, ~dhas provided us with 'many 

details ofi ts earlier developnents. Since 1945 the polymer indlli?try as 

a whole has experienced phenanenal growth, and as a consequence the 

screw extruder has undergone nuneroUs improvanents and developnents ~ 

re5).llting in the sophisticated poiymer Proces$ing maphine as we !meN{ it 

.today., . 
• 

A schsna:tic cr~section of a single screw pl~ticating extruder 
, 

is shown in Fig. 1.1. A1 though sane extruders' are melt 'fed, the 

plasticating extruder is supplied with .polymer in solid form. The solid 

polymer, usually in the shape of pellets, granules 01: powder, is gravity 

fed thrOugh the feed.hopper ont~the screw, and then is compre~ed and 

driven forward by. the rotating screw. .. As the polymer ooves forward it 

is gradually melted. The heat r~uired for melting i~ supplied fran ~ 

• 



/" 

) 

", ,... .,',. \ 

• 
1-3· 

, 

HOPPER 

SOLiDS 
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MELTING ZONE 
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MELT CONVEYING ZONE 

Fig. 1.1' Schematic cross-section of a single 
screw plasiicating extruder • 
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sources: frictional heat developed through the shearing action of the 

screw and barrel on the pol~, and heat conducted fran the barret 

wall. Once lIElted, the po1:yI1\el" l.S hanogenized and pumped through the 

die. Upon exiting fran tlie die, the lIElt exhibits an increase in 

cross-sectional area provided there is no subsequent draw dO'llIl effect. 

This phenanenon is ~l~~rudate swell and is due to the viSC'>lastic 
" ~ " c~ 

behaviour of th~ polymer lIElt. Depending on the extrusion conditions; 
• ~=--

rheological properties of the polymer, and the die geometry' and 

ciimensions, the increase:l,n diameter (in the case of:a circular die) may 
. 

range from 1.5 to 4 times the die di~ter. . . 
, In the extruder screw channel the Polymer flow may be analyzed as 

three distinct operations: solids conveying, lIElting and melt conveying, 

as shO'llIl in Fig. i.1. "The relative lengths of these functional zones 

depenq onthe ~trud~pe~ting ~onditions, the l!l!lterial properties of 

the polymer and the scrJ geanetry. Each of these Zones as well as t~ 
feed hopper, die flow andextrudate swell sections will be individually 

dealt with in rmch greater detail in Chap. 2. 

1.2 Mathanatical Modelling" 

"The developnent of mathematical models fCsing1: • 
screw' 

plasticating extruders has been covered extensively in the literature. 

By far, the majority of "these studies have concentrated on lIElt flow in 

"extruders and dies, the .primary reason being that the analysis and 

modelling of lIElt flbw is far simpler than that of solids conveying or 

lIElting of the polymer. Applications for lIEl't fed extruders can be 
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found in the polymer processing industry, for example in the 

homogenization and pelletization of the polymer imnediately after 

polymerization. /.bst extruders used in the plastics industry, however, 

are plasticating extruders. , 

/.bdelling of a plasticating ext:rud.er should include the analysis 

of (l12b): .. 
• 

(i),· gravitational flow behaviour ~f particulate solids in hoppers, ,in 

particular pressure distribution, arching and bridging, 

(ii) stress and ta:riperature distribution in the solids conveying zone, 
.-

(iii) rate of II)9lting, mean width profile of the solid bed (solid bed 

profile) and 1I)9a.n ta:riperature of the II)9lt flow into the II)9lt poql 

in the II)9lting zone, 

(iv) drag induced pressurizat;i.on and laminar mixing of the II)9lt in 

both the 11)91 t conveying zone and the melt pool in the II)9lting 

zone, 

(v) power ~onsunption in the solids conveying, melting and melt 

. . conveying zones, 

(vi) pressure flow in the die, 

(vii) surging conditions, and 

(viii) extrudate swelling at the die exit. 

In more general terms, one should be able to obtain velocity, 

ta:riperature and stress profiles'in both. the solid and melt phaseS, fran 

which all the .other variables of interest could then be calculated •. . . 

. ' 
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1.3 Objectives 

The objective of this thesis is to describe the development of a 

fully-predictive canputer m::xiel of a single screw plasticatiQg extruder, . "-
and to present results of s:imul~tions and experimental runs for a'1"'1/2 

inch (38 1IIll) diameter, 24:1 LID single screw extruder. The extruder. 

m::xiel is divided into six distinct but interdependent sections (or 

~els): solids flow in the feed hopper, solids flow, melting and 

. mel"!; punping in the e:rtru:l.er screw channel, melt flow in. the die and 

swelling of the extrudate at the die exit. lOOdels for each of these 

. sections are developed and described in detail in this thesis. Given 

the material a,ncl rheological properties of ,the polymer, the screw 
~" 

geanetry and dimensions, and the extruder operating conditions (screw 

speed and barrel temperature profile), the overall model is used to ..., 
predict: 

(i) flow rate of the polymer, 

(ii) pr.essure and temperature profiles along the extruder flow , . 

channel and in the die, and 

(iii) extruiate swell at the die exit. 

1.4 Outline of Thesis 

Chapter 2: Background infonnation is presented for the screw geanetry 

and for each of the six submodels in the overall extruder 

model. Included are dE;lscriptions of the mechanisns for 
/ 

solids flow in the feed hopper and screw channel, melting 

in the screw channel, melt flow in the screw channel and in 
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the die and swelJJ.ng of the extnriate at the die exit. In 

the case of melt flow, the equations of conservation' of 
. . 

mass, manentun and energy are introduced and simplified 

using the assinptions which are given in the chapter. 

Constitutive equations and the method of solution are also 

discussed • 

Chapter 3: A model developed by Wa:lkerfor solids flOlV in vertical and 

converging hoppers is described. Results fran this model 

are presented for a typical feed hopper containing sOlid 

polymer granules. 

Chapter 4: This chapter concerns the flOlV of solids in the extruder 

screw channel. . A literature survey of solids conveying 

models is presented. A variation of the model ?eveloped by 

Darnell and Mol for the prediction of the pressure profile 

in the solids conveying zone is described •. ' Typical 

predictiOns of pressure profiles fran the model are alSo 

given. 

Chapter 5: A literature survey of melting models is preSented. The 

TadIoor Newtonian melting model is described in. detail 

followed by a description of a modified version whi£h'was 

developed for the present overall extruder model. A new 

method of solution is also described. Typical solid bed 
, .. 

profile results are presented for both the TadIoor'Newtonian 

melting model and the present nxxiified version. 
o 

\ 
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l 
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The deve10pnent of melt flOlV models for extruder screw 

channels is discussed. A literature survey is presented 

which covers the simplest Newtonian is?thermaJ. flOlV models 
• 

to the very canplex non-Newtonian nonisOthermaJ. developin:g 

flOlV models. Starting with a Newtonian isothermaJ. model, a 
step-by-step development of the present non-Newtonian 

nOnisothermal developing fl6;v model is described. Typical 

results of down channel pressure, and bulk tanperature 

profiles are 'given at the various s1<ages of model 

developnent. 

The non~ewtonian nonisothermaJ. developing flOlV model for 

the extruder screw channel is extended to melt flOlV the die 

section. Included in the model are melt UOIV in the 

breaker plate, adapter--,and cylindrical rod die. Typical 

down channel pressure and bulk tanperature profiles 'for .. 
this section are also presented. 

Chapter 8: A correlation for predicting extrudate swell at the 

extruder die exit ,is developed in this chapter based on 

Tanner's elastic recovery theory and measqrements of 
il 

extrudate swell performed on an Instron capillary 

rheaneter. 

Chapter 9: The overall: extruder model is described including-a StmDary 

of the. six individual subnodels. This chapter =izes 

.the lOOSt important contribution of .this thesis, that is, a 
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fully-predictive canputer IOOde1which includes all the 
= r, 

extrusion steps fran solids flow in the feed hopper to 
. 

swell~ of the extrudate at the die exit. 

Chapter 10: Brief discriptions of the 1 1/2 inch (38 JIIII) diameter screw 

extruder including the adapter and die, and of the Instron 

capillary rheaneter are presented. Experimental procedures 

for the experimental runs on the' extruder and for the 

measuranents of melt viscosity and extrudate swell using 

the Instron capillary rheanet¢r are outlined. 

Chapter 11:· The material and rheological properties of the polymers and 

the extruder operating conditions which are utilized in the 

present extruder IOOdel are presen;ted: 

Cliapter 12: A canparison of the simulation and experimental results as 

well as a general critique of the overall extruder IOOdel 

are included in this chapter.. First the extruder ~el 

predictions and experimental results for the polymers 

studied are presented and compared. Results of a 

s,ensitivity study performed 'on each of the polymer 

properties utilized. in the extruder model are' also 
\ . 

diScussed. Finally a critical discussion of the overall 

IOOdel is presented. Each of the individual suhoodels is 

examined for possible improvanents. 

\ • a 

Cliapter 13: The results of this thesis are sumnarized and conclusions 

and reccmnendations are pr:esented. 

. ~. 



aIAPrER 2 

BACXGROUND INFORMATION 

2.1 Extruder Screw Geanetry 
- ;::::;> . 

IYbst extruders in the plastics industry have a single screw 

rotating in a heated, tightly fitted barrel •. A popular and. ccmoon screw 
• I 

design is the "general-purpose" or metering'screw, as shcmn in Fig. 2.1. 

It consists of three geanetrical sections: a deep feed section, a 

tapered canpressi?n section, and a relatively shaHen/' metering section., 

Since the effective density of the solids feed is len/'er than that of the 

melt, the feed section should be deeper than the metering section in 

order that the polymer can be conveyed at the same. rate .in the entire 

extruder. A typical ccmpression ratio, that is the ratio of the feed 

section channel depth . to,. the metering section channel depth, for a' 

polyethylene metering screw is 3: 1. 

To define the screli geanetry, an enlarged and exaggerated section 

of the flcrew is shown in Fig. 2.2. 1\ 'is the inside diameter of the 

barrel, H the ,channel depth (the distance between the rpot. of the screw 

and the inner suface of the. barrel), Of the radial clearance between the' 

crest of, the screw flights and the inner barrel 'surface, L ·the screw 

pitch or lead (the axi8.l distance of one full turn), W(r) and e the 

channel and flight widths respectively normal to' the flights, and- 6(r) 

the helix an~le (the angle formed between the' flight and the plane 

normal'to the screw axis. The screw rotates at N revolu-tions per unit 

2-10 
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Fig. 2.1 Schena.tic illustration of a lD3tering ;:;crew. 
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Fig. 2;2 Geanetry of extruder screw showing 
characteristic dimensions. 
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tim:. 

An important point to note here is that W, 6 and z, the dcmn 

channel distance, are not the sam3 at different radial,positions. To 

illustrate~ consider the two sets of traces shcmn in Fig. 2.3. 'One 

! set may ~ Obtainr by painting the flight crests of a screy{ with ink 

and rotating one ~l turn on a sheet of paper; the other set may be 

obtained b, y the s pl:ocedtu"e, but wi th the flights filed c1bwn to the 
, '\ 

scre'!l root surface (1 b)\--~ThuS, it is important tliat each time W, 6 or 
;1',', 

cited, the radial positiOn in the' screy{ channel should also be 

stated. For example, \' 6s and ,6 denote, respectively, the helix angle 

at the inside barrel sUrface, screw surface" and midpoint, between the 

barrel and screw surfaces. 
, ' 

The helix angle can be expressed as: 

.. , 

tan 6(r) = 2L , nr 
(2.1) , 

The width of the channel perpendicular to the flights is: 

W(r) = L 'c~ 6(r) - e (2.2) 

Finally, the down channel (or helical 'distance) at a given radius is 
ill 

given by: 

:... R. 
z(r) - sin e(r) (2.3) 

'I" 

'where R. is the corresponding axial 'distance. In the remainder of this 

thesis, z will'imply Z, the average down ~e(distance as trac€!d out 

on the cylindrical plane half way between the barrel' and screw surfaces. 
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r L 

l Fig. 2.3 
, 

Traces imprinted by the tips of the screw 
flight placed on a plane surface and rotated., 
one full turn. Solid lines - screw wi til 
flights; 'dotted lines"':: screw with' flights 
filed dOYlIl to screw root (1l4b). 
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For the analysis of melt flow in the screw channel, the following 

geanetric assumptions are made': 

, (i) the sides of the screw flights are radial to the screw axis, and 
" . "'··v 

(ii) the depth H of the screW:c~el is constant ~ its width • 

. 
It is cOnvenient to choose a coordinate system that .is ,relative to the 

<4 

screw.' Also, 'one may treat .the barrel as rotating about a stationary. 

screw, a valid pr~edurel since: 

(iii) body ,forces (such as gravity) and centrifugal inertia forces in 
I 

polymer Irelt flow are negligible in caDparison ,with viscOus and 

" pressure forces~ 

The lOOSt natural coordinate system to chooSe is the helical one. 
o. 

However, -it is very dif;ficul t to obtain solutions for Irel t flow using 

t~s system' (see Sec. 2~4) .,A s~ sin1p)~fying asstmp1:ton is; 

.' 

(iv) consider the, helical screW channel as "unwound" and_ I,'eCtj,linear, 

thus allowing the use of Cartesian coordinates. 

, 
This' is a valid assumption because in most single screw e~ruders the 

screw channel is I'ela ti vely, shallow in the Irelt flow regions, typically 

~e two flow situations, stationary barrel/rotating screw and 
rotating barrel/stationary screw. have identical tangential velocity 
profiles but .. different radial pressure distributions. The radial 
pressure distribution. originates from the centrifugal forces present in 
the flow channel which are different in the two cases; However, these 
forces are negligible due to the slow flow of the tilghly viscous polymer 
melt,and consequently the assunption of rotating barrel/stationary 
Screw is val~d (1l4c). . 

; 
, 

. .; 

; ~ 
. -,' 

" . ," ~ 
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H/~ = 0.05. An enlarged view of the channel cross-section for a screw 

with H/~ .-= 0.05 is shown in Fig". 2.4.· The "unwo~d" recita.ngul.aX 

.. channel is illustrated in Fig. 2.5 •. As stated earlier in this section, 

the 'p1ane of unwinding should be the; one legated haif way, between the 
, . 

screW and barrel surfaces. 

·2.2 Solids Flow in the Hopper and 'Extruder ScreW Channel, 

.The analysis of solids flow in the. f~ hopper aIld extruder screw 

channel is based on the dynamics o£ ,particulate soli~ systaIE. sOlid 

) polymer pellets are ,fed into the screw channel through the hopper. floW" 

i~ the hopper is' usually by gravity, " although force feectrng is r~uired 
.. /" 

in certaincircunStances. The iatter will not be coD'sidered in this 
• 

discussion. S¥ aSsunin~ stress'equilibrium in the solids, the pressure 

· distribution in ·thehopper rIJJt':J be calculated~ The' relevant equatiOns 

for. ~he pressw.ie distribut}ot are pre~ented in" Olap.· 4. Once. the 

: po~ pelleU; are.in the extruder screw ~el, they are compaCt~ to 

fom a ~iid bed. or plug which is then conveyed' downstream' by ;.'; drag . , 

"" induced mechanisn,' "that is, flow Que to :the frictional drag of the 

barrel and screw surfaces on the ·~lymer pellets • 

. The solids conveying', .mechanisn may' be explained most easily, 
.. ' 

. following Tadmor and Klein (1+4d) , by considering the frictional forces 
Cr _. ""~" . ~'-

. between the solid polymer plug and the barrel and screw ~aces, and ,by 

assuningthat the screw i:; statioimry aid the .barrel rotates •. In this 
· '9 . -''''~ 

case the frictional force between the barrel surface and the solid plUg 

will cause forward motion, while the frictional force between the sCrew · - ~. 

.. 

i 

! , 
I 
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" . J '. 

~~. 
. " .. , SECTION A-A ' . 

.
Fig. 2.4 Magilified cr~s'ection of scr~ channel where 

Fig~ 2.5 

HfI\, = 0.05, H is the channel,dep.th andl1, the . 

inside diameter of the barrel. 

Root of the screw 

.~'Unwrapped" rectangular screw channel.. Vb is 

the tangential baITel ~velocity, Vbx and Vbz 

the x and z barrel velocity'components. i , 
"li 
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surface and the plug will retard its IOOtion. Consider the movement of a 

solid plug in a rectangular channel as shown ,in Fig. 2.6. TOe upper 

plate, representing the barrel, moves at a constant velocity Vb and at 

an angle e to the down channel direction. If the solid plug has a 
, r-. , 

constant velocity U in the dO\Vll channel direc~ion,then the force of the 

l 
IOOving plate on the' plug in the direction e + <j> will be: 

, ~ 

(2.4) 

A and fb are, I'j!SpeCtively, ,the area of contact and the "dynamic,' 

coefficient of friction between the plug and the upper IOOving "plate, P 
~ . ' 

is the preSsure' in the solid plug, and <j> is the angle between the 

relative IOOvements of the plug and the upper IOOving plate as shown in 
. . .. ' . . .. 

Fig. 2.7. 'The angle <j> is a ,function of the plug veldcity U.~,:c.·The 
. ' ". ' 

canponent of the force, F b in tlle down channel di~tioD.z i,:-,;:'.'.: ' ,) , , 
< '- " • ',,, ' ' 
,~, , 

Fbz = A 'fb P cqs(e +<j» r . ~; (2.5) 

,~ . 
The retarding force of' the loWer sta ti~nitry surface Which represents the 

.'? ,,:' 

screw (neglecting the sides) is 'given by: 
f ~. • , 

.. 
, ~ . (2.6) 

Where fs is too dynamic coefficfent .of#i~l't,~<?n betWeen the solid plug 

and the statiOnary surface: 

, Fbz and F 5 are equal, thus: 

(2.7) 
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Fig. 2.6 Idealized lIXldel of the solids conveying mechanism. 
Upper plate (not shown, but representing barrel) 
moves with.velocity,Vb in direction Solid plug 
slicl,es along the stationary rectangular screw 
channel (also not shown) with velocity U. 

Velocity of barrel 
with respect 
solid plug . . \." .. 

~. 

.z.'F,' 
P 

' .. 
. " 

Velocity of soli:d plug 
in down channel direction 

Vb' Barrel velocity 

Fig. 2.7 Velocity vector diagram showing the velocity of the 0 

barrel with respect to the moving plug,' and 
direction of the force F • , p 

I 
~ 

I 

\ 
\ 
:\ 
',~ 
;i , 
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The" objective of this discussion is not to calculate the plug velocity U 

or the angle 4>, but to show their interdependence and the importance of 

the dynamic coefficients of friction, fb and f s • The equations for the 

flow of a solid plug in a helical channel are presented in Olap. 5 along 

wi th lOClre detailed expressions for the plug veloci,ty U, angle 4> and 

pre'ss\u"e P in. the solid plug. 

2.3 The Mel tin9 Mechanisn in Extruders 

, In Plasti~ting extrud~ SQlid polymer pellets or powder are 

supplied through the feed hopper and the polymer melt is pumped fro:mthe 

screw channel into the die. Between the hopper and the die the solid 

polymer is melted. The. melting zOne is ttiat portion of thl3 screw 

channel in which the, solid polymer and melt coexist. 

Unlike the analyses of, solids conveying and melt flow in 
. 

extruders which can be developed fran basic principles with little or no 

reference to observed behaviour, the mechanisn of melting cannot easily 
, " 

be visualized or lOCldelled without some experimentation based on visual 

analysis. . A qualitative understanding of the melting -process was 

obtained only after Madd~ (63) and Street (105) reported results of, 

their visual ,analyses of 'the melting of polyethylene. in screw extruders • 

. Their experiments were performed by, first. achieving steady stater' 

operating conditions, then abruptly stopping the extruder, chilling both 

the barrel and screw' to solidify the polymer , extracting the screw f~ 

the barrel, unwinding the polymer fran the ~rew, and finally slic,ing' 

'the helical strip into flat sections perpendicular to the flights. 

"~-" '."' 

I 

! 
i~ I 

i 

\ 

I, , 
, 

\ 
; 

. 
',' 

" 

.c 
\ 
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, " 

Coloured p;:llymer was added as a tracer to the feed to help distinguish 

between the solid and =lten regions of the cross sections. !.bre 

recently TadIIOr et al. (Ill) rep;:lrted'results of cooling experiments in 

conjunction with a quantitative analysis of the melting process. 

Photographs of the cross sections included low- and high-density 

p;:llyetbylene,p;:llypropylene, rigid PVC (p;:llyvinyl chloride) and ABS 

(acryloni trile-butadiene-styrene cOp;:llymer) " 

As stated above, solid and melt phases coeXist in the melting' 

zone. The cooling experiments showed that the bIJ phB.ses are clearly 

set apart fran each other, with the solids segregated as a solid bed at 

the front flight and the melt phase accumulating in a melt pool at the 

~ flight. An idealized croSs-section of the melting" zone is 

presented in Fig. 2.8. In addition to the solid bed and melt pool there 

exists a thin film of melt between the"barrel surface and ,the solid bed. 

Due to the intense shear in this melt film and, the proximitY of the 

heated barrel, oruch of the melting occurs in' th?-s region, or =re 

precisely, at the interface between the solid bed and the melt film. 

The energy requ:l,fed for me: ting originates primari;Ly fran two sciurces: 

heat conducted fran the heated barrel surf,ace through the thin melt 

film, and, viscous dissipation due to shearing of the melt in the film. 
, . 

The =tion of the barrel relative to the sOlid bed drags the melt in the 

film into the melt 'IJOOJ.:. The width of the melt pool gradually increases 

in the dORll channel direction, andJ;Pa, t of the solid bed decreases until 
, \ 

the end of melting at which p;:lint the screw channel is canpletely filled" 

with =lten p;:llym'k. The width of the solid bed as a ,function of dORll 
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FLOW DIRECTION) 

. REAR. FLIGHT FRONT FLIGHT 

SECTION A-:A 

Fig. 2.8 Idealized cross-section of· screw channel in the 

melting zone. Vbx is the cross channel component of. 

the barrelveloci ty, and V sy is the velocity of the 

solid bed lOOving into the solid-melt interface. 

• 

.< 

. , 
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; 
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channel direction is called the solid bed profile. In Clap. 5 a melting 

JOOdel is developed for the melting zone. Equations are presented for 

the calculation of the solid bed profile and the rate of melting. 

2.4 Melt FIOlV in the Extruder Screw Channel and Die 

. I&ll t flOlV in the extrusion' process occurs in the extruder screw . ~:. 
channel and the, die. In the screw channel the melt flow section 

(usually referred to as the mel:t conveying zone) may be considered as 

existing in two r~ons. One is downstream of the melting zone and 

occupies the entire width of the screw channel. ' • This is the region 

which conventionally has been regarded as the melt conveying zone. The' 

other region occurs in the melt pool ~ich extends side by side with the 

solid bed in the melting zone. Here the width of the melt flow region 

changes in the down channel direction as the solid polymer is melted. 

Only recently has this region been also considered as a part of the ,mel t 
., " • I, 

. 
The analysis and JOOdelling of melt flOlV in the extrusion process 

is usually based on the principle of ,continulJll mechanics which ingores 

the lOC>lecular. nature of the materials concerned. Thus, the problan of 

melt flow. in extruder screw channels and dies can be fully described in 

tenns of the equatiOns of cOnservation of mass, manentlJll and energy~ To 
, 

obtain solutions, we need boundary conditions at the channel walls anll 

constitutive relations which describe the stress and temperature 

behaviour of the melts. Solutions of the conservation equations' iIi 

• general fom are very canplicated even for Newtonian, constant property 
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fluids. The introduction of constitutive equa1;ions describing polymer 

melt behaviour renders the systan of equations extranely difficult even 

for very simple flow geanetries, not" to mention flow in a helical 

systan. The conservation equations and flow geanetry l!IlSt be simplified 

substantially to even make solution by nunerical methods feasible. A 

simplified flow geanetry for the extruder 'screw was already presented in 

Sec. 2.1, notably an "unwound" rectangular flow channel. 

In this section, the conServation equations, the constitutive 

relation and the method of solution for melt flow in extruder screw 

channels and dies are presented and discussed. The principle 

assunptions involved are nunbered consecutively as they OCcur in the 

analysis. The concepts presented here .are utilized , respectively, in 

Chaps. 5, '6 and 7 in . the developnent of models for the melting, melt 

conveying and die sections of the extruder. The relevant boundary 

conditions for the individual models will also be covered in these 

chapters. 

2.4.1 Conservation Equations 

In general tensorial form, the conservation equatiOns are (7): 

Mass: (2.8) 

M::Ioontun: 
DV = 

Pm Dt = -VP + V" + PrJ!> (2.9) 

Energy: or :.. = -
p Cp - = - v·q + .: vv m m Dt 

(2.10) 

" ,{ 
) 

, 
·-.1 

1 . 

:.; 
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Assuning that (30): 

(a) the ,melt is incanpressible (constant density), the continuity 

equation for conservation of mass (2.8) reduce to: 

v.v = 0 (2.11) 

The. equation of conservation of nx:mentun involves a balance 
, ' 

between inertia, viscous, pressure and body forces. Because polymer 
.. . 1 

melt flows are very slow flows with extremely snal1 Reynolds nunber , it 

may be assuned that: 

(b) inertia effects are negligible in canparison with. viscous and . 

pressure forces. 

Also assuning that: 

(c) body forces (such as gravity) 'are negligible in canparison with 

viscous and pressure forces, and 

(d) the flow is steady (~t = 0), 

~YnOlds nunber. for polymer melt flow may be expressed as Res: = 

PmVbH/ lJ., where .Pm is the melt density, Vb the tangential barrel 

velocity, H the screw channel depth, and lJ. the apparent melt viscosity 

(at· shear rate Y = Vb/H). For the flpw of low-density. polyethylene melt 
. -4 

in a
3

l.1/2 inch (38 ~) screw extruder, Res: = 1.87 x 10 when Pm = 779 

kg/m , Vb = 0.12 mls (screw speed = 60 rpn), H = 0.002 m, . and lJ. = 1000 
• -1 Fa.s (y = 60 s ) • 

, ,. 
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the equation of conserva'tion of nx:mentun (2.9) reduces to: 

- V.p + v.~ = 0 (2.12) 

Turning-to the equation of conservation of energy (2.10), the following 

8.SSIlIIptions are usually made:' 

(e) thermal conductivity ~ is constant, and 

(f) the specific heat at constant pressure CI>m is constant. 

The resulting energy equation is: 

(2.13) 

Further simplifications 'to the conservation equations are usually 

introduced with the aid of the lubrication approximation (89a) which is 

applicable for flows, in screw channels and ,d,ies. This involves the 

local replacement of the actual flow in-the parallel or nearly parallel 

gap betweeJi soooth surfaces by uniform' flow between; plime parallel 

surfaces. Since the depth of the extrtrler channel is either constant ,or 

varies slowly in the downstream direction ,-, it is reasonable to apply the 
, ' 

lubrication approximatiqn in the z direction to' velocities and assune 

that (30): 

(g) velocities are f~ly developed in the downstream direction, and 

(h) normal forces are negligible ('Z8a,122). 

The fully developed velocity profiles maY' be written as: 
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(2.14) -

It is much less reasonable to assune a fully developed tanperature 

profile in the dO\VIlst:r;eam direction as 'verified in Cllap. 6 where it is 

shown t~at the temperature profile changes significantly in the 

downStream direction of' the extruder screw channel. The lIXlllentun 

equation (2.12) and energy equation (2.13) may be expressed as: 

M::mentun: (2.15) 

'(2.16) 

(2.17) • 
a.v av' 

I .. ' 

Energy: 

. :" 
p Cpv.vr = k 'l2.r + 1: (a x +~a ) m m In yx Y x . -. ">- -. ---• 

(2.18) 
0.: 

The next stage of simplification is to apply the lubrication 

approx:inia.tion to velocities in the x direction. In Sec. 2.1 "ft was , 
. . . - ~~~ 

assuned that the chafmel depth is constant in this direction except at 

the flight. ,Therefore, for-the ~ubtication appro~tion to be valid it' 

lIIUSt be assuned thil. t : 

(i) the influence of the flight is negligible; and that the fla.v may be 

treated as though ,the channel were infinitely wide. 

Typically the aspect ratio in the metering section of a screw extruder 
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is HjW = 0.05. The fully developed velocity profiles may be written "as: 

" v = v (y) v = 0 v = v (y) "x x'y 'z z 

The nx:mentun equatiC>llS(2.l5 to 2.18) reduce to: 

-.2E=0 
. "ay. 

(2.19) 

(2.20) 

(2.21) 

(2.22) 

As in the case of the -downstream direction, it is less reasonable to 

assuIe a fully developed"· temperature profile in the cross channel 

direction. If we asSllDe that: 

(j) heat transfer by conduction in the direction of flC1ll (x .or z) is 

negligible as canparedto both convection in the direction of flow 

(x or z) and conduction" perpendicular to the direction of flOw (y): 

the energy equation reduces to the following: 
'. 

Cp ( V aT + v aT) = kI a2.r + 
Pm m· x ax . z az m 2 

, , ay 
(2.23) 

AsSllDing that:, 

'(k) thermal convection in the x direction is neglected, or preferably, 

accounted for by an appropriate choice of wall tanperature boundary 
." .. 

" 
conditions (as discussed :in....alap. 6), . 

" 
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the energy equation (2.23) IIl!I.y be written' as: 

(2.24) 

Assunptions (j) and (k) are necessary simplificationS in order that the 

mcmentum and energy equations can be reduced to rElpresenting 
, 

two-directio~ 'flow: (vx,vz) in bu dimensions (y,z). A Uo-dimensional . 
systan is needed to keep the cClllPUtation time .requirements . of the 

nuneriCaJ, solution within reasonable limitS. This is dealt with in more' 

detail in Sec. 2.4.3 where the method of numerical solution is 
, 

discussed. " .,. 
To S\DIII8.rize, the rocmentun and energy') equations in .. simplified 

fOlm' aXe given by: 

Mcmentun: 

Energy: 

a . a,V?: 
-1E.+"""""':='=O 

azay 

, 

(2.25) 

(2.26) 

, (2.27) 

For melt flow in dies, the cross channel canponents in Eqs. 2.2~to 2.27 

. are neglected since only downstream flow is'relevant in this case. 

2.4.2 Constitutive Equation 

In order to solve th~ rocmen~ and energy equations (2.25 to 

2.27), a constitutive expression is required for the shear stress 
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constitutive equation~ deScribes' the 

stress and the rate :~ def~t:i,OO of , , . 
a fluid. Included in the constitutive relationship 'are the effects of. 

pre5S!llre and te:nperature. 'The rheological behaviour of pol~ ~+ts is 

;rery canplex. " No usable constitutive equation 'has yet been developed 
," .I-~'.,;- :- •. I ~ 

that descri~,guantitatiVelY all the flow pnenpmena involving polymer 

melts (l12c)J'"i'here are, 'however, ,const1.tutive eqll!l.tions that \"Pl'edi6t 
. .1 . . " 

"I , 
'\ only certaiIi aspects of polymer flow behaviour. The choice of" 

\ ' (' ,.' , 

-~-. 

\ coo,stitutiveiequation dePends 'on the problen at hand, and'in thls study, 
\ \ . .' • ,~'.j ... ' .. 

~table for melt fiow'in' extruder F~"~bann~l~ and dies. ' 

• 

, Polymer rrelts are often referred to as ':viscoelastic fluids. ,Such 

a fi~d behaves ~tli as an el~tic solid and partly as a viScous 

liqUid. The visoelasticity of fluids is often charaCterized ,by the 
~ 

dirreosionless Deborah nunber (22, 76): 

De = ~ 
t 

L 
(2.28) 

where ). is the relaxation titre or elastic lIlSIX)ry, effect of the fluid, 

, and t is the resi~ence titre of the fluid in the process. A: viscOelastic 

, fluid . ~ves l~ a ~ , vi~us _ liquid 'when the Deborah nunber is 
. ..' .. ' . 

'snall and like an elastic 5()lid when the Detlorah mElber is large. The 

De~rah , nunbEll

usually ~li, 
for' flOW>iOf polymer melts' in extruders· and dies is 

,. .~- , 
sb itma~ assune'd that: 

~e~laxation time for commercially trnpor~t'molten polymers 
at processing tanperatures ranges fran less than 10- s for polyesters 
to 1 to 10 s for polyethylenes. The residence time of the' melt in the 
extruder flow channel is in the order of minutes, and several, seconds, 
for dies. Thus the Deborah nunber will usua,uy be quite snall (22)., . . . .. . 

. , 

• 

o 
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. 
(R,) polYmer melts may be 'treated as inelastic viscous fluids. 

'/ ' 

A constitutive 'equation for an, inelastic fluids relates the 

- = stress tensor T to the rate of defonnation tensor ll. which is defined . 
as: 

av avx ,avy avx avz 
> 2.-1! --+ --+--ax, ay ax az .ax • 

~ 
; 

av aV' av avy avz a= :....z +.-1! 2 :....z +-- (2.29) 
ax ay ay az ay 

avz . avx avz avy• ' avz --+-- --+ 2-
ax az ay az az, 

~ 

,~ '. 

:For polymer melt fl?N in extrUder. screw channels and dies, the power-law 
, ' 

, temperature dependent consti tuti ve equation has beeI\ used extensively in 

the lite~~e. One way of ~re£ing such an equation is (30): ' 

(2.30) ," 

where the shear viscosity 11 is given by: 

.(2.31) 

A and B are Empirical cons~ts, n is the power-law index, and To is 

sane convenient :r:eference :tanperature. I2 is the second invariant of 

the rate 'of defonnation tensor to, and is given by: , 

\ .. 
, . 

" [-

I 
i 

, 
. j 

j 
J 

-J 
.1 
< 
<.! 

! 
I , 
'j 

i .;,. 
.! 
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av 2 av 2 av 2 av. av 2 
=4[(ax

X
) + (al) + (az

Z
) ] + 2[(~/ + if) 

av av 2 av y avz 2 
+ (a: + axZ) + (az + ay ). ] (2.32) 

1 
Using· the expressions for velocity in Eq. 2.19 and the lubrication 

.approximation assumptions (g). and (i). Fqs. 2.30 to 2.32 r~uce to the 

follaring: 

(2.33) 

., 

(2.34) 

-B(T-To) .n-1 
.11=Ae.· y (2.35) 

.--:....---'--

where 
avx 2 av 2 

y = (ay) + (a/) . 

A typical logaritlInic ·plot of viscosity versus shear rate f.or 

low-density polyethylene is'shown in Fig. 2.9. The ·~r-law equation 

(2.35) is rePreseniea. by a straight line on this plot. A sho~tcaning of 

.' the power-law model is that at zero shear rate it predicts an infinite 

. ~ YiSCOSitY! 'wher;~ it i be 'Seen in Fig. 2.9 that polymer melts, ~end ~ 
NeWtOnian behaviour· at low shear rates as ·indicated by the decrease in 

slope of the viscosity curve. For flow situations where ·the shear rate , . 
- . 

reaches very +ow values or even a· value ·of zero . (as in the case 0:1; 
~",.-~ \..~:.. . 

..' 
pressure flow ,at. the centre of a tube). a. certain error will. be 
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Fig. 2.9 Typical viscosity curve for low-density polyethylene ,as 
canpared with the power-law rnOOel. 
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introduced in the flow rate calculations if tbe poWer-law equation is 

-
used. It can also be seen in Fig. 2.9 that the slope of the melt 

viscosity curve is not exactly constant even in the power-law region. 

. The power-law index decreases with increasing shear rate; Thus, the 

power-law equation holds exactly only for limited ranges of shear rate 

- for-a given value of the power-law index n. A more general and accurate 

representation of the melt viscosity is given by the' ,following shear 

rate and temperature dependent viscosity equation (114e): 
• Q ., " 

log n = au +, ~ log Y + ~ (log y)2 + ~T + a4 r + so'r log y (2.36) 

The enpirical parameters'-l10 to as are Obtain~ by fitting Eq. '2~ 
viscometric data ,covering a SUitable range .of shear rate and 

teIJpE!rature using~}inear regression. 

Finally, the sllear-nscosi ty of polymer melts is influenced 
'-~ 

sarewha.t by pressure. ~ Pressure dependence of the viscosity may be 

given by (28a): 

, (2.37) 

where no is the viscosity at reference pressure Po' and a is the 

pressure coefficient of viscosity. The experimental detennination of a 

is difficult, and as' a result is rarely -attenpted. Sanjonow (101) 

obtainect vallle$ of a in the range': 3.2- 6.1, x 10-6, kPa-1 , for 

polyethylenes using a rotational viscometer. For· usual processing 

conditions (lip " 10,000 kPa), the change in viscosity will be of the 

order 3 to 6 per cent. Since other simplifications in ,the overall 

• 

.. 
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extruder lOOdel have a 'greater effect on the lOOdel predictions, it is 

a.ssuned that ,the viscoSity is independent of pressure. 

2.4.3 Method of Solution 

Given a suitable constitutive equation and appropriate boundary -. 
conditions for velocity, pressure and temperature, the-s~plified 

~nservation equationS qan be solved nunerically. An iterative implicit 
<," 

finite difference IOOthod (33a) has been used in this study to obtain 

velocity and ,temperature profiles and.a'Pressure.distribution for 1OO1t 

flow in the extruder screw channel and die. A brief description of ~he 
", 

IOOthodwi{~ ,be giyen here. i.bre detailed descriptions, including the 

finite difference approxims:t;i<?ns and equations, ' are located in Chaps. 5, 

6 and 7. 
;,\ .' 

A finite difference grid is superimposed on the flow field as 

illustrated in Fig. 2.10. Values of velocity, pressure and tanperature.., 

are calculated at the nodal points of the grid/by replacing· the' 

derivatives in the conserva,tion equatiOns with the appropriate finite 

'difference apprOximations, and then solving the _ resulting difference 

equations at each node. 'Ibis can be tlone explicitly or implicitly. In 

the explicit IOOthod, the difference equations are solved one node at 'a 

tilOO for all the nodes in the grid. In th~ implicit inethod, the 

equations for an entire column of nodes are solved simultaneously; and 

progress through the grid is made by "marching" downstream colunn by 

colunn. " .. 

I 
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FILLED NODES DENOTE 
KNOWN VALUES 
(BOUNDARY CONDITIONS) 

BLANK NODES DENOTE 
UNKNOWN VALUES 
(TO BE SOLVED FOR) 

Fig. 2.10 Finite difference grid. 
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Examj oj og the conservation equations (Fqs. 2.25 to 2.27) and 

constitutive equations (Fqs. 2.33, 2.34 and 2.36), we see that the x

and' z": nx:mentun equations each contain a viscosity tenn which is a 

function of temperature and shear .rate, and' that the energy equation 
"'-

contains a yiscosi ty, velocity and velocity grarlients in the x and z 

directions. As a consequence, these equations are coupled by velocity 

and temperature; and cannot be solved ,ind,ependently. It is, hcmever, 

possi~le to iterate to a solution by repeatedly solving the equat'ions in 

the order: (i) x- manentun equation, (ii) z- manentun equation and (iii) . " 

energy equation until the solution converges. For example, 'at a given 

column in the grid, the' initial estiJriates of' the velocity and 

temperature profiles along the colunnare obtained fran the final 
~ 

pr~files calculated in the preceding colunn. New vx ' Vz and T profiles 

are calculated .and canpared wi th theestillla ted profiles. ,If the changes 

are greater than a specified tolerance, all ,three profiles are , ,/. . 
. recalculated. This process is repeated until the desired error 

, 

tolerance is achieved. The lOClst recently calculated profiles are always 

used as profile estimates in subsequent iterations, for exampie, to 

calculate viscosities, velocity gradients, etc. -When the qesired error' 

, tolerance has been attained, the profiles; in the nextcolunn downstream 

arj3 calculated. Thus the velocity and temperature profiles and the 

pressure distribution are <;Llcula~ed for the entire flcrw field. 

,In Sec. 2.4.1; it was stated that the simplified. conservation 
~ 

equations should represent flcrw in two dimensions rather than, three 

dtmensions so that the computation ttme requirements'for the numerical 
"""\ 

tJ 

I 
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l. 
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solution could be kept wi thin reasonable limits. For the two-

dimensional problan representing melt flow in an extruder screw channel, 
, . 

approximately 50,000 nodal points are utilize4 in a typical finite 

difference solution (100 in the y direction, 500 in \ the z direction). 

Due to the iterative nature of the method, this represents a substantial 

am:mnt of canputation on a digital canputerl • If the conservation 

equations wer:e to be solved 'in three dimensions (that is, if assunption 

(i) was eliminated), then an additional equation, the y~omentum 

equation, would liave to be solved. The nlIllbe.r of nodal points in the 

finite' difference solution would increase by about 100 fold and the 

resUlting canputation time requiranents would becane prohibitive. For 
.. . l 

this reason, the melt ,flow problan is solved in only two dimensions. 
I . . . 

. , 

2.4.4 Convergence, Stability and Step Size 
. ; 

Problems with convergence 'and stability arise from the 
I'· 

, substitution of finite difference approximations in the differential 
• I 

'equations. By convergence, it is 'meant that the results of the finite 

difference method approach. "true" or analytical (if they were to exist) 

values as the step sizes be<:!ane infDu tely small. By stability, it is 

meant that errors made at oile stage of the calculations cit> not grow as 
. ., I' 

the canputations. are con1;inued, but iD,stead damp out. These errors are .. .',' 

,due to round-off, the choice of a finite step size, and the use of a •. . 

. finite tolerance in the iteration proCedure (33b) •. 

1 . . .. . 
A typical 'PrOgram for the melt flow region in the extruder screw 

channel requires about 400 secondS on the CYBER 170/730 canputer at 
McMaster Uni versi ty • 

., 

. , 
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Convergence to the correct Solution of the finite difference 

results can only be rigorously tested by canparison with an analytical 
/ 

solution. In simpler cases, stability criteria have been developed, 

such as fqr the solution of sibgle linear partial differential ~uations 

(33b) • However, in our case less rigorous techniques, for testing 

convergence and stability have to be used since no analytical solutioils 

have been developed, and the equatiOns to be solved are too canplex for 
, .$ 

stability criteria to be applicable. 

A good indication of the convergence and stability of the finite 

difference results is the negligible 'change in results obtained when the , 
step sizes in the finite di!:nce grid are decreased. In selecting 

step sizes" it should be r red "that by using smaller step sizes, 

the cost of canputing inceases. This increase, can be significant when 

an iterative tYPe of solution is used. There is,also an upper limit of 

accuracy " attainable by' decreasing the step size. This occurs when 

canputer round-off errors beccm9 larger than the 'terrors due to finite 

step sizes. Such accuracy i\ usuall,Y not necessary in engineering 

design. ' ~ 

The above general guidelines were follCNled in selecting the 

appropriate step sizes for the finite difference'programs'in the present 

extruder model. The programs were tested by using various step sizes 
Y, , 

and step size ratios across and along the flow channel. In the present 

model; the ,results obtained are independent of step'sizewithin at least 

3 si~ficantdigits • 

, , 

• 
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. 2.5 Extrudate Swell 

Polymer melts, primarily due to their viscoelastic behaviour , 

exhibit aD. increase in cross-sectional area whenever they emerge fran a 

die, provided there is -no subSequent drav.tiown. This phenanenon is 

usually called extrudate swell. Depending on the extrusion conditions, 

the die geometry and dimensions,and the rheological properties of the 

polymer, the extrudate swell ratio (ratio of extrudate diameter to die 
\ 

diameter in the case of a circular die) may range fran 1.5 to,4. 

It IIIB:Y be argued, that four mechanisns are responsible for the 

phenanenon of extrudate swell fran long dies: Newtonian swell, a sudden 
, \ 

elastic recovery , an inelastic swell and finally stress relaxation. For 
, , 4 

short dies the swelling of the extrudate is also affected by the memory 

effect. Various roodels and' theories have been developed for the 

prediction of extrudate swell, and are reviewed by Vlachopoulos (121). 

~ Newtonian jets swell 'at low Reynolds nunbers (Reo < 16), with the 

max:iJmJm value being about 12%. This is, due to streamline adjustments as 

the liquid emerges fran an orifice into ili and acquires a free surface.' , -Using a finite,} elanent program, Tanner (116) solved the conservation of 

manentun equations for slow flow and predicted a swelliqg of 13%, which 

corresponds to earlier experimental observations. For large valueS of, 

llen it is easy to show, by perfonning an overall mass and manentum 

balance' (78b, 121); that the liquid jet exhibits a .13% diameter 

contraction. Thus,. for Newtonian jets the diameter ratio (jet 

diameter/die diameter) varies fran 1.12 to 0.87 as shown.in Fig. 2,.11. 
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10 100 
, Re 

Fig. 2.11 Diameter rat'io (B = dID) for severa,]. Newtonian 
liquids extruded fran a long capillary into air as , 
a function of the Reynolds nunber (Re = pVD/IJ). 
(&an Refs. (78b) and (79». , 
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In the extrusion of non-Newtonian viscCl!'llastic fluids it is 

generally recognized that elasticity is the main cause of swelling. The 

principle parameter found in theories based on elastic recovery is the 
" 

";jo: 
-recoverable shear Sa. The recoverable shear is usually defined fran ~ 

Hoo\re I slaw: 

(2.38) 

-
where T12 is the shear stress and G an elastic IOOdulus. Experiments 

have shown (32) tbat for polymeric materials at low shear rates: 

(2.39) 

Where 'T11 - T22 is the first normal stress difference. 
\' , 

The swelling of slow moving viscoelastic jets can be 1;hought of 

,as a three step process: a Snall Newtonian~lling, a sudden elastic 
, , 

recovery and further a swelling due to stress relax!!.ti(,m. The sequence 

, (\Of defonnations ,Of an imaginary fluid Ellement as it enters ,the die, 

,~ 'triLvels through and finally emerges fran i,t, is shown in Fig., 2.12. 'In 

the die the fluid element is stretched out, .and then upon exi1i.ing 'fran 

the die it contracts and swells. It should be notect. that the degree of' 

swelling diD depends on the die length to diameta: ratio LID. For'short 

dies the fluid residence, time 'is shorter thin the fluid nanory resulting 

in the tendency for the fluid to retain . the shape it had in the 

reservoir •• For suffici.Emtly long dies ,:the fluid nanory fades canpletely 

and ana.5J'lIlPtotic swelling ratio is reached -as shown in ,Fig. 2.13. 
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RESERVOIR 

~ 1 
EXTRUDATE 

DIE . + ~ t . 

[] ---- Q ODD I d , ? 1 .-/ I: L~~I~ 
" ...... 

Fig. 2.12 Schanatic representation of the sequence 
of deformations of a material" elanent as 
it enters, travels through, and anerges' 
fran a die. 
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Fig. 2.13 Variation of extrudate swell (B=d/D) as. 

a function of L/D ratio (~e'length/die 
d:i.!UI)-~~er). ' ' 
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• '" 

Al though many models have been developed for the swelling of . ' 
viscoelastic fluiqs (121), only a f'?ll' will be considered for tqe 

developnent of a pred1ctiva.""IOOdel :iJ? Cllap.8. 

The two renai oi ng causes ofextrudate swell are inelastic swell .. 
and stress relaxa'tion. Tanner (92, 117) developed the inelastic .theory 

~ explain the swelling phenanenon of Newtonian fluids wi thtappera.ture 

dependent v;i.scosi ty • T1lE3 -extru:late was considered as consisting of· two 

layers: the outer ~yer in ~nsion and the inner core in canpression. 

It Was assuned that the swelling is caused by an increased resistance to 
- ...... .... ......... ;: 

deformation of elongated fil!iments .near the extrudate surface. Tanner 

predicted the swelling for· power-law! . variable-:viscosity Newtonia.Ii., 
. - , . "\ .. - .' 

seconck>rder 'and Maxwell fluicls; Thi~ inelastic theory is n'?ll;. and at 

pb~sent there,are no r.eli~ble es~tesasU;- how much it contribtit~ to 

:he o~erallswelling • 
.it. 

The swelling due to stress relaxation varies Significantly for 

. different thenooplastic )Elts. For polystyrene melts it is snall, 
• 

. usually of the order of a f'?ll percen"!:. Polyethylene and poly'propylene 

.melts may ~bit a Sl,lbstan~;ial swelling due to s"t7ess relaxation. 

)..I-PreSently there. is no theory to estimate this effect. However, when 

extrudates are ... ' 
rapidly'f,rozen, as is the. ~ extrusion 

. '. '. ,. 
contribUtion of·· stress relaxatioii" to. the· total swelling 

','. 
processes, the 

isnegligibie ~ .. 
" 

In Sl.inInaJ.'t; extrOOe.t~ swellj,ng of polymer melts is due. to (i) 
..J ..... 

. N~nian swell; (ii) Suddenr~very of stored elastic energy, (iii) 

, inelastic swell, and (iv) subsequent stress relaxation.'· Despite the 
", ~ 

"'.' '-"'.~~',~ .. ~ ~.",' " " : '~.' ." ' .... ) .. 
. t." _ _." 
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• 'large nunber of investigations on extrudate swell, there is still no 

clear understanding of the interrelations between the molecular, 

rheological and gecmetrlcal parameters of polymers and their· effect on 
. .; 

extrudate swell. A fully predictive theory has not yet been'developed. 

Howevet: a predictive equation for extrudateSwell at the extruder die 

exit baSed on th~ry .and extrudate swell measurements on a viscaneter is 

developed in Chap. 8~ 
., 

• 

.. : 
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OlAPl'ER 3 

PARrICLE FLOW IN TIlE FEED HOPPER 

In' plasticating extruders the polymer in the, fom of solid 

pellets or pomer is fed to the screw channel through the feed hopper, 

"ll.S\J!illy by gravity. ,On account ot the 'stresSes in the solid ~les; ......... . . 
.•.•.... r . 

there existsa':pr6SS).ll'6 distribution in the feed hopper, ' 'Thi:l objective . .... 

of modelling solids fl~'~'¥'feed',hOpper is to ~e:ennine the. pressure 

distribution, and in particular, to obtain the baSe pi'essure of 'the 

hopper which is required later in the solids conveying model. 

The pressure distributio~,an hoppers containing particulate 

, solids wa,s analyzed by Janssen (45) in.1895 and more rece!ltly by Walker 

(123). Their deriV!Ltions have I:ieea SUIIlI!lXi2:ed and presented by TadiOOr 
r , , 

and Gogos (1l2d) with application to extruder feed hoppers. 

If the ma.~rial ,in the ,feed ,hopper was a liquid, the base 

pressUre v.uuld be the hydrostatic pressure p given as: 

• • 
" . (3.1) • 

where P is the density of the liquid, g the acceleration due to gravity, 
.Y • 

gc the ~avitational. constant, 'and H the height of the co1unn of liqirl.d. 

Such a linear relationship, is, \ however, . nO?id for a col~ of 

particulate solids contained in' a' vertical bin. The base pressure is 

.not proportional to the bSight of 'the colunn .because of the friction 

3-46 
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. 
- between the solids and the wall. Janssen (45~ derived an equation for 

the pressure profile for solids in a vertical bin. The following 

assunptions. were. made: 

• ,(1) The vertical canpressive stress (pressure) is coilstant over any 

horizontal plane •. 

(2) The ratio of, horizontal and vertical stresses is constimt and 

independent of depth. 

(3) The bulk. density of the sOlid is constant. 

(4) The particles at the wall are in incipient slip condition. 

(5 h ~e particles do not adhex:e to the wall. 

Cbnsidera vertical column of solids with cross-sectional area A 

and "wetted" periiDeter C. A force balance over a differential elanent 
~ 

of thicknesS dh, as· shown in Fig. 3.1, consists of the following 

canponentS: • 

(1) A force in the upward direction due to pressure p at height h: 

(3.2) 

(2.) A force in the downward direction due to pressurep+dp at height 

htdh: 
F2 = (p +- dp)A (3.3) 

(3) Weighto~ the elaIElt: 

(3.4) 

", . 

, 
~. 
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p.dp 

dh 
" . 

p 

• 

j ... 

. ' 
-

Fig. 3.1 . Vertical bin filled with 
particulate solids. 
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~., 

(4) A frictional force a: the side walls supporting the elanent in the 

upward direction: " 

The shear stress a: the wall 'w is defined as: 
I' 

, = -p' 0 
W -vi'll 

(3.5) 

(3.6) 

where, :r,;. is the coefficient o:e. friction at the wall and Ow is the normal 

stress at the wall (also hori2Dntal pressure or canpressi ve stress in 

thebori2Dntal directipn). According to Janssen, ow, is. proportional but 

,sanewhat snaller than the vertical pressure p. Therefore: 

° K =....!. 
p 

'0 •. . rm.n .=-- = ° . . max 

I-sino 
I+sino (3.7) 

where K is the 4tiO of cclnpressive .stress in the hori2Dn~ direction 

to canpressive stress in the vertical direction, . and 0 is the effective 
• 

-!9gle of friction. Thus, Fq. 3.5 may be rewritten as: 

(3.8) 

Assuning that the differential slice is in equilibriun, the force 

baJ:ance may De wrj..tten bY canbining Fqs. 3.2, 3.3, 3.4 and .3~8 as 

• follCNIS: 

\ 

, 
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f· 
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'" A Pbulk }- dh + 
c 

Weigh~ of 
elanent 

or 
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(p + dp)A = f~ Kp C dh 

Pressure Frictional force 
force. acting 
downward 

supporting the 
element at the 
side walls 

dn f' KC _ ' " =- -p--P. ......... dh w A . 0\lJ.K gc 

+ JlA (3.9) 

Pressure 
force acting 
upward 

(3.10) 

,Equation 3.10 maybe integrated to obtain the following expression for 
" , 

the base",pressure: .......... " .. -.. ". " .. 

. am '1mI.k g am 
p = Po .exp(- f~ A) + A f' CKg [1 - exp(- f~ A)l 

w c' 
(3.11) , 

where Po is the pressure at, the top of the bin ahd H is the height of 

the bin. For a. square verticil.l hopper the base pressure is given by: 

. KH '1mI.k gN '. ' KH 
p = Po exp(- 4 f~ W-) + 4 f' Kg [1 -exp(- 4 f~ \i)l 

w c 

wliere K - 1 - sin '6 
- 1 - sin 15 

W = Width of the hoppE!r 

(3.12) , 

., 
A more rigorous derivation of the, .pressure distribution in 

verticil.l bi~ was presented by Wa.lker (l23) assuning stress equilibrium 

in the SOlids, The results, areslightiy different fran those predicted 

by W3ing Eq. 3.12. The'base pressure again for a square hopper is given 
'. ' 

by: 

.' 4BD*H Pbulk gW 
l? = Po exp(- ,-W-) + 4BD*g 

. c 
(3.13) 

, 
•• j 
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where BD* replaces f:j- in Eq. 3.12. D* is defined as a distribution 

factor relating the- average vertical stress, with the vertical stress 

. near the wall; and, can be asstined to be unity as a first approldmation. 

B, tlie ratio of the shear to the ,normal stress at the wall, is given by: 

siIi 6 sin-IC 
S = 1 _ sin 6 COSO IC

O 

'sin fl 
$ere ICO = flw + ar~in (sin &w) 

(3.14) 

, 11 
arcsin >,2' (3.15) 

(3.16) 

The pressure distribution in' convergent hoppers his also' been 

analyzed by Wa,lker (123). The base pi"essure for, a' convergent hopper 
, \ 
~th square cross-section as shown in Fig. 3.2, is given by: 

p= 

t1h 1jI 
o 

(-)p + 
Ho 0 

POOlk gho 
(1jI-1) g , [1 

c 

where 1jI = 2B'D* . 
, tan a 

2a = hopper angle 

sin <5 sin (2a + ,,) 
B' 0 

= 1 - sm Ii cos (2a + IC ) 
" 0 

sin flw 
IC = fl + arcsin (. 6) o w sm 

1jI = 1 

, ' 

: .. 
\ . 
" . " 
, 

" , , .. 

1jI '" 1 

• 

, 11 
arcs~n < 2' 

: 
,. 

(3.17) 

, (3.18) , 

.~ 

~
"'(3.~a) 

", ,"- - -- ,_ -, :0, ' . " , 
o . , 

, . :,20) 

(3.21) 

(3.22) 

. ,. 

" 

-I 
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\ 

\. '. fIIIII • ~-
Fig. 3.2 SChanatic representation of 

a convergent popper. 
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SUIlIll!l.ry of Feed HopPer Equations 

The equations for the vertical and convergent sections of a feed 

bopper with square cross-section are911ows: 

Vertical SectiGn: 

. 4BD*H Pbulk rtN. . 4BD*H· 
P = Po exp(- ·-w-) + 4BD*g [1 - exp(- -w-)] 

) 

. 
sin /) sin " 

wh B - . 0 
ere -l-smdcos" 

o 

8 = arctan (f') w w 

Convergent Section: 

h 1), .... _ gh H 
P = CHO)P +" ~ 0 In(h

o) 

where 

o 0 C .0 

2B'O* 
1jI=-tan a 

c 

arcsin' > 11 . 2' 

1jI* 1 

1jI = 1 .-. 

B' = 
sin /) sin (2a +. leo) \ .... 

1 - sin /) cos (2a + "0) '\.. 

" = o 

sin 8 
o + in ( w). ~w arcs sin /) 

. .<. 11 
"arcs~n 2" 

o 

(3.23) 

• 

(3.24) 

-

,. 
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". Equations 3.23 and 3.24 or 3.25 may be used in canbination' when 

calculating th~ base pressure in a feed hopper as shown in Fig. 3.3. A 

typical pressure at~·base of such a hopper filled with low- or high-
- I . 

density polyethylene pellets is 1 kPa. which indicates that virtually: all -

of the weight of the polymer sofids is supported. bY the hopper walls. 
•. I 

•• 
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Fig. 3.3 Schanatic,diagram of a feed hopper. 
with square cross-section. ljopper 
dimensions are given in App, G.l. ' . ;, 
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aIAPl'ER 4 

OOLIOO FLOw' IN THE ExTRuoER SCREW aIANNEL , 
, . 

, ,~ 

The first of tl::\ree functional zones in the screw extnxl.er is the ' 
.,q 

solids conveying' zone. In this zone the solid, polymer iranules ~e 

conveyed down the screw channel by a drag induced mechani~, that ,is 

flow due to the ,frictional drag of the barrel and screw surfaces on the 

solid: granules~ 'The solids conveying zone occupies only a few turns of 

the screw channel, extending fran the feed hopper to, a down cbahnel 
. ." 4 ,~: 

, position where a significan~ amoimt of melting at the ba¥elsurface has 

, '. occurred • The objective ofnx:xielling solids flow is to calculate the 

down channel pressure profile in the solids conveying zone. 

r ':", 
. . I . . 

4.il Literature Survey of Solids Conv~yiIig 'Models 

, In'caoparison with the large nunber of studies reported in the 

literature 'o~ ~ltiDg aIld melt flow ~ screw extruders, relatively 

, . 

little attention has been given, to the solids conveying ~ne. The 

developoont of,; theoretical ,~eis for '1;he,solids co~veying zon~ been ' r 
reviewed and' analyzed by Ta&oor and Klein (1l4f) , .Tadmor !!.rid Gog~ 
(1l2e), and Fenner (30). 'M:>st of the published analyses for this region 
~ " 

consider the solids as a continuun,' and,thus ignore the particulate 

i1ature of the polymer f~. ( Even !-n this .case solutions a;re difficult 

to obtain. ConsequentlY_~y analyses contaitt'further'simplifications 

such as treating the material =vaoont as plug flow in the screw channel' 
~ '... ',' .. .... 

" 
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, 
tenperature profile in :the solidS~ conv~g zone together, with a 

strongly interacting pressu're profile. A subsequent lOCldel waS developed 
o " ~ . 

. ' o. r .• " • 

,by Kacir and TacI!OOr (47) to predict the pressure profile in the del'ay' 
,A, ' • ' 

zone, i.e. the region where the IIelt exists at 'the barrel surface aiter 
. . ''', 

the tennination oftne solids conveying but before the' start of th~ 

steady state melting necha.niSn. , " 
Finally, ',Cllung (18), presented a:, 

, . 
modification of ,the Darnell and ~l lOCldel in which the Solid plug is' ," 

.' 'I' 

entirely Surrounded, by'a IIelt film. ~n this case the solidS conveying, 0' " 

mecbarij sn is due to· viScous drag. 

~, '",)11 ~lids ~onveying n¢~~\ r~e an estj~i. 't~e inlet 
. ", . -,' 

pressure. In roostcas~,thiS ,pres$ure is asstmed to be eqUal to the 

>,base WesSure of the feed hopper:" rus approach negl~ts the transition 
';" "", 

~ , .' '. • < 

, , 
, , . , 

, '\ ,,' " ' , ;; , 

between the g:r:~vi:tahonaJ.:. fl~ in ,the hopper"andthe, drag inciuc~'flow ,. 

of the SOlid, polymer in thescrewc)l!tfihel~' It does, ~ver, ,relate th~ 
hopPer design and loadiOgto the eXtruder perfo~ce~ Ailotherapproach 

'\, 

I 
'i 

0' 

~ '.- '. 

I' '," 
j , 

1 
" 

, 1 
t '., " . 
\ ~ ... ., ..... : , ' 
! 
i, 

\" 
I ;.! :,: 

, " 

, , 

, , ... " . 
, , 

to this problan, proposed by' LOvegrove'and Williams '(58,59,60), ~~ 
, . , . ~ . . 

• . . '" ~ i I .... " • 

that ,the iDitial'~ in the 'solids conveying zone is ent~rely,the 

, , , :~~tof localgra:~iOnal' ~d ,centrtfugal forces. The ~ef'Pressure 
, of ,the f~ho~ is di~egard' as Con~buting to~he : initial 

" , ,'", "p 

,pressure. ' This .i~'a reasona5Xe assunption si;ce tests ha~~ sh= that 
~, p , 

~ can be 'g~nerated ,in the SOl~ds 'con~eyi' . zone even with no 

head ,of material. iQ the ho~r~ AS qf-thepresent ~:I.me, no mati:t~ticai· , 

, .,iooc!e1s .have ,been developed which relate both the' head of ~ solids in th~ 
',1" ~o ..... ':-, : _''': '" \' .. ~,. ' _." '. :'- " . ;.(' 
,,'/./, feed, h?~ and the gravitational aildcentrlfugal' forces intpe solid 

plug to the developnedt.of.pl'eSSl.Jl'e in the,sOlids corive~~ zone. 'c 
, , ' 

" ' 

c, 
:' 

'. : 
J.".::~_~_, _' _,_ . "'-'. 
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4.2 Developxent of Ii Solids Conveying M:x!el 
,. 

The mathematical model developed below for the solids conveying . . . 
zOne is similar to the. one described by Tadioor and Klein (114f). It is 

• l4; ~ 

a slight variation of the iOOdel developed by ~elland 1&>1 (20). The 

fOlloWing assunptions ··ar· made: . 

(1) The solid p'olym~ in the screw ,channel bel:fa.ves as a continilim. , 
. "., 

(2~ The solid I;:Ontacts all s~des . .of. the channel, i.e. the barrel 

stitia.ee, r~t of. the screw,'and~rew flirtts: 

~(3) 'lbe channel depth is constant. ' . 

(4) The flight clearance is neglectel4. 

(5) The ,pblymer flOws With constarrt- velocity as a solid plug (p;l.pg 

( 

. I 
flow) • -.\," .: 

(6) .The rt/essure ~ is.afunctionof down c~eldirection O~y~ 
(7) Tbe.odYnamiC coefncien~of friction fb and, fs betwel:!n the solid . . " 

. ,polymer and the barrel' and 'screw surfaces are independent of 

pressure and t6llper8.ture. ~ 

~(g) f!Z .. The" . It. : ~tiOnal andcentrif~al forces are neglected. 

(9) ens~ty changes in the sohd plug are neglected •. 
~ ',' ---' '..' .," ". ..... . . '-. : ' . . 

',.;:Flow Rati . ' 
/ The mass flOw rate of the solid plug is given by: 
,9' ~ • " . 

. : .' 

, , . 

,; 

." ' . , " Ei 
(211r - sin e) dr, ., 

• 
(4.1) . 

'. 

J where. V ~R. is the unkn~ veloci tyranpOnent of the plug,in the axial 
I. , . 

• , . 

." .' 

.' , 

. , 

, ' 



'I , 

! • 

I· 
I' 
I 
I , 

. • , 

I. •• 

. 
direction (see Fig. 4.1). ,Integrating Eq. 4.1 andaSsuning an average 

helix angle e, we obtain: 

',G=V p,.~-rh-~ p1 '~4 b s '-6 
' • SUl , 

", 

(4.2) , 
. J 

~. (4.3), 

• 

The value of V p1 is needed to ca.lcula,te the angle <I> ,between the 

velocities of the solid plug and barrel sl.!rfa.ce (see Fig; 4 .. 2). ,The 
, . 

angle <I>,req\lired in ,the force, and torque bBlance, on the solid plug , .. '. '.' 

, deik:rtbed later'in thts section, is given by: 
, ' 

(4.4) , 

, Rearranging Eq. 4.4 'and substituting for the ta.Ogential velocity'o! the, 

barrel (Vb = 11 ~'N), we obtain: 

, " tan <I> tan 11; 
V= 11 Di, N -:,-----"'-
p1 , tan <I> +, tan 11; 

. '\ 

(4.5) 

'. 

SubstitUting &1. 4.5 intoEq. ~.3, sul;stituting for 0; - 0;= 4H(1\ - H), 

writing in'tenns of the average,' channel widtli; W.=1I(~- H) sin e -:- ~e " 

and rearranging; we 'obtain: 

tan 6 ' 
. '" b .. /' tan ,<1>,=2..'. ' _ 

1I"N, , . " w 
G Pmuk H %(1\ -H) tan'\ (=-) - 1 

. ..(.' ". ,W+e .. 

"r0/ , /' .. 
,~ 

" . 

('--
, (4.6) 

-r 
, 

" 
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SECTION OF 
POLV,MER pLUG 

Differential element of solid plug. Velocities are measured 
\ 

relative to the .screw: . Vpe and Vpz' are measured at the 

!>uTe1.""'''''' Vpt is indepoodont of .""'""'1 depth.. \ 

•• 

". 

,. 

, . \ , .~ ""', 
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Velocity of barrel 
with respect to 
moving plug 

Vpz 
\ 
\ 

\ 
\ 
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"" ..... 

..----:)~ 'Screw axis 

Tangential 
. direction 

Down channel 
direction 

Velocity of polym~r plug 
in axial direction 

Vpz" Velocity of polymer plug 
·in down channel direction 
• 

Vb Barrel velocity . 

. . 

• 

• 

. Fig. 4.2 Velocity vector diagi'am for calculating angle <1>, the angle 
between the velocities of t~ solid plug and the huTel. 
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Thus, the angle ~ is expressed as a function of the mass flaw'rate G, 

, . '-, , 

screw ~ N and the dirrensiT' of the screw channel. 

," , , 
Force and Torgue Balance' ,: 

- I 
I ' 

The pressure profll,e in the down channel direction may be 

detemtLneci 1J9' perfomtLng- a :force and torque balance on the solid plug. 
'~ I 

,Fig. 4.3 shows the \ forceS acting on the plug when the screw is 
~ , . . 

\,' - . : 

stationary.and the barreL is rotating. Fl is' thefrict~ona!iforce 

between the barrel surface and the plug. The force Fl , propo~onal t 

the pressure p in the plug and in the direction of angle ~, is given .' 
, " 

- , ' 

i 
i (4'.S) 

F7 and FS are the forces that the flights exert' on the plug, and they 

are n0SW- to the flights. FS is due to the pr~ p and equals: 

(4.9) 

,F7 ,is canp6§e<i of t'WU 'terms: one equal .to FS and, the, other, an 

add! tiona! nonnaJ. force F* on the pushing flight, to balance the other 

fOrCes. TI!e magnitude ofF* is unknown. 
• . ,-

"': 
1" 

(4.10) 

(4.11), 

• • 

/ 

i 
! 

" ""I 

J 
': 
I 
! 
1 , , 
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Forces acting on the solid plug. 
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. root of the" screw.aDd the solid plug: 
. '. 

• 

J 
(4.12) 

(4.13) 

(4.14) 

Since the 'solid plug bas a constant axial velocity ccmponent VpR.' the 

sun of all the. forces in the axial qirection should be zero: 

(4.15) 

where 

F 4R. = P H cIZ fs sin e 
" 

~ following relationships can be obtained given that dR. = ~ sin 6b = 

cIZ ;Sin e = dzs sin as (refer to Fig.;3.3): 

:.- = sin 6b 
~b sin e 

. 

. ,,' 

. " 

. 

I 
! 

. i 
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:.>{ . 
dz • sin ~ 

s _ -,---,.=. 
~ - sin 6s 

. , 

Substituting Eqs. 4.16 and 4.17 into Eq. 4.15 .and i-ea.rrangiJlggives: 

Defining: 

., , 

+ HW sin e dp - ~* (cos e - f§l sin e) = 0 

and introducing than into Eq. 4.-18 gives: 

-' 

cos e ~ fs sin e 
. ~~. 

(4.1,8) 

.. (4.19) 

(4.20) . 

(4.21) 

A torque balance about the axis of the Screw oit the solid plug 

- can be made in a similar way. Since:the plug has a constant angular 

velocity Vpe at the. barrel surface, the sum of all the torques should 

eqtial. zero: 

(4.22) 

t ~, 

. - .. 

.'. 
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where 

\/'. 

"-...... F3e = (pH dZ + F*) fs cos e 
. \ .'. 

F '::pHdZf case 4a: s 

. . 
Once again, and 4.17 irito Fq. 4.22 and rearranging 

Defining: 

D _ . Ds 
~ - 2afs l\ sin Eb cotan a - Wsfs 0;; sin 

-'D .-
B2 ;; HW D cos a 

b 

, 

.and substituting into Fq. 4.23 gives: 

. I <)' .' • " • 

B1 P ~- B2 dp 
F*=---=::......;--=--=---

D ,... . ',... 
D (sin a + fs c~.a) 

b . .. 

... 

Eb cotan as 

L~:('V24) ~ 
,c • .{4.25) 

(4.26) 

'~i4hg Fqs. 4.21 and 4.26, . F* fran the fcii-ce and tprque balances is , 

• 

.' 

. 



eliminated: 

Defining: 

,\p'~+~dp 

cos 6 - is sin 6 
= 

4-68 

sin6+fscOS6 
. K - Q.... = D 

b COS6-fssfn6 

"' . and substituting it into Fq. 4.27 gives: 

or 

(4./ft) (. 

(4.30) 

Integt.ating Fq. 4;30 fran ~ = o where p = Po to a down channel diStance 

~~ the PJ:essure p .at ~'is given bY: ". . .. 

or 
. "'-:;:7 

.-% 
t.=p~ e .' 

J 

<~ 

. . 
'(4.31) 

,) 

'"1;(. (4.32) 

. 1 , 

'. r 

.•.. ,,\K - B1 

A =, ~ K~ B2 " , 

A is a function of the screw dimensions, screw speed N, ~ .. f. 100 moo ~I 
where .-

Ii , 
G, ~ density Iltmlk: and,the dynamic coefficients.,f friction fb ~d fs . . . ~~ 

9 

. tf;"\..d ' . 

!. , 
I' . !. ,. , 
,: , 
,-: 
t~ 
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between the polymer solid and the barrel and screw surfaces. Equatf.on 

',4. 32 indicates an exponential rise of pressure along the solids 

conveying zone. If zb is ta.ken to be the length of the solids conveying 

zone in the down channel direc,tion, then pis' the pressure at ~he end of 

'this zone given that Po is the pressure at the base of the feed hopper. 
, , 

It should be noted, that the pi-essure at the end of :the. solids conveyi9-g 

zone' is Usually of $e 'order '1000 - 3000kPa as canpared to, a ,maXinn.nn 

') pressure of 10,000 - 20,000kPa further down the screw'channel. 

4.3 Length of the Solids Conveying Zone - The Delay Zone 

To calculate the ~ at the end of the solic!S conveying zone 

using Eq. 4.32, a down channel length of thiS~tion iS~. 
However, there ,is no sharp transition point in the screw channel at 
" '-
, " , . . '\ 
which the solids conveying zone ends and the melting and melt conveyiI\g 

zo,nes begin. In Sec. 4.1, it was stated that there exists a :transition 

or "deli~" wne between the ~ ,zones." ,In. the, present mcxiel, it is, 

a.ssuood that the, soli~ conveying ,zone exte~ds to the end of the delay 

zone. • 
p,The delay zone starts at the down channel location where a film. 

. ' .. 
. of polymer melt is first formed at the barrel surface (either due to 

-;.";' . --::.): . . .'. 
, ,J,j?!ba,rrel heating or 'frictional heat generation) and ends at the point 

)

' '" ' ," ,; where a ·melt pOOl' firSta~, a~the Z,rear night' (for\lX)re details o~ , 

, the melting meclllinisn, see Sec. 2.3) • The conveying mechanisn in the 

, delay zone "~~nsidered to be one of viscous drag at the barr~l surface 

and frict"ionai drag at the screw root and.:flight surfaces. There, is no 

'\ i 
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• 

• reliable mathematical model. available to predict.t~e length of the delay 

.~ 

zone, but Tadmor and Klein (1l4g) .have presented an empirical 

correlation, shown in Fig. 4.4, which ,is baSed on limitedexperimetttal 

data. The delay in melting based on ~is 'CQrrelation ,is giv~ by: 

Ii 0.008 
'delay = -, -ljI- (4.33) 

where N is the nunber of turns of the screw and ljIis related to the 

melting rate at "the beginning of the melting zone. For a non-Newtonian 

fluid, the dimeilsionless, parameter ljI is given by (see Sec. 5.2.2, Fq. 

5.74): 

(4.34) 

" where Vbxis the Cross channel c~ent of the barrel velocity,Pm the 

polymer melt density, cS the thiclmess of the melt film adjacent to the 

barrel at th~ beginning of the melting zone, Ho the channel dep'that the . ~ ~ 

beginning of the meltin{ zone and G the mass,~low rate of the polymer in 

the screw channel. For ai, 1/2 inch diaineter screw extrtrler,' the delay 
. _._," . 

zone occupies approximately 1 screw turn, as, c~ed tea total screw , 
length of 24 turns. ," _" ..... 

;,<, ,.., , 

Since toe solids -fiow is assunedto be i~thennaJ. in the present , , 

. model; . there is no dir-ect Way of predicting the down channel distance at 
1 . 

which the polYU;er adjacent' to t,he barrel ~eaches its melting point' 

(which coincides with the start of the delay zone) • 'iherefore, it is , " .' - .,' '. ,: 

• -'-

'\ 
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/ 

o LOW - DENSITY POLYETHYLENE 
~ HIGH - DENSITY POLYETHYLENE ---'-1-------4 
d POLYPROPYLENE 
o RIGID PVC 

o 
• 

,/ 
N=:;::«:"'-"-4-7"'C-...:::...:+...:.-=::::..!:!Ndelay = 0.008/1/1'_' ~---l 

,100 2PO 300 400 500 

111/1' 

. Fig~ 4.4 Delay in melting expressed in scr~ turns versus 
·.dimensioilless group IN .. (Fran Ref. (114g» 
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a.ssuDeci that the l:lE:igimung of the delay zone corresponds to the ~ocation 

of ~ first' heater band on the extruder barrel (regardless of the 

extrlXier operating, conditions or type ?f pol~er used)., Another 

aSSIIIlption considered is that no differentiation is, made between the 

solids conveying mechaniSll, in the solids conveying and delay zones, that 

is, ,it is ass;mecI' that the frictional drag mechaniSll at the barrel , . 
surface continues to the end of the delay' zone. 'This is the basis for 

allowing, the delay zone to be 'included in the solids cqnveying zone, as 

was stated above. Thus, the length of. the solids conveying zone z... -D,t 

may be calCulated as follows: 

, .. (4.35) 

(4.36) 

where No ts the nunber of SC~ turns between the feed hopper opening 

and the first ba,rrei heater band, and L is 'the sCrew lead~ 

4.4 S1l!III!IIrY of ~e Solids Flow Equations , 

For the present solids cqnveying model, we assume that the solid 

polymer is isotheImaJ. and travels as a solid I>lug wi tha conStant 

velocity. The stress distribution is assuned to be isotropic, that is 
• ." /II 

"the pressure varies only in the down channel direction. At the end of 

the solidS conveying zone (including the delay zone), the pressure is 

given by: "l ' 

" 

" 
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" 

; . (4.37) 

where 

. , 

and where Po is toe baSe pressure in the feed hopper and z. t. is the. '" . e 0, - . . 

length of the. solids conveying ~ne in the down channel direction. 2iJ, t . 

may be written as: 

(4.38) 

where N = 0.008 
delay",·' 
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..... 

and where No is the distance between the feed hopper.' O~ning ~ the 

first barrel ' heater band in screw turns. Typical pressure profiles in 
. > . ...' 

'the solids conveying, zone of a 1 1/2 inch (38 mn) diameter' ~ew 

extruder. are' shown in Fig. 4.5 and 4.6 (seeApp. G.2 for polymer 

properties and processing conditions).' In Fig. 4.5, pressure profiles . 
are presented for three frequencies of screw rotatioh: 40, 60 and 80 

"'!< 
rpn. A1t~hthe pressure at a given down channel position does not 

vary significantly with screw speed, it can be seen ~t the length of 

the solids conveying zone increases appreciablY, with i~creas~g screw 

speed. This is due to' a longer delay zone at higher 'scr:Jt speeds. 
\ 

Thus, for increasing screw speeds the length of the solids conveying 

zone increases and the pressUre at the end of the solids conveying zone 
. I' , . . 

is coIle$poJldingly higher. Pressure {rofiles at a given ~rew speed ¥'€l 
, 

"shown in Fig. 4.6 for three values of f b , the d~c coefficient of 

i friction between the polymer solid and. the barrel surface. It can be 

seen that the pressure profiles are very sensitive to the choice of fb 

(and likewise, f s ): The sensitivity of the overall extruder performanc.e . 
to changes infband fs is discussect in IIDre detail in Sec. 12.2. . > . 
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Fig. 4.5 Development of.ftown channel pressure profiles 
conveying zone (including the. delay zone). 

o polymer properties. screw channel dimensions 
operating conditions are given in App. G.2. 
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G=.002929 KG/S FB=0~39,0.40,0.41 FS=0.25 
. 

, fb =0.41 
. . -, ' 

" .. 0 . . 
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Development of· down channel pressure profiles 
cOnveying zone (including the delay zone). 
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MELTIN:i'IN THE ElITRUDER srnEW CllANNEt 

D 

In plasticating extruders,. the p::>l:ymer solids axe melted before 

being ~ through the die. The energy for mel ting . originates 
, ' 

primarily fran two sources: heat conducted fran the heated baITel and 

viscous dissipation due to shearing in a thin film of meit be~ the 

baITel surface and solid bed. Tli.e clf.jective of nxxl.elling the melting 

procesS is to predict the rate of melting and to obta:4l the solid b.ed 

,pl'ofile in the screw. channel, that i? the width profile of the' solid bed 
• 

as a flIDction of the down chann~ direction. 

5.1 Literature Survey of Melting 1bdels 

A model to describe the me~ 1:.iri~ mechanism in plastica ting 

extruders was first de~eloped by _r' (107)'00 the "basis of' visual 

. analyses (see Sec. 2.3 for description of melting experiments). .'Ibis 
" 

nxxl.el, Jmown as the Tadinor melting ·nxxl.el, forms the'~is for many of . - ,.~ 

the mre recent meltingnxxl.els rep::>rtedin the literature. An idealized· I, 
cross-section of the screw channel in the melting rone is shown in Fig. 

5~1 (and in less detail, Fig,. 5.2(a». It is assuned that the down 

channel ,bed velocity is constant and that the thicJmess of the' upper 
. '-

melt film between the solid bed aDd baITel surface is constant over the 

width of'the solid bed at a given down ,?hannel p::>sition. The flow in 

the upper melt film is treated".!!S fully-developed isothermal Newtonian 

5-77 . 
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FLOW DIRECTI~~ ) 

I 
I 

. 
SECTION A - A 

o . 

> • 

Fig. '5.1 Idealized cross-section of the extruder screw . channel in 

the melting zone (Tadloor ,melting lIXXiel). V
bx 

is the cross 

channel canponent of the barrel velocity, and V is the 
\ 51 

. velocity of the solid' bedlOClving into the solid-mel t 

interface. 
. ","':.r 
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BARREL 

SC~W 
(a) TAOMOR ) (b) DONOVAN 

(e) EDMONDSON AND" FENNER (d) SHAPIRO et al. 

(e) LINDT 

Fig. 5.2' Schanatic cross-sections of the extruder screw chlUmel 
for various melting models. 

~.----~"'.,~---.,;" '! 
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drag flow. In subsequent treatments TadDxlr et al. (111) replaced the 

isot!lermal Newtonian flow in the melt film by nonisothermal 

J.lon-Newtonian flow., It is assumed that melting occurs only at ~,upper 

melt film - solid bed interflme. Mass and energy balances on the melt 

film,and solid bed are involved in Obtaining relationships for the rate 

of melting and the solid bed profile. The TadDxlr melting model is 

described in more detail in Sec. 5.2.1 in conjunction with the 

development of the present melting m:xIe1 used in this study. 

In the span" of five years, several p.lblications by Tadmor et al. 
" , 

'$ 

appeared that dealt with the development 'and~utilization of the TadDxlr 

melting model. TadJalor's original ~ (107) describes an isothermal, 

Newtonian melting model together with a limited am;lunt of experimental, . . , " 

verification. In canpanion papers, Marshall and Klein' (67) preseritea 

results of fur~her inel1$i.ng experiments, and Klein and' 'Marshall (51) 

discussed the development of a canputer program for a plasticating screw 

extruder which incorporated the Tadloor melting model. A Subsequent 
" 

~per by TadDxlr, Duvdevan1 and Klein (111) introduces a modified IllE!lting 

•. ~ . model representing rionisothermal, non-Newtonian flow in the melt film, 

and canpares the theoretical results and experimental data 'in detail. 

I 

. . , 
In a book by Klein 'and ,~hall~~~2)~on canputer programs for plastics 

" . 

engineers, an algori tim for the extruder program is described utiliZing 

the modified meltmg ,model. Cbrrection factors for channel curvature 

imd an allowance for flow in the flight clearance ,aJ;'e presented as 

• additional modifications in the book by Tadloor' and Klein (114h). 
. '. ~ .. / . ' r . 

Finally, TadDxlr. and Klein (113 ,114i) used the latest version of their 

a' 

, . 
, 
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.' '--

" 

melting m::x:Iel to examine the effects of variOUS' design and operating 

parameter changes in 'the extruder, including flow rate, screw speed, 

barrel temperature, channel dimensions, helix angle and flight 

clearance. l 
'Various refi narents have been added to the Tarlioor melting m::x:Iel 

bY" other researchers. QlUng (17) treated the solid bed as being 'of 
'" 

" 

finite thickness and the screw surface as beiI).g thenna.lly insulated for 

the purpose of analyzing ,the tanperatureprofile in the bed. The solid 

bed in TadIoor's m::x:Iel was asstmed to be sani-infini te. in thickness, thus 
'" 

avoiding the need 'to ,specify . tanpera ture' boundary c6ndi tions at the 
, , 

screw. HiJlrichs arid Lilleleht (41 ) derived correction factors for screW 

channel,cUrvature, allowed for ,floW in the flight clearance, and used a 

more sophisticated method for calculating the sol1d bed vel9C:i. ty • 

Ve:nneulen et al. (~20) developed a m::x:Iel ;in which the thickness of the 

" upper melt film is allowed to v~ with' cross, cbiumel position, x. This 

is a good assunption because, 'as polJlll8r entrains in the film and flows 

toward the melt, pool; 'it is expected to grow in thickness. 'The'm::x:Iel is" '. ' 

, ' 

.!>i.milar to Tadmor's in all other aspects, except that the viscous ' 
, . ' 

dissipation tenn isanitted' fran the energy equation used for the upper 
'-'.' 4- . 

melt film. 

Much more, significant changes, to TarlIoor's m::x:Iel were, introduced 

by ]))navan (23); An idealized cross-:-section of his version of the 

melting m::x:Iel is shown in Fig. 5.2(b). Flow of the solid 'DEld is 

" represented by a solid bed acceleration paxameter which permits bed 

acceleration' in the tapered section of the screw channel. Also down, 
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channel thermal convection .in the solid bed is included. This allows 

for gradUal heating of the bulk of the bed. The thickness .of the inelt 

film was asstmed to vary linearly across the width of the bed, as shown , 

in Fig. 5.2(b), to allow for entrainment of the melt in the film. 

Finally an, exact solution was obtained analytically for the coupled 

DXJDelltun and·· energy equations given a tanperature and shear rate 

dependent power-law constitutive ~lation. The theoretical results were 
canpared to new experimental data for low-density p)lyethylene, PVC, ABS 

r and polypropylene •. 
o 

Eclox>ndson·and Fenner (26,21) and Shapiro et al. {37 ,102 ,103) 

". 
developed melting lIXXIels in Which the· down channel bed velocity is .. 

treated as an unlmown funcfi9n of down channel distanc::e,z (in previous 

lIXXIels, this velocity is conSidered as. a prescribed functfon of z, and . \ 

in IlXlSt ~s as· a constSnt). . The solid bed experien~ a substant{lIl 
. \', 

amount of defo:rniil.tion as i tswidth is. decreased, while. at the same t~e 

IlXlSt of themeltiilg occurs at the upper melt film interface. There mai 
._'\\" l .• 

;Uso be elongation in the z direction. <l:>nsequently a stress analYSi~\ 

was perfonned ~ the solid bed by both Eclox>ndson and Fenner, and Shapiro \:/ 

et ai. Idealized cros~sections"-are shown tit Figs. 5.2(~) and 5.2(d)\ 

for their melting lIXXIels. 

film of melt was included between the screw and flight ·surfaces and the 

solid·· bed • The primary difference between the two lIXXIels is that . 
Eclox>ndson aDd Fenner chose to assune the upper melt film thiclmess to 

vary .in the down channel direction while ShaPirO·~ al. took the other 

iUternative and chose it to vary in the cross channel·'direction. In 

• 

i. 
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) 

both Iixxiels, flow in the melt film is·treated as being fully developed 
, 

and obeying the temperature and shear rate .dependent power-law 
i 

constitutive relation. Flow in the melt p:X,l.is treated'as being 
Q • / ' ... 

isothermal and· Newtonian. Edmondson and Fetmer compared their, 
~': ," ,j, .• 

theoretical results with experimental data for low-densi;ty polyethylene 

granules and pomer, • plasticized PVC and polypropyiene ~/ N:> exper:imen~ 
'canpariSOnS were ma.d~ Shapiro et al: / 

Finally, a d~c melting toodel was deveio~ by Lindt (56) for 
, 1 . / . 

extruders operating at autogenous conditions. This toodel differs fran 

,all others in that a sigDifi~Dt -~CUllUlatiOn/of trelt in thefi~ 
. I 

surrOunding'\he solid bed is consid~ed. As shown in Fig. 5;2(e). the 

thickness of the trelt film is substantially greater than in the other 

toodels. Again fully developed flow in the melt film is assuned usiiJg a 
• 

temperature and shear rate dependent pOwer-law. constitutive relation. 

The velocity of ,the solid bed is, however,' treated ~ \o.C?nSta.nt. 
i 

Experimental data are obtaineq. for polypropylene procesSed in a 90 lIJIl 

diameter extruder. 
# •• ' • 

. ...... ~, 

'5.2 Developrent of a Melting M:ldel' , 
Tadmor's trelting roodel has been used as the basis for the 

developnent of the present melting toodel in this thesis. To describe 

\, 
1 . 

An autogenous extruder is one which operates without barrel 
heating during steady state. operation. Naturally, barrel heating is 
required at start up. Much larger pressure gradients are present in 
the 1001 ting zone of' autogeneous extruders than in conventional 
extruders. 

J ' 

I 

.... 



co 

,r' 

5-84 

, 

I~ , "", 

the present nxxIel, Tadmor's lIel ting nxxIel will be treated first in 

detail. 

5.2.1 The Tadnxlr Newtonian Meltmg !.b:iel 

The basic assunptions in the Tadroor Newtonian melting nxxIel are 

(114,)) : 

(1) The melting process is a steady state lIeCbanisn. 

(2), The melting region consiStS of thri!e distinct regions: Il. lIelt pool, 
. "._ . ... .. ' -' . -

a fifnr of IlDl'ten lDl~,' and a solid bed with sharp boundaries at 

each interface (see Fig. 5.1) • 
" 

(3) ',Conceptually thE! szrew cha.nit~l is unlround and is de5cribEid by,~a 

cartesian coordinate systen. 
• • "i!' 

(4) The solid bed is a hanogeneous, isotropic continuun, with a constant 

" ,down channel velocity Vsz • . ',' . 
(5) Significant lIelting only ocCtn-s at the i?Olid bed - melt film , 

interface near the barrel surface • 

. (6) To maintain steady state lIelting, the solid bed,m:wes at a constant 
~ 

veloci..t;y V into the interface. . ~ ~ 

(7) For heat transfer analysis the solid bed is assumed' to have an 

inf4J.:j.te depth (y direction). 
~~ . '''. " 

(8) The thiclmess of ,the melt 'film 5 is constant acrOss· the cross 
.' . . 

sect.ion of the bed, but varies in the dOwn channel direction z. 

(95 For nx:mentum and heat transfer arui.lYsl.s in the melt film, it is 

a.ssuned that the film is c;:onfined between tiro infinite parallel 
.' I .. , <> 

plates. 
, 

. . 

• 

I 
\ 
! 

',,'1 

. t . 
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~10) Flow in the melt film is assumed Ito Pe pure.drag flow of a 

Newtonian fluid (later to be replaced by the power-law constitutive 
, , 

relation) • 

(li) The pjlymer bas a sharp melting tanperature T
melt 

and an associated 
. I ( . ' " 

latent beat of fusion ).. " . I' 'c, . 

(12) ~e pol"mer solid and melt' have constant physical properties: heat 

; !capacit:LesCps' and CPm' densities I's an~ ~m' ang<, t,hermal 

/ ~ndUC~ ties k . and k • '. 
I ' S m 

Asstming astat~onary screw and a rotating barrel,.ihe barrel 

surface moves at,~ tangential velocitY Vb which can alsO be expressed 

as: 

(5.1) . 

wh,ere Nis thefreq~enCY of ,screw rotation and I\,.is the di!lJ!leter of the,' 

barreL The velocity'may be broken up into tv.u. eanponerits: Vbx in the 

cross channel direction perpendicular' to. the flights. . and V bz in the 

, down channel direction. 

" 
These canponents are: 

(5.2) 

(5.3) 

-;mere \ is the helix ~e at the barrel surface. The tanperature of 
\ 
~he barrel Tb is cons1<ant at a particular location in the extruder. but 

can be a specified function of the down channel direction. 'The . -
'. . . 

, tanperature at the so~id bed - melt, f~lm interface i~ Tme1t • and the 

. temperature of the':'Solid~ far away from the interface is T (not to 
s. 0' 

. , 

., 

1 
I, 

'j 

1 

-I 

.I. 

\ 
i 
.~ . 
~ 
1 

t 
.1 

. , 
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be conf~ with the screw ,tanpera ture, T ) • If the rolid is not , sc 

preheated, then T will be at = tenperature. The width of the screw s 
cllannel is designated as 'V' (corresponding to w asclisctIsSed in Sec. 2.1) 

, 

ani that of the rolid bed as X. At the bEiginning of melting-"xl:W, and 

upon its canpletion X9). The function X/W(z) represents the ~lid bed 

profile and is dependent upon too rate of melting of the pol~er at 

incranental points in the down ~el di.rE!ction. 
~ ~ 

, To obtain relationships for the ~te of melting and the rolid bed 

profile, mass and energy balances must be performed on the melt film and ' 

solid bed. For this analysis, consider an increnental elanent of the, 

solid bed and melt film bavinglength t:::Z, and width X as $wn in Fig. 

5.3. Fir~ an energy balance is l:onducted across the melt film - rol~d 

bed interface. For heat transfer analysis in the melt film, consider 

the melt fl~~'~tween two infinitely wide parallel plates, with the 

, lower bemg stationary at T
melt

, and the upper. plate at Tb and IOOVing at 

a velOCity V
j

• - Define the barrel velocity relative to the solid bed as 

(see Fig, 5.3(a)): 

V. ='1 - V 
. J b., sz 

(5.4) 

where 

The velocitY of the melt relative to the solid bed (for pure, drag flow) ", 

is given by: /' 

v.(y) =v.l 
J J U 

(5.5) . 
• to • 

y":': •. 

',' 

, 
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(b) 

BARREL 

.~ 

<A'''V--... ~. -
y. 

MELT FILM &' 

'. 
SOLID BED 

·~~~~r~i&y.·~~~Y1·~j-~· 
/" 

SCREW 

,,-
~: 

Fig. 5.3 Varipus aspects of the Tadmor melting nx:xiel.' (a) Barrel 
velocity with respect to down channel solid -bed velocity .• 
(b) Heat OOlance at solid-melt' interface. (c) Mass balance 
on melt film. (d) Mass' balance on solid. bed. 
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The energy equation for the IOOlt film, neglecting convection, can be 

wri tteri as:· 

. , (5.6) 

where T = T at y = 0 
me],t 

T = Tb at y= <5 

After substituting for v. fran -Fq. 5.5,' integrating Fq. 5.6 twice and 
J 

including. the boundary conditions, the following fully developed 

tanperature profile in the melt. film is obtained: 

T= 
V 2. !.2 
"l (y. _ L) + (T -T. )(y.) + T 
.. ~ <5 a2 b melt <5 melt 

(5.7) 

The heat flux at the interface.is given by: 

q (5.8) 

Next,the tanperature profile in the solid bed· is deterinined. The 

energy equation is given by: 

(5.9) 
... 

. . 
, . '., 

1 
-.!. , 

1 
. j 

I 
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where T = T at ~ = 0 melt 

T = T at y = -0> 

S 
p 

Integrating Eq. 5.9 and including the boundary conditions gives the 

-Ifoll~ tanperature profile in the solid bed: 

/ 
(5.1Ci) 

Heat flux at the ipterface for the solid side is given by: 

•... 

= - (5.11) 

Th!'l rate of melting per unit interface area is obtained fr~ the 

-followj,ng beat balance at the interface (see Fig. 5.3(b)): 

[

Rate of ~~umulation] 
Rate of melting per 
unit area times heat 

of fusion-

= 

= 

[
Heat :l;lUXJ 

.. into • 
interface 

-, 

·[Heat flUX .. ] 
out of 

intef£ace 

(5.12) 

SUbstituting Eqs. 5.8 and 5.12 into the above .balance and defiiling the 

rate of melting ~.Vsy Ps' gives: ----.. 

(5.13) 

; "." 

: ; , 
-,1 , , 
. ; 
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v.2 . 
[II -} + ~ (Tb - Tmelt)] 

(5.14) 
[PS Cps (~lt'- Ts) + Ps A]o 

where A is the beat of fusion of the IXll~. Fq. 5.14 CO~~,]DS two 

unknowns, V and O. sy 

A second relationshi,p between V BY and 0 may be obtained by 

performing amass balance over the melt film for a dOwn channel 

increnent 6z (see Fig. 5.3(c)). The various contributions ·to the mass 

balance are: 

[MaSs fla.v rate] = 
CVbz + Vsz) 

Pm(Xo) I z iJ1to increment 2 (5.15) 

[Mass flow rate ] = 
(Vbz + Vsz) 

Pm(Xo) I out of increment 2 
Z+8Z . 

(5.16)· 

[_ fl=nte ] entering through = Vs-y Ps (X 1lZ) 
interface by 
melting . 

(5.17) 

r flow. rate ~ Vbx en ting to melt = 2 Pm (.0 6z) 
p:lOl~. . 

(5.18) 

where X is the average solid bed width, and "6 is the average film thick~ 

n~ss in the incranent. ():mbining Eqs. 5.15 to5.18, the mass balance is 

given by: 
." 

Dividing Eq:\5.19 by6z and tanng the,·iimit as 1lZ..o, we obtain: - , ./ 
<. 

\ 
i , 
1 
.1 
\ , , 
·1 
: 
! 

i 
,1 

-'.' 

• 
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" 

v +V Vbx 
( bz 2 SZ) "- ddz(Xo) + Vsy x ' 0 

'Ill Ps - 2 Pm u = 

Since 

v + V . 'V 
( bz 2 sz) "- d(~) «V X· bx 

'"1D sy Ps' - 2 %10 

then Eq. 5.20 may written. as:· 

or 

Vbx 
V P X - - p 0 =.0 sy s 2 m .. ' ... 
w = V P X = Vbx p . 0 

sy s. 2 m 

. 

.where w is defined as the rate of melting. per unit down channel 

distance. Equation 5.22 may be also written as follows: 

Substituting Eq. 5.14 into Eq. 5.24 ~ve gives: 

0= 

/ 
/ 

(5.20) 

(5.21) 

(5.22) 

(5.23) 

" 

(5.24) 

(5.25) 

and substituting Eq. 5.25 into Eq. 

for w: 

5.23 gives the fOllowin{ expression 

w= 

= ~ xC·5 . (5.26) . 

, 
'.' 

.' 
' .. 
~ ,J ,.. 
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where ~= 

"" Tad!oor et al. (111,l14k) introduced a IIXldification to the heat 

balance at the interface by replacing the heat of fusion with an 

effective heat of fusion X*. This effective heat of fusion is defined 

as the amouD.t of heat required to melt the polj'l!ler and heat it to the 

average tanperature of the film, T • X* is given by: 
avg 

where 

X* = J.. + Cp (T ' - T ) 
, m' avg melt 

o . 
f v. (y) T(y)' dy 
o J 

Tavg = -=---,0;------

f v.(y) dy 
o J 

2 
= 2 :Ib + Tmelt + ~ 

3 12 k 
m 

. , . 

(5.27) 

(5.28) 

Thus, Eq. 5.26 with the effective heat of fusion may, be written as: 

III = (5.29) 

where 

In Eq. 5.29, the rate of inelting III is a function of theunlmown 

solid bed profile X.' A second relationship between III and X can be 

obtained by a mass balance over the, solid ,bed' for 'a down chaml.el r 
.,' 

, . 

, .~ 
, , 

, 
i 

I 
I 
~ 

\ 
I 
1 
• ! 
! 
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illci:ement tIl (see Fig. 5.3(d)). The various contributions to the mass·' , 

balance are: 

[
Mass flow ratel 
into illcranentJ 

rMass flow rate 1 
Lout of incranentJ 

[

Mass flow rate J en ting through ' 
inta:face by melting 

= 

= 

= 

v Ps sz (5.30) 

(5.31) 

(5.32) 

where H* is the height of the solid bed and equals the channel depth H 

minus. the film thickness O. Since the film thickness is snallrelative 

to the bed height and since it varies only slowly with z,' then H* can be 

ta.kim to equal the 'channel depth minus a coristant value. A reasonable 

choice for this constant Value is the flight, clearance Of' and thus: 

H* =H - 0 " f 
(5.33) 

, 
O:mbining Eqs. 5.30 to 5.32 in the mass balance; we obtain: 

P V [(H*X) ..,; (H*X) ] - III 6Z = 0 
s sz z z+llZ 

(5.34) 

Again dividing Eq. 5.34 by ,flz and taking the limit as 6Z + 0 'gives: 

d(H*X) = -Ill 

dz Ps,Vsz 

For a constant depth channel, Etl,. 5.35 can be written w;;: 

'" 

.... 

dX; -Ill _1fX0~5 
(!Z= plv H*= p V H* 

s sz s sz 

.. 

(5.35) 
\ 

(5.36) 

' . ,,' , 
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The solution for this first order differential equation is given by: 

X _ ~ [1 41 (i - zl) t] 2 '(5.37) 
'iT - W- - 2 V H* XO·s 

Ps sz 1 <", 

and when zl = 0 and Xl = W. Eq. 5.37 becanes:. • 

X 
Vi= (5.38) 

The down channel velocity of the solid bed V has been assumed . to ' be 
·sz 

constant throughout the extruder and may be obtained ~rcm the mass flow 

rate G in the solids conveying zone: 

G=V HWp sz .0, s 
(5.39) 

where H is the channel depth in the feed wne. Substituting Eq. 5.39 
o 

into Eq. 5.38 gives: 

'x w= [
1 _ 41 wO·5 

Ho ) 2 

2G H* J 
Define the dimensionl~ss group 1/1: 

4IvP·5 H 
o' 

G 

(5.40) 

(5.41) 

1/1 is the ratio of the rate of fuelting per .tmit down channel distance to 

• 
the mass flow r:ate of solids per unit channel depth. Substituting Eq. 

5.41 into Eq. 5.40 gives: 

[~_.iZJ2 
. 2H* l (5;~) 

~'I·· 

." 
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Eq. 5.42 is used to calculate the solid bed' prOfile for the feed and 

IlJe1:ering sections of the extruder. 

For the canpression section which usually bas a constant taper, 

the channel depth can be expressed as: 

H=H -Az 
1 

(5.43) 

where H1 is the channel depth at ~he ~nnjng of the taper (at z=O), 

and A is -the degree of tapering. Substituting E<i.. 5.43 into Eq., 5.35 

and replacing ~ by ~xO.5 gives: 

dX ~ yfJ.5 
(H_ * - Az) - - XA = - ~'-
-'1 dz Vsz Ps 

(5.44) , 

The solution for this first order differential equati'On is given by: 

~ [ (' )( H * ,)0.5]' 2 ....:-!=_ ~-' ~-1 1 
W WA A ~*-Az ~ 

, ' 

(5.45) 

and when X' = W at z = 0, 'Eq. 5.45 becanes: 
1 , ' 

(5.46) 

where ijI is'defined in &t. 5.41 and Hi = 1\ - Of. 
" 

As stated,in Sec. 5.1, ~ ,et al.(111, 1141.) llXXlified the 

,Newtonian melting lOOdel to account for non-Newtonian flow in the melt 

film and to correct for curvature iIi., the 'screw channel. To account for ,.. 
the no~Newtonian behaviour of the melt, a tanperature and shear rate 

" 
dependent p:>wer-law constitutive relation was utilized. Instead of 

" . 
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treating the ax:meritum and energy equations as coupled· ~t:j.ons to be 
. F 

solved simultaneously, a particular methematical form for the 
.:. .--, 

tanperatur~ profile was assumed based on Newtonian flow resul.ts. With 
" 

the introduction of the a.bGIVe IOOdifications, the resulting equations for . . . 

the solid bed profile Still had to be solved numerically. 

',: 

SUlIllaryofthe TadDxlr Newtonian Melting Model Equations 

The . following equations are obtained 'by performing heat and mass 

balances across the uPWr melt film - solid bed interface where all the 
\ 

. melting is assumed tota.ke place: 

Heat balance over interface: . 

.'. Cp (T T ) V 
Ps smelt - 5 sy 

(5.47) 

Mass balil.nce over interface: 

- v. . 
V pX bx' 6=:0 

sy 5 - -2 "m (5.48) • 

or 

(5.49) 

Rate of melting, w: 

w= (5.50) 
~ 

':, ,.' 



0.5 

where ~= 

Mass balance over solid bed: 

A mass'balance is"periorm¢ over the solid bed. to determine the solid 

bed· profile, XjW. 

_ ~.5 .. 
d(:C) = -Ill = ~-

Ps Vsz Ps Vsz 
(5.51) 

where 

Solid bed profile - constant depth channel: 

x [."c J 2 -= 1-.i z 
W 2H* 

(5.52) .. 
where 

. ~vP·5 H 
1/> :d 0 

.G 

Solid bed profile - tapered channel: 

".~ _ [ ( .. , . )(. H1*' .)0.5J 2" -_ ..2- ..2-1 
W A. A ~* ~-Az, 

. ,(5.53) 

'\ '-' 

where A = degree of. taper 

Typical solid bed profiles obtained . by using the. TadllK)l; 'Newtonian .. 

melting model aXe preSented in Figs. 5.4 and 5.5 for a. constant depth 
~~-' . . c 
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CONSTRNT'OEPTH CHRNNEL CNEWTONIRNL 
-40,60980 RPM ·TBRR=180.0 OEG C VISC=lOOO·PR.S 

1.0~ ____ ~ ______ ~ ______ ~ ______ ~ ______ ~ ______ ~ 
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, . Fig. 5.4 Solid bed profiles· (Tadloor Newtonian itelting nx:x:Iel) for a 
constant depth extruder screw channel. __ Data f~ the polymer 
properties, screw channel dimensions ana eX:tr'uder operating 

.. '; 

_ conditions are given in App. G.3. ~".' 
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TRPEREO CH8NNEL (NEWTONIRNJ 

40 960 980 'RPM TBRR=180.0 OEG G VISC=1000 PR:S 

1.0 . 2.0 3.0 " ~4.0 5.0 
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Fig. 5.5 Solid bed profiles (Ta.cInxlr Newtonian rool ting m:x:Iel). for a 
tapered screw chalmel •. Data for the polymer: properties , sqrew 
channel' dimensions and' extruder . operating conditions are . 
given in App. G.3.· . . . 
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and tapered screw channe"I respectively. Material properties and 

processing coilditions useJ to obtain the i-esults are given in App. G.S. 
In each case, solid bed Profiles are shown for three frequencies of 

, . 
screw rotation: 40, 60 and 80 rpn. Although the rate of melting 

increases with increasing,screw speed, it can be seen ~t the solid bed 

extends further down the screw chruinel at increased screw speeds due to 

the higher solid bed velocity. 

5.2.2 Present. Modification of the Tadmor Melting Model 
Q ~ 

In developing a modified.'radmor ,melting lIXldel, each of the 

assunptions given in Section5.2.1 ... is utilized with the exception of 

Assumption (10). Here, anon-Newtoniari.fluid described by the following . . '.'. " 

tanperature and shear rate dependent"constitutive relation 'is used (see . . " 

also F.q. 2.36): 

... 
dV

j 
_ 

·f·=lldy -IlY YJ . 
(5.54) 

.-

(5.55 ) 

Analysis of the heat transfer in the melt film is treated by solving the 
, 

coupled m:mentum and energy equations simultaneously using the finite .. 
difference method. .. 

.' 

• To analyze the flow in the melt film; the simplified conservation 

equations can be writ1;en as: 

Mass: 
cS 

[ v.(y) dy = Q 
oJ . 

(5.56) 

• 



) 

\, 

'" 

IOCmentum: 

Energy: 

where 

I! 
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, 2 
d Vj dn dv, _ 

n 2 +a:yaf-O 
dy 

• 

T = Tmelt at y, = 0 

v, = V, , 
J J 

~T 
b 

at y= <I 

(5.57) 

(5.58) 

Q in Fq. 5.56 is defined as the flow rate per'uniX'widt):J.. In Fq. 5.57, 

Clp/dx, is a temperature-induced pressure gradient (127). 
, J 

If the 

tanperatures at the interface and barrel surface were identical, then 
. -' . 

'/ this tenn v.uuld disappear. Equations 5.56 to 5.58 with the accanpanying 

,b<,lUndary conditions can be solved numerically (~ing th~' fini te 

difference method) 'to obtain a velocity and temperature profile. The 

heat flux at' the interface for the llelt side is given by: 

(a:) = _ ~ (~T). , (5.59) 
-y 1- ' Y y=O 

where the tanperature gradient at y = o may be approximated by the 

1 

1 

1 
I 
1 

, ' 

following tllid-order finite difference equation for derivatives:, 

-llT + 18T - 9T + 2T 
a 1 2 \ 3 , (5.60) 

66Y ", \ 

, 
The heat flux at the'interface for the solid bed .side is still (see Fq. 

\ 
! 

'f'\ ' , , 
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(5.61) 

Using Eqs. 5.59 and 5.61, the heat balance at the interface may' be 

expressed as (see Eq. 5.12):' 

or 

V P A '= ~ P Cp (T - T ) V + k (cIr) 
sy . s 's smelt s sy m rdy y=O 

'V sy 

, . 

, 

PsCps (Tmelt - Tsr:~/s A 

(5.62) 

(5.63) 

ReplaciDg. A by the effect;ive heat of fusion A* ,(see Eq • . 5.Zl), Eq. 5.63 

becanes: 

=' ~ ($)~ 
Vsy Ps Cps (Tirelt.-:- Ts) + Ps [A + Cpm(Tavg - Tmelt)] 

(5.64) 

. It ""'"'" be 00"'" ~ (::;:J,.;; is·. fimc_ of " """ """"","",y "', 

5.64 still contains the tV.o unknowns, Vst,and 0. 

" The mass balance over the melt film is identica.l to tIl'a obtliined 

'in the last section and is represented by the following equation,!see 

, Eq. 5.23): 

, (5.65) 

Equations 5.64 and 5.65 'cannot be canbined as iii the",previous section 

(see Eqs. 5.23 to 5.26) because 0' does not appear explicitly in Eq. 

5.64. Instead, Eq. 5.64 is substituted into the left-hand side of Eq. 

1 
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5.65 to give: 

III = 

(5.66) 

or 

(5.67) , 

where 

Sin~ Fq. 5.67 is jmp1icitly a ~ction of I) (through (~;)y=O)' the rate 

of melting III can be calculated only when I) has been specified •. The 

procedure for detennining I) is discussed later in this section. 

As i.il the previous section, the mass balance oyer the solid bed 

can be represented by the following ordi.na.i-y differential equation (see 

Fq. 5.35): 

d(H*X) = 
dz 

-Ill 

p"'V 
s sz 

For a constant depth channel, Fq. 5:68 becanes: 

dX -Ill 
dz= Ps Vsz H* 

-'I' 
(:) ,X = H* Ps 

V 
sz y=O 

(5.68) 

""- (5.69) 

1 
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For a tapered channel, Eq. 5.68 may be written as: 

dX ' 
(~* - Az) dz - XA = 

-w 

(:)y=o X (5.70) 

Equations 5.69 and 5.70 are non-linear ordinary differential equations 

and as a result must be solved numerically (for example, using the 

fourth-order Runge-Kutta method). An additional canplication in Eqs. 

5.69 and 5.70 is that there is an implicit dependence on a (through 

(~~)y=O) which cannot be detezmined independently. Therefore, a must be 

calculated iteratively at each down channel incranent in the melting 
• • • ~ 'p 

zone as described in the following algorithm: 

1. Assume a value of a(k) and X(k) , where initially k = o. 

2. 

3. 

Solve the mass, rrx:mentun and energy equations 

and calculate (~i)y=O using Eq.5.60. 

(Eqs. 5.56 to 5.5S) 

Solve either, Eq: 5.69 or 5.70 using the fourth-order 

method to obtain a new value of X, denoted by X(k:l-l) • 

" ~~ 
Runge-Kutta '" 

'.' 

4. Calculate V fran Eq. 5'.64, and thEm in Eq. 5.65 by also using 
sy . 

X(k+l), calculate a new value of a which is ,denoted by a(k:l-l) • 

5. 'Chnpa.re a(k) and a(ktl) • ,If I (a(k+l) _ a(k))/a(k+l) I < e, the~ a 

and X have C?nverged.. and we may proceed to the next increment in 

the down channel direction. 

6. If the relative change in a is greater than e, then we must repeat . ' . " .- ~ . 
the, iteration. Set 'a(k+l) = (a(k+l) ,+' a(k))/2 (to avoid 

(k+l) (k)' . 
divergence of a), set X =X" and return to step 2. 

, 
',' , 

"," 
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(k) and (k+1) refer to iterati9n numbers at a given increment. At the 

beginning of the melting znne, 0(0) = 0 and X(o) = W. At subsequent 
f 

down channel increments, 0(0) and x(o) assume the final values 

calculated at the previous incranent. 

The Delay Zone 

A value of 1jJ at the beginning of the melting :rone is needed ·to 

calculate the length of the delay :rone as described in Sec. 4.2. The 

dimensionless pmuneter 1jJ is defined as (see F.q. 5.41): 

~'vP·5 H , 0 
1jJ = --,.....---'" 

G 

Substituting.Eq. 5.26 into the above equation, we.obtain: 

(5.71) 

(5.72) 

But X = W at the beginning of the melting :rone, therefore Eq. 5.72 may 

be written as: 

. Since w = V
bx 

Pm 0/2 
t. 

wH 
o 

ljJ=(j . 

1jJ may . be written as: 

VbxP oH, ' m 0 
1jJ = a;. 

(5.73) 

(5.74) 

o at the begjnning of the melting zone can be detennined by solving Eqs. 

5.64 and 5.65 iteratively until 0 converges • 

. 
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SUmna.ry of the IOOdified Non-Newtonian Melting !.bdel Equations 

In the present melting model, the following equations are 

obtained as a result of perfoIming heat and mass balances over the upper 

melt filin-solid bed interface: • 

Heat balance over interface: 

- T -T V +k -(dT) 
Ps Cps ( melt s) sy m dy y=O (5.75) 

Mass balance over interface: 

V, 
V P X- bx.'L 0=0 sy s· 2·m 

(5.76) 

or 

(5.77) 

r 

Rate of melting,· w: 

(5.78) 

where 

and wilere (~~ ) y=O is a function of 0 implicitly and is' obtained by 

solving the mass, momentum and energy equations (5.56 to 5.58) 

nunericllJ.ly. 

\ 
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'. 

A mass balance over the solid bed is performed to detennine the 

solid bed profile. , 

Mass balance over solid bed: 

d(H*X) = -00 

dz Ps Ysz. 
(5.79) 

) 
. Solid bed profile - constant depth channel: 

(5.80) 

Solid bed profile - tapered channel: 

., , 

(H1* - Az) : - XA = P~-~sz (:)y=() X (S.81) 

Equations 5.77 and 5.80 or 5.81 are solved iteratively and numerically 

to obtain the solid bed profile either in a constant. depth or tapered 

screw channel. 

The modified non-Newtonian version 'of Tadnx:>r's melting lIXldel as 

described in tbis section is used in the present overall extruder lIXldel. 

Typical solid bed profiles obtained by using the non-Newtonian lIXldel are 

presented in .Figs. 5.6 and 5.7 for a consu&.t depth and tapered screw 

channel respectively (canpare ,with solid bed profile::; fran the Newtonian 

lIXldel in Figs. 5.4 and 5.5). The polymer melt flow behaviour in the 

upper melt film is described by a tanpera ture and shear rate dependent' 

constitutive relation (Eqs. 5.54 and '5.55). N::> corrections, however, 

are performed for channel curvature. 
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CO~ST~NT DEPTH CH~NNEL 

40,60,80 RPM TB~R=180.0 OEG C ( NON-NEI;TONmN ) 

1.0~ ______ .-____ -' ______ ~ ______ ~ ______ -r ______ ~ 
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Fig. 5.6 Solid bed protiles (DXXiified non-Newtonian IIeltingDXXiel) 
for a constant depth extruder screw channel. Data for 
pol}'Iller' properties. screw channel dimensions and extruder 
operating conditions are given in App. G.3. 
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rr:lPERED CH~NNEL 
40960980 RPM TB~R=180.0 DEG C (NDN-NEWTONI~N) 
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Solid bed profi;I.es (rrodified non-Newtonian melting ox:xie1) 
for a tapered sCrew channel. Data for polymer properties 
screw channel dimensions and extrUder operating conditions' 
are giv~ in App. G.3. 
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MELT PUMPIID IN THE ElrnUJDER 

./ 

The third of three. functional zones in the extruder screw chamlel 

is the melt conveying znne. It is in this region where the Pressure is 
I 

developed to pm!p the melt through the die. As stated in'Sec. 2 .• 4 melt 

..,. flow in the extruder 9CI"ew channel occurs in tv;o regions. . One is 

downstream of the melting znne' and occupies· the entire width of the 

screw channel. The other region occurs ill. the melt pool and· extends

side by. side with the ooUd bed. .Only recently has melt :n.ow in this 

region J:Jeencorisidered as a part of the melt conveying :rone. 

The objectives of DXXielling :the melt conveying znne. ·areto 

predict the velocity, tanpera.ture and pressure profiles in the screw ' 
. . 

channel given the following: (i) extruder screw geanetry and dimensi.ons, 

(U) extiud~ operating conditions, (iii) physical and rheological 

properties of the pol}'lllermelt, and (iv) the rate of meltil'lg of ~ .. . ... 
".- ," . -

pol~ in the melting znne. In this chapter, extruder melt flow ioodels 

reported in the literature are discussed, and the developnent of the 

present melt flowDXXiel is present~. 

6.1 Literature Survey of Melt Conveying !.bdele; 

Of all the sections in the extrusion. process, melt flow in the 

screw channel and die bas received the IIDSt attention in the literature. 
.' - . 

There are many reasons for this. Early attempts to analyZe extruder , 
6-110 
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performance concentrated on uelt flow because it was th~t that the 

uel t flow characteristics in ~ metering section primarily controlled 

. the output of the extruder. Perhaps an even better reason is that 

theoretical analysis of fluid flow is far simpler than that of solids 

conveying or uelting. Mso, tenperatures and, pressures are mre eaSilY' 

mea.surErl in the melt: flow regions of the extruder using melt thenDo

couples and pressure transducers than are parameters' in ._the solids 

conveying and melting zones. Fbr example, the cooling experiment (for 
. . 

the analysis of uelting) as described in Sec 2.3 requires considerably 

mJ:'e effort than do measurements of pressure and tanperature. As a 

consequence, models. describing melt flow in extruders are more 

sophisticated than those describing either solids conveying or melting. 

Many textbookS on IX>lymer. extrusion have beeriwritten in the last 
" ' 

tv.o decades wtiichdeal with the' theoretical analy;,.is and modelling of 

melt flow in. the screw channel.. Included are books by Bernhardt (6), 

~lvey (73), Schenkel (99), Klein and Marshall, (52) ,PearsOn(89) , 

Tadroor and Klein (114), Fenner (28), 'Middlanan (78) and Tadmr- and Gogos 

(112) • Several review.articles have also appeared in the lheratiii-e • 

. The IIX)St recent one bY Fenner (30) was already referred' to in the solids 

conveying and melting sections. The purpose of this se<ltion is not to 

review all: studies reIX>rted in the literature in detail, but to 

highlight the key v;tirks and .. ccintributions in this area. 

.; 

... ~ '". _ .. • •. w •••. ___ "'. '_',.'_ • 
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6.1.1 Newtonian Flow Solutions 

Nearly all of the early attanpts to analyze melt flow in screw 

extruders assuned Newtonian melt behaviour and iSOthenmz: flow. In ID?St 

cases, _only~down channel flow Was considered (Le. transverse 'flow was 

neglected). Tv.o of t11j early- ~ntributions !ire notev.urthy, and sho~d be 

pointed out here. ~first isothermal analysis of screw vi~ity 

punps handlinga Newtozrlan fluids was published anon~ly (97) in 1922 

in a 'Paper ~ch' is often attributed to Rowell and Finlayson who. later 

. extended the . uk. TIle secoOd and perhapS III)re important contribution 
, , 

was by the teain of Carley, Strub, .Ma.llouk, M::Kelvey and Jepson who 

develo~ the :h~ theories and'~~pplied than to the extrusion of 

polymers. Their. \\Ol'k was pililished as- a series of papers in a symposium 
., . f 

on the theory of plastics extrusion in 1953 (11,12,13,14,46,65;71), and 
. .. . ~ 

formed the basis of li>lymer extrusion :theory for several years to cane. . . 
.' 

TIle basic theory for -isbthermal screw extrusion was presented in _ . 

two -forms in ,the early years: (i) the two-dimensional .or so-called 

. ! , 
i 
! 

i 
i 
1 
I 
i 
I 

\ 

; 
:; 

J 

Ii 

- ..•.. 
"exact" theory in which the edge effects of the fl,ight faces are taken 

into account, and (U) -the one-dimensional or so::-called "Simplified" 
, " 

th~ in which - edge effects are negleCted and wtUch is therefore· 
. '! ..,..~ • 

limited in its application to screws of relatively shallow. cbimnel 

depth ..... _ 

The differential equation which describes the two-dimensional 

canbined ctrai?; and pressure flow in a rectangular flat channel as shown 

in Fig. 6.1 where the edge effects are considered is: -
. . 

, .. 

'10 
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FLOW DIRECTION> ,-
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Root of th1z screw 

" , $ECTION A.;...A 
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, Fig. 6.1 'Schanatic, diagram;; of the ~truder' screw' channel. 

Vb is the, tangential barrel velocity, and Vbxand , 
h..,J>":. ". iii'" . 

V bz ~" the ,x and ,z ba.ri:el velocity .canponents. 
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i2v i2v 
\I( __ z + __ z) = o. 

ax,.2 ~2 
(6.1) 

The solution to Fq. 6.1 satisfying "the boUndary condit:j.ons found in 

screw puri!ps"was presented ~ various fonns by Boussinesq (9), Maillefer 

(64), Rowell and Finlayson (97), strub (106), Pigott (93), and carley" 

,and. Strub (13). The form in mrich the oolution was p:i:-esented. was quite' 

different .in each case, and it was only _in 1955 that Meskat (75) 

cri~ reviewed the results of these works and daoonstrated that 

thJu. oolutions were ~ equivalent. The solution to Fq. 6.1,~sented 
, . 

in IOOSt corivenientlyin the form of the flow rate, is as follows (104): " .. 

Y'bzWH [16W 
Q =-==:,-

2.. 1111 
1 nllH 1 

1: "3 tanh ( 2W) 
n=1,3, .... n 

. . 
\, 

(6.2) 

It'· should ~~~. thir"k dr~ flow and ~ssure fl~ canpo~e~t~ 
in Fq • .6.2 can be treated independently because the Newtonian visCosJ'ty 

\I is a' constant. -This enables an analytical solution to be obtained. , 

In the OllEHlimensional theory where the edge effects of the fligll~

are ignored, the differential equation describing ·the flow is: . . -, 

(6.3) 

'i'he'oolution to Fq~ 6.2. was presented and"discussed by Gore (35), carley 

et aJ.. (11), and Bernhardt (5), and again is given in tenns of· flow 
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rates: 

v WH 3 
_ bz WH (gp) - z- - TIZii oz 

() 

The first ,teiin on the right-hand side of Eq. 6.4 re)?reSentsdrag flow, 
I " 

and the' second term, pressUre flow. The valicii ty of the one-ilimensional 
,( l 

theory for predicting and evaluating the performance of relatively 

shallow flighted screws in' extruders was' v~fied by several \\QI'Jrei.s " 

including~k (61,62), Sackett (98) and /vt:Kelvey (71). ' 

Squires (104) ~the solutions of the one-and-two-<Iimensional 
, , 

flow 'theories and showed' that Eq.6.2 may be written as: 

Q =,% Fd+ ~ Fp 

'VbzWH ,wg3, , d 
i =Z-.Fd -I2jj'(~) Fp ,: 

'~" 

. ", 

, .,:'. (6.5) 
. ' , , ,

",', 

where Fi and Fp are 'shape factors giveI;1 by the express~6~, inside the 

square brackets, in 'Eq. 6.2, and accoimt f~.;t:he efl'ect of ~the 'f+ights on 
.<1. 

,tOe flow rate. SubSequent refereI{~°to "simplified", flow theo~in the 
. . ". . 

literature implied the solution as given in,Eq.~.5 :nth the •. choice of 

either retaining :. neglecting 'the shape facJ?s;;'llfuf?n()t ~cl~ivelY 
. ..' "c:',' . " 

"the 'solution inEq. ,6.4. : : 

, , 

.... -: ';: -, . ~ 
In 'Newtonian flow in extruder screW 0 Chaimels, I,transverse flow does 

not affect the down channel '. veloci ~:~ii~.:'.ancr ~~t, but it does 
, ~~. '-, "':~";,,:::' - ' . 

contrlbuteto the ~ew power diS!>ipation andaf-fects heat transfer and 
- .~. 

miXing characteristics in the sCrew channel. The first detailed study 
I 

1 

I 
J 
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OIl! transverse flow was p.lblished in connection with mi xi ng by !&:Ill! et 

al. (81). Asst.ming an infinitely wide screw channel and no net "flow in 

the cross channel direction, the differential equB.tion for transverse 

flow may be written as:' 

(6.6) 

and the solution is given as: 

2 
Vx = Vbx [3 (i) - 2 Ci)] (6.7) 

"-
Numerous papers have appeared which apply various corrections and 

refinanents to the simplified extrusion theory. Squires (104) developed 

a channel curvature· correctionfa.6tor for drag flow based on a zero 

helix angle and a zero aspect ratio (H/W) in the screw channel. Iboy 

(8) derived channel curvature factors for both drag and pres~e flow. 

• .. " 1/ " .::. ~ , • . '.. ,. 

'These factors are functions of helix angle and aspect ratio ani:!. are 

.. ' 

,-------, . " 

canbinedwitQ ~,re~tiv~ channel ~pe factors ,by multiPlication:

Based on unpublished ~rk by Squires and Galt, Bernhardt (6a) described 

a correction ,factor which accounts for the IlOn-unifonn visc~ity due'to 

tanperature variations across the, channel depth., A linear variation in 

viscosity waS ,uSed to develop the correction factor. Thennal effects 

owere also introduced by !.t:Kelveyand Bernhardt (72; 74) who used a 

simple eriei:gy balance and assumed adiabatic operating lconditions in the 

extruder. ( 

In addition to the 'experimental ~rl(by Maddock (61,62), Sackett 

(98) and !.t:Kelvey (71) which confinned tllevalidity of the simplified. 

; 

.' . 

I 
, 
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extrusion theory with respect to extruder performance (i.e. pressure 

profiles, flow rates), ~eral detailed ~es were conducted to 

experiIoontallyverify the velocity profiles predicted by the simplified 

theory. Fecher and Valentinotti (25) were the, first t9 publish direct 

and quantitative results of local velocity profiles inside the screw .. -;' , 
, 

chaimel: UsiW an extruder with a rotating . and transparent barrel, they 

extruded a mixture of p:>lyisobutylene and p!X8.ffin. oil containing snall 

alunipun particles ~h were followed by a microscope. By focusing to 
, . 

different channel depths and reasuring the displacenents of the aluminun 

particles with a micraneter, they were· able b? obtain both down channel 

, and cross channel ·velocity profiles. Mohr et.!!l. (82) conducted similar 
, 

experiments with a transparent barrel extruder using corn syrup, but 

injected a black ,fluid into the screw channel through probes attached to' 
" 

the screw. Velocity profiles were obtained by photographing the streams 

injected at, different levels in the screw channel. ' 'It was noted by Mohr,' 

et al. that although the flow pattern in the screw channel was q~te 

accurately. described as a "helix within a helix", it was' incorrect to 

a.sstm3 that. there .existed a backward flow across a cross section 

perpendicular to the screw axis as, devised by Carley and Strub (13) in a· 
. . " 

diagram of fluid llXltion in the extruder channel. The tenn "backflow" in 

extruders is often misinterpreted as 1OO90i ng bac~low. in the axial 

" direction, whereas it really means backflow in the down channel 

direction., Mohr et al..showed in their, experiments that under oR 

conditions did there exist a backflow in the axial direction. In a 

second paper,' Mohr et iu.. (80) conducted similar experiments with' a . , 

. .,' 
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non-Newtonian fluid (hydroxyethylcellulose in water solution) which bas 

a similar viscosity - shear rate curve as polyethylene. 

The experiments by Eccher ·and Valentinotti, and !.bhr et al. 

dem:ms'trated that the simplified ertrussion theory did provide a useful 

qualitative description of: sane. aspects of screw .extruder performance, 

and that it·was the right approach to treating extruder flow problens. 

However, it' did not provide accurate quantitative descriptions of 

practical processing operations. If flow behaviour of polj'lIler melts was 

to be predicted r,ea.l1stically, then it ~uld be necessary to include 

both the shear .rate and tanperature dependence of melt viscosity and the 

influence of thennal convection in the screw channel. 

t":::' . " 

(3.1.2 lsothennal Non-Newtonian Flow Solutions 

_ The constant viscosity assumption was the' first of the 

simplifications inherent in isothermal Newtonian solutions to be 

·rejected. Early attempts to account for noO-::Newtonian flow behaviour 
. J jl _.. 

. retained the framelrork of the Newtonian theory, . but replaced the 

Newtoni~ Yiscosity in the flow rat~ equation by sane apparent viscostiy 

to account for the non-Newtonian effects. ~lvey (71) and sackett. 

(98) calculated average apparent viscosities fran the Newtonian flciw 

rate equation by using experimentally measured flow rates. Mai:tdock (62)' 

found that for polyethylene, Viscosity data from rheological 

mea.suianents could be -used, provided that the apparent· viscosity was 
• 0 

taken at the drag flow shear 'rate ir\the ~w chann 1;' that is: . . - . 

( 

\, 

I 

! 
1 
~ , 
1 
i 
; 
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(6.8) 

In the simplified extrusion theory based on isothermal Newtonian 

flow, the solution of the flow equations consists of Uu independent 

terms - one for drag flow and the other for pressure flOw (see Eq. 6.5). 

The superposition, i.e. the linear addition of drag and pressure flows 

is a useful concept for Newtonian fluids. However, it is not valid for 

non-Newtonian fluids because the drag and pressure flow terms are no 

longer independent. Jacobi (44) used the. superpositon prinCiple by 

first calcuili.ting the drag and pressure flow terms using the' power-law 

model, and then adding the two terms assuning that the error was not 

significant. Glyde and Holloos-Walker (34) and later Kroesser and 

Middlanan (54) showed that this error could be very significant • 
. .. 

Se:veral publications deal' with the isothermal non-Newtonian 
, 

extrusion of pJlymermelts in' infinitely wide flow channels. In a very 

brief paper, !.Dri and Matslmlto (83) presented a f~ow rate ~ equation 

based 00 the p:>wer-Iaw fluid rn:x:Iel. Unfortunately, their description of 

.the method of~solutionis very sketchy and sane of the variables in 

their flow equation are not defined. 

DeHaven (21) chose a special case of the Ellis model, the 

Rabinowitsch equation as given in Eq. 6.9, to rePresent pseudoplastic 

melt flow behaviour: 

.'.~ 

.. \ (6.9) 
, ' , • 

A veloci'ty profile fOr flow between. ~lel 
\ . 

~'\ _ -.V~ rum 

\ 

.,:.J. 



experiments with polymer 001 utions were carried out. However, the fit 

of experiments to theory was poor, primarily due: to inaccurate 
J 

experiments • 

Weeks and Allen (124) obtained a solution for canbined pressure 

and drag flow of an isothenna.l power-law fluid beteween infinite 

parallel plates. He>we>;~, for practical design purposes they derived a 

simPler method in which an apparent viscosity is used in the Newtonian 

flow equation. Experiments were conducted with low-density polyethylene 

on a 2 inch (51 lIIII) diameter" extruder. '!be theoretical results of 

output versus die head pressure were within 25% of the experimental 

values. 

Exact oolutions for the flow equations using the power-law fluid 

and infinite parallel plate model were presented by Glyde and Jl 

Holmes-Walker (34)" and by Kroesser and Middleman (54). Their results 

were" given in the form of screw characteristics, that is, plots of 

reduced flow rate-versus-dimensionless pressure gr~ent. TheSe screw 

characteristics were determined for several values of the power-law • 
index. 

Narkis and Ram (84) presented" a general oolution for the" output 

rate of parallel (constant dePth) screws for melts obeying the general 

Ellis nxxiel: 

1 1 Dl-.1' -=-+KT 
11 "110 

(6.fO) " 

g" 
An approximate solution for the flow rates of power-law fluids in linear 

: 'C; canpression screws was given and checked experimentally on a 20 lIIII 

, 
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diameter extruder using low-density IXllyethylene. 

Finally, Peon (94) proposed a numerical procedure for the 

solution of the twcHi:imensional (y, z axes) and two-directional (v , v ) 
x z 

)Xlwer-law flow equations for an infinitely wide channel. Transverse 

flow was included. The results were used to construct a canplete IIJJdel 

of the isothermal operation of a single screw melt extruder. Results 

were presented as screw characteristics, and compared with the 
, 

experimental data of. Week and Allen (124). 

Several papers have been p.lblished which ~al with the effect of 

finite channel width in iootherma.l non-Newtonian flow. In Newtonian 

flow, this effect was dealt with by the use of drag and pressure flow 
. • . •• "t:" . ," 

shape factors.' Middlanan (77) solved the equations' governing (i) 

pressure flow, (ii) drag flow, and (iii) canbined pressure and drag flow 
, • M 

of an isothermal power-law fluid ,in channels of rectangular cross-
• 

section using the finite difference method. Results were presented in 

tha fom of shape factorS for pure pressure and drag flows, ,and screw 

characteristics for canbined pressure and drag, flow. Fenner (28b) 

• < followed the same procedure but obtained slightly different results for 

the canbined, pressurealld drag flows. Pali t and Fenner (87) solved the 

above problen using the finite elenent method. Results were presented 

in the fom of screw characteristics' and canpared with results obtained 

using the finite difference method. In a subsequent J:!8-per, Pali t and 

.Fenner (88) applied the finite element method to isothermal, 
, 

two-dimensional flows of power-law fluids. Examples included 

recircul'ting (transverse) flow in a rectangular channel which was 

'l 
1 
j 

I 
I 
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independent of downstream flow. 

The effect of channel Curvature on isothennal non-Newtonian flows 

was examined by McKelvey (73a) and Tadmor (108 ,114m). McKelvey 

" calculated the flow rate for pure drag flow of a power-law fluid in a 

"helical" channel with zero helix angle and zero aspect ratio (H/W). By 

ctJnp!Iring this to the flow rate be~ two parallel plates, a curvature 

correction factor was obtained for non-Newtonian fluids. Tadmor (108) 

obtained de'tailed solutions for velocity profiles and flow rates for 

canbined drag and pressure flow in a similar "zero-helix angle" channel 

(i.e., for tangential flow between two infinitely long concentric 

cylinders, with the outer cylinder rotating and with a constant angular 

pressure gradient). In .addition to the ,flow rate equations, two 

correction factors were derived-: ia curvature correction factor for 

pressure flow, and a correction factOr for superimposing drag and 

pressure flows for non.-NeWtonian fluids. By having these correction 

factOrs aVailable, the flow rate in extruders could be accurately 

calculated by: (i) usiilg the simple' expressions of drag and pressure 
, . 

flows developed for parallel plate theories, (di) correcting the 

equations for curvature and shape, (iii) superimposing them, and (iv) 

multiplying the result with the superposition correction factor (114m). 

A helical coordinate frame' was presented by Tung and Iaurence 

(119) ,for representing flow in helical channels. Although no solutions 

were presented, the helical coordinate 'frame was, illustrated for the 

analysis of flow in a static mixer. Choo et al (15) presented a finite 

element method solution for the fully developed, isothermal, power~law 

, ' 

I 
! 

1 
" 
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flow in a deep, higbly-curved, helical screV'{ channel. Results were' 

presented as screw cba.ra.cteristics and were canpared with experimental 

• 
data fran a 19 mn diameter screw extruder using a high IOOlecular weight 

hydroxyethyl cellulose in aqueous .glucose solution. A similar finite 

elanent solution was given earlier by Hami and Pittman (38) for 

" isothermal Newtonian fluids, based on an analysis in helical 

coordinates set up- by Nebrensky et aI. (85) • Velocity profiles were 

reported by 0100 et aI. (16) for glucose syrup (Newtonian) extru:l.ed in a 

1.5 inch (38. mn) diameter screw extruder to confinn the isothermal 

Newtonian solution. ,... 

6.1.3 Fully Developed Nonisothermal Non-Newtonian Flow Solutions 

Initial attempts to allow for the effects of temperature 

variations on velocity profiles and flow rates treated the temperature 
, , .. ' 

'profiles as being' fully -developed in- both the down channel and 

transverse directions. O:>lwell and Nickells (19) obtained solutions for 

fully developed downstream flow using the power-law fluid model. 

Transverse flow was not included. The results were obtained using both 

graphical and nt.llle!ical integration, and were presented in thEi form of 

screw characteristics (i .e., . reduced flow rates plotted against 

dimensionless pressure "gradients) • Experimental, screw cba.ra.cteristics 

were obtained for a 1.5 inch (38 nni) diameter screw extruder using 

polystyrene. 

SolUtions for fully developed 'twcH:iimensional (y, z directions) 

and twcH:iirectional (v ,v ) flow USing the, power-law IOOdelwere first 
. x z· 
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obtained by Griffith (36). ~e effects of finite channel width, channel 

curvature effects and leakage across the flights were ignored. 

Numerical solutions for various values of power-law :i,ndex were obtained 
, 

and presented in ·the form of screw characteristics. 

results were obtained by extruding corn syrup (Newtonian) and a 1% 

carboxy vinyl pol:ymer-in-water solution in a 2 inch (51 lIID) screw 

extruder.' It should be noted that in Griffith's solution the screw 

surface' temperature was assuned' to be equal to the barrel surface 

temperature., The justification for, :this assunption is" that for very 

large Peclet numer1 flow, the t~ture ranains constant along a 

streamline. If there is no leakage over the flight tip, the screw and 

barrel surface boundari~ form a single continuous streamline (30,36): 

, fure recent studies by Martin et al"\ (70), and Pearson (90) sho~ - that, 

.. , this itssunption provides a realistic and useful way of al10wiilg for ,the 
. . ' ~-.... ---.~ .::~~ 

thermal Convection associated with recirculatiiig transverse flow in ,:. 
two-dimensional and two-directional developing 'flow solutions. It is' 

shown in the next section tha tin nonlsotne'I'riialdeveloping flow 

solutions, thennal, convection is considered only in the down chanriel' 
~ \,,,. 

direction. 
-r 

ZamoditS (129,130) used almost identical methods as Griffith to 

sol ~ the flow problen of, II: power":law fluid in the. metering section of a' . 

1 (Cls.raeterist1c ;;el~1 ty)(Cls.raeteristic length tor heat ccnduct1on) 
Peclet number '= 

(Thermal couluctiV1ty)/(Ilensityj(Speci!ic heat) 

and represents the ratio between convective and conductive heat 

transfer. 

',", 
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screw extruder • The equations of ootion and energy were solvEn, 

mmerically taking into' account the effect of transverse flow in the 

channel and the effect of a superimposed fully developed tanperature 

profile. Results for various values of the power-law index were 
• 

presented as screw cliaracteristics •. ~ts were performed on a 2.S 

- (63.5 =) "'-ter ~ -- ;""'g i in = 0.26) "'" 

polyethylene (n = 0.31). 
'(i '-,r ",-.' ..,. 

",Detailed canp!.risons of one-and two-directi , flow solutions 
I c.' 

(both isothennal and fully developed ndnisothennal solutions) were made 

by Fenner (28c,31) using 'the. power-law ~odel.~! . Metering screw 

experimentS were performed on a'1.5 inch (38 lIIn) ~ter extruder using 

a dimethyl pilicone polymer. , The 'eiperim6ltil pressure pr'ofil~ and 

screw characteristics were compared with (i) isothermal NeWtonian , . 

Solutions; (ii) isothennal one-and .two-direction8l power-law solutions, 

and (iii)nonisothennal one-and two-d1rection8l. power-law solutions. The 
- " . 

effect of leakage across the s::rew flights was aloo shown. 

Martin (68,69) obtain~ a nunerical sOlution for fully developed 

flow v.tri.ch alloWed for the fini tewidth of the screw chl4mel.· ~ this -, . '. . . 

Case the flow problan coul~ be described as fully developed( three-. 

dimension8l (x, y ,z" directions) aM three-direct1on8l" (v ,v ,v ). The 
, ' . x y z 

four simultaneous 'coupled second-order non-linear partial differential 

equations (3 lOCIIlentum, 1 energy) were solved USing the 'finite difference 

method. 
,. 

Martin' sv.urk showed the dcml.nant effect of, thenna.l convection. 

in the transverse direction,' thus conf~g that for high 'values of 

Peclet number encouri.tered' ,j:n"pra.ctice the' isotherm. tend to' takellP . . - . 

shaPes' v.tri.ch li~ along. streamlines. Also . it was shown that for typical 

///>/~:- --

./ 
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screws baving relatively snall aspect ratio CH/w) it is reasonable to 

apply the lubrication approximation in the transverse direction, 

provided the correct screw tenperature boundary condition is enployed 

which accounts for thermal convection in the recirculating transverse 

flow as already disCussed. Dyer (241' attenpted essentially the SIIIOO 

problan and' presented a very limited nunber of results, but his canputer 

program contaiils a number of faults according to Fenner (2&1). 

• 6.1.4 .;Non-Newtonian NonisothermaJ. Developing Flow Solutions 

Fewattenpts bave been made to include the developnent of 
, . 

tenperature profiles in the down channel direction. It was already 

stated in the' last section that thermal convection in the transverse 

diieCtion ma.y..~ .accounted for by a sui table choice of screw tenperature 
.~2"".~'~ ~ , 

boundary cori~~o~ (Le. Tsc = Tb). Y"ates (128) used the finite 

difference",methcil to solve the following m:mentun and en~ equations 

for a power-law fl~d: 
~ ~/ 

!OCmentum: 

Energy: 

where z = 0 

y=o 

T=T o 

v = v = 0 
x' z 

v = V 
x bx 

'-.. ~-j-

;no 
ay =,0 

v = V' 
'z bz 

\) (6.11) 

L (6.12) 
#"'''-'f.? 

(6.13) 

" 

, . 

'1 

I 
/ 
1 
1 
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I 
I 
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The power-law constitutive relation (see also Sec. 204.2, Fqs. 2;33 

to 2.34) is given by: 

~(6.g), 

(6.15) -
-. 

1'\ 
-B(T-T ) 
• 0 .·n-1 

= Ae ''Y 
" 

,,(6.16) 

" y= (6.17) 

Fenner (2!3) ukcr. the same mathematiCal !IOdel to study the design of 

, large 'melt extruders .-: Ine;tead' of' the adiabatic ,sci-ew 'boundary' 
, . ,p. 

condition, the :r:evisedffr-rew temperature boundary condition (Tsc- = Tb) . ' , 

was utilized. Tci ,daronstrate the importance of developing flow effeCts, 
.' . , 

a typical bulk me8.n tanperature ,profile along the down channel direction 

,of a 300 mn diameter screw extruder was pi-esented. ' It was shown tl:lat 

'the flow was far fran being fully developed even at -the delivery end of 
'. ' ' v 

• the rDaCbjDl~. " Kalserand' Snith (48) presen.ted a lII1lch less rigorous J" 

analysis v.hlch allowed for d~eam theJ.'lll!ll- convection. Instead of 

the; local teinperature, an average taripera.tjlre was uSed incthe convective 
", 

'" term of the energy equation., An 'apparen,t viscosity calculated fran the , r' ,', ' 
average tenperature was also utilizSd. " Results were given in the form 

, ..," 

of pressure profiles: and a~erage tanperature rises. EXperimental data . , -, ! 
were obtainEd on a 3.5 inch (~ mn) ?iameter extruder using polystyrene 

resin. 
'. 

In stmmary, oolu-tionshB.ve ,been obtained for pol~ melt flows 
.. ----? 

. ,. 

1 
1 
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in extruder' =ew channels, and they'may be divided into four generaJ. 

categories~ 

I 
(i)· isothermal Newtonian flow, 

(ii) ioothennal non-Newtonian fldw, 

(iii) fully develoPed nonisothennal non-Newtonian flow, and 

(i v) developing nonisothennal non-Newtonian flo,... 

, 

The oolutions to the flD'! ; problems in the first three categories are 

USIl4llypresented in too' fom of screw characteristics (i.e., reduced 

flow rates'plotted against dimensionless pressure gradient). ,However, '. 

'results for developing flow problems are lOClre' difficw. t to' present, in 
,4 , 

suCh a concise fom. Screw cb8ra.cteristics, for ,example, are no longer 
'" '. .. . 

relevant in this case. Resuits are usually given in the fom of ~ulk 

mean temperature and pressure, profiles along the:extruder screw channel. ',:, 
, " 

In fact,for design 
. I .t)I' . 

~s tbe lOClst usefUl resUlt is the-,,~ter~' 
: -. . . : " '~\.~" .... ~' 

program i~lf (30). SuCh a program bas been developed in this study 

and is described in the 'hextSection. ' 

6.2 Development of a Melt Conveying Model 
, ",'c 

TtJe 'developnent of a melt conveying rodel for an extruder =ew 

channel is presented in this section. First a simple rodel for ~ined 

drag and' pressure flow of ·an 'isothermal' Newtonian fluid between 

infinitely wide, pl.:l"allel and converging plates is described. This nxxlel' 

is then lOCldifiErl step by step to its final fom (i.e., a 'rodel, for 

developing nonisothermal non-Newtonian flow ,in. a. channel' having 

rectangular, cross-section as was shown in- Fig. 6:1)., TIW effects of 

, -~-~,\-,,-,--- .. , 
, ' 

-.'" 

, 
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channe1eurvatu:l:e are not considered. 

The equations of conservation of mass, mcmentun and .energy were 

presented in simplified fonn in Sec. 2.4.1 (see 'Fqs~ 2.11, and 2.25 to, 

2.Z7). These equationS represent p:llymer melt flow between infiDitely, 

wide channels,and are utilized in the melt conveying' nxx:Iels' developed 

in this section. Initially, solutions are obtained by assuming that the 

melt flow, occurs, be~ infinitely wide parallel or converging plates, 

rO"Then" to' account for the finite channel width, correction factors 

, (called shape factors) are used to nxx:Iify the solutions obtained for 

infinitely wide channels. These shape factors are also used to correct 

the solutions for flow iri' the melt pool (i.ei.,· wIlere the splid bed and. 

.• ~, .... :.'.-x. 

melt exist side by side). Thus, the finite difference solutions. .,-; ~ 

presented in this section are always far infinitely wide channels. The 

shape, factors are subsequently used to correct these solutions for 

finite channel width. 

6.2.1 Isothermal Newtonian Flow in Infinitely Wiele Parallel and 

Converging Channels \ " 

The first· step ill 'the develoPnent of, a melt conveying m::x:lel is to 

.obta.:!,n sollltiop.S for unidirectional (down channel)" flow of an isothenna.l 

" 

Newtonian. fluid' ~tweEm both infinitely .wide :r;:arallel and con':erging 

pla~. The ··difference' between the parallel and converging' plate .' nxx:Iels· 

is significant enough to wa.rrant separate treatinents. Initially, 

transverse'flow is not consiciered, asi t ',does not affect down i channel 

. flow rates and velocity profiles for iso'j:hennal Newtonian flow. 'The 

, ' 

"',.,,, 
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effects 'of transverse flaw 0eccJne' :Important only when thenna.l effects 

and non-Newtonian flow behaviour are added to the model. The 

analytical solution for combined, drag and pressvre, flow between 

infinitely wide parallel plates was already given in Eq. 6.4 (see Sec. 

6.1.1) and so it may seen red,undant to repeat the derivation~here. 
,~ 

. However , sinCe the finite, difference metbbd is used ·to solve the 
.. 

. developing nonisothenna.lnon-Newtonian :p.ow problen;. it is usedbere to 

solve the Newtonian fldR problen for illustrative ~s. If a finite 

difference program can be written for Newtonian flow, then with scmei 
, 

modifications the 'program can be converted to solve the non-Newtonian 

problen • 
• 

FldR Equations 

The physical systens for canbined ,drag and pressure flow beitween 
. , 

infini tely wide parallel plates anqonverging plates are shown 

respectively in Figs. 6.2(a) and 6.2(b). The simplified conservation 

equations fCll" isothenna.l Newtonian flow are: 

Continuity equation (integral form) in z-direCtion: 

H 
! v dy=9. 
o zW 

, ~tuin equB.tion in :u-directipn: 

d2v' 
\l __ z =.0 

d.j 

(6.18) 

(6.19) 

" 

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

" .. : 

I 
I 
I 
! 
I 
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(a) 

vz(y) H 

T= Tb 

(b) 

Fig. 6.2 Canbined drag and pressure flow' in .. the down channe~ 
direction between (a) ic,finitely wide parallel 

pla~, and (b) infinit~i~'wide converging plat~s. 
Ybz i~ the d~ channel canponent of fthe'ba.rrel 
velocity, and v (y)" is the down channel velocity z .. 
profile of the polymer melt. 
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The boundary conditions for the above equations are: 

z = 0 p = Po 

y=o 

y=H 

v = 0 z 
v = V z bz 

To represent Eqs. 6.18 to 6.20 in dirrensi.onless fOnD, let: 

vz . 
Vz=V' 

b 

y = '1. 
H ", 

(6.20) 

(6.21) 

where H is the local Channel depth, and H 'the channel depth in the feed 
_ 0 .' 

section of the extruder. SUbstituting the above into Eqs. 6.18 to 6.20, 

we obtain in tenns of dirrensionless parameters: 

'Continuity equation (integral fOnD) in Z-direction: 

1 . 

f VzdY=~ 
. .' WH V ob 

(6.22) 

Mci:nentum equation in Z-direction: 

(6.23) 

1 

1 
t 
.j , .. 
J 
; , 

.. ' 
,:-'; 



.. 
- .. 

Boundary corn:li tions: 

Z = 0 

¥=o 

¥ = 1 -

P= 

Vz = 0 

Vbz 
Vz=V

b 
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Finite Difference Solution - ParaJ.lel' Plates 

(6.24) 

An :implicit finite difference nethod is used to solve Fqs. 6.22 

arid 6.23 with the acompanying boundary conditions. The finite 
~ 

difference grid is illustrated in Fig. 6.3. Simpson' srule is uSee! to 

,repre~t the continuity equation (6.22) infinite difference form, and 
r 

' . .is given as follbws for colrinn n in the finite difference grid: 

1 IN 
r / Vz' elY ,'" -3 [Vz. + 4 -Vz... + 2 Vz.. + 
. 0 .ltn. . . -~,n ~,n 

+4Vz.. +VZ."1 ] 
M,D M't' ,n 

Substi tutingthe abovE1 into Fq. 6.22 ~ we obtain: 

V~ + 4 Vz.. + 2 Vz.. . + ••• .;. 4 Vz.. + vz.:' 1 =. :T ~ 
. ,l.,n :&,n ~,n ,M,D M1" ,n u~./nnYb 

c:- . .JL,;. 
.= 3M W!lV' 

b 

For tile IOCIIleIltun equation (6.22) the following finite difference 

approximation is used: 

2 Vz . - 2Vz + Vz • 
~ '" 'mr1,n m,n m-1,n 
cry2 (&)2 

(6.25) 

(6.26) 

(6,27) 

I 

" 

1 
j 
1 

i 
J 
! 
i 
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Fig. 6.3 
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I 
C C , 
Z -z 
::E ' • ::E 
::J ::J 
--' --' 

.. 8 8 
Vz = Vbz I Vb 9 = 9b . 

ROWM.l Y=l 

ROW M 

' . 
• 

ROW m.l m.l n-l 

ROW m m n-'l m n 
6,Y 

ROW m-l 
m-l. n'-l m-l.n 

Y -

L:W2 ,/. 

ROW 1 

. Z Vz=O 

Finite difference grid for down ,channel floW in a 
parallel channel. Dark nodes denote known Values 
(either calculated or boundary values) and blank 
nodes denote values to be calculated. 

.' ", 

• 

" 

i , , 
1 

\ 
\ 
1 
.\ 

,1 
\ 

".; . , 
J 
'. 



, 

6-135 

~. 

Substituting the above into Fq. 6.22, we obtain for coll.lllIl n: 

. dP 
VZ 1 - 2 Vz + Vz -1 - a (dz) = a 
~ ,n .' m,n mr ,n n (6.28) 

where m=2,3, ••• ,M 

Canbining Fqs. 6.26 and 6.28, we have a DXXlified tridiago~ system of M 

algebraic equations and M unknowns (Vz... to Vz.. and (dP/dZ) y. The 
. . '. • :<::,n M,n \!. n 

equations may ,be written as follows: 

o 
Vz./-2 Vz... + Vz... -
-~,n l~Jn' ~,n 

-/ . . .' . 
dP .-

a(-) =0 
dz n 

Vz - 2 Vz -+ Vz •. "- a (dPr =-0 
m-1,n , m,n mtl,n dZ n 

\' 

.. 

• . .' • " /Vb~b.. dP 
Vz.' l - 2 Vz.. + Vz..· 1·· - a .(dZ) = a 

M- ,no M,n / M+ ,n n 

o Vbz/Vb 

/. 
Vz. + 4 Vz... + 2 Vz.. • + 

',' '., / .:..JL 
+,4 Vz.. + Vz.'· l =.3M WH V /.L,n :<::,n , ;j.,n 

\ 
or in matrix fOrql: , 

10 ·r_.~ 

. M,n / M+ ,n n b, 

: .. ~. 

, 

'. 

(6.29) 

1 , 

-..... 
. " 

:~ 

.. -\ 
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-a VZ
2 ,n 

-a vZ3 ,n 

-a Vz 
m,n 

-2· -a 
V1.i,n 

-2 0 (dP) 
dZ n 

o 

o 

I 

= 0 (6.30) 

0 

-VbzfVb 

3M~_Vbz 
~Vb Vb 

Using Gaussian elimination tis sytan of equations is solved' for the 

down channel VeICX;ity 'profile and preSsure gradient at colunn n in the 
~ 

finite - difference grid. 'The algoritln! used for solving the above 

modified fridiagonal'5Ystan is described in Ref. (1). The pressure at 

column ,n may be calculated as,follows: . . 

p ;, p + (dP) . tfl 
n n-1 dZ n 

(6.31) 

Finally, the velocity profile and pressUre gradient obtained by solving 
, 

Eq. 6.30 should corresIX'nd to the analytical--. ~alues given by the 

following expressi~ 

. V : • ' ... 

'Vz(y) = 6Q (Y _y2) + bz (3Y2 _ 2Y) .. . WIITb. Vb· 
. .. ~ 

(6.32) 

• 

'. 

1 
'i 
! , 
1 
j 
1 
j 
1 

I 
1 • 

\ , 
1 

···1 
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J 

d Vbz 'JrI 
QE = 6\1 [- - -=-] 
dz H2 WH 3 

n n 

2 
dP Cpm Ho S? 
dZ=kV dz 

m b 
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Finite Difference Solution - ConVerging Plates 

(6.33) 

(6.34) 

~ For .isothermal Newtonian flow between pu-allel plates, it makes 

no difference in Fq.. 6.31 \ where the pressure gradient in' the finite 

difference grid is calcUlated, be it at column n, columnn-1 or at the 
. ., '. . 

midpoint between co1U11llS n and n-1, because the" veiocity profile ~d 

pressure gradient do not change in the down channel direction. This. is, 

. however, not the case for· flow between converging plates. As .the 

channel depth decreases in the downstream direction, the velocity 

profile and preSsure gradient change significantly. A more accurate, 
-

pressure pro~ is obtained by calculating the pressure gradient "at the . 

midpoint between c6lUllllS n and n-1, denoted by n* ,rather than at co1unn 

n. .,' 

Again, an implicit finite difference method is used to solve the 

continuity and m:mentun equations (6.22 ana' 6.23) along with the 

boundary conditions (6.24). The fiIU.te difference grid. is shown in Fig. 

6.4. It should be noted, that the dimensionless step size flY in the 

finite difference grid is aJ.wa.ys constant even'though the channel depth 

'H decreases with downstream distance Z (the number of nodal. points in 

~" 

, 

1 
1 
j , 
\ 
; 
j , 
'; 
.~ 

.. , 
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ROW· M 

ROW m.l 

ROW m 

ROW m-1 

Y ROW 2 
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m.l 

I 
C 

Z 
~ 
::l 
--' o 
u 

n-1 

m,n-1 

,-
JII1 

c 
z 
.~ 

::l 
--' o 
u 

m.l n 

m,n 

m-l,n 

AY 

~ , 

.-,' 

Fig. 6.4 Finite difference grid for down channel flow in a 
converging channel. Dark nodes denote known values 
(either calculated or boundary valUes) and blank 

. nodes denote values to be ,calculated. . 
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the Y-<lirection aJ.ways reinains the S!IIOO). This ~ due to the definition 

of dimensi.onless ·distance Y (see Eq. 6.21) which is a function of local 

channel depth • 

. _- The colltinuity equation in f~te difference form for converging 

plates is the S!IIOO as f= parallel plates (see Eq. 6~26): 

-. _ .JL.. 
V~ + 4V~ •. + 2V~ + ••• + .. 4~,n + V~1,n - 3M WH V.b .. ,n t n ,n. n 

(6.35) 

For the momentum equation (6.23) the following finite difference 

approximation·is .used: 

2_ . • Vz -2Vz +Vz·. ..-
1 ~ = _1_._ [iItl-1,n m,n m-1,n] +. 

~.cr? 2H..a2 , (1N)2 ' .. 

of 

. Vz. -2Vz· +Vz· 
._1 _. '[ ··iItl-l ,n-1m,n-1 m-1 ,n-1] 
2~n-1CJ . . 91N)2... .. 

..". " , 

(6.39) 

.. 
SUbstituting the above. into Eq. 6.23, \re obtain: 

. '~'-'~ 
, . 

- *;;,. 

c!P' 
Vz . - 2Vz. . + Vz. - <r (-) . 

m-1,n m,n m+1,n:, dz n* .. 
. . 

~ 2 
'" - (--) [Vz ~. 2VZT Vz . ] 

~-1 m-1,n-1 .. m,n-1 iItl-1,n-1 
(6.37) .. 

r 
, 

1 
I 
1 , 
i 

\ 
\ 
j 

.'.":" 
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where m= 2,3, ••• ,tSP 
• n* = midpoint between co1mms n and n-1 

, 2 

a=2 ~ /\ (Ay)2. 
iCP. H ' m 0 

Hn and H
n

_
1 

rerEi'r to the channel depths at columns nand n-1 

respectively. O:IiIbining Eqs.6.35 and 6.37, we aga.iJl: obtain a m:xlified 

tridiagollliJ. ~an .0£ M algebraic equations. and M unknowns (yz..to 
~,n 

V\i,n and (dP/dz)n*); The equati~ may be written as fo~lows: 

,,0 dP· . 
, Vz. - 2Vz + Vz.. - a (-) = A_ 
/ l,n 2,n .;;s,n dz n* --Z,n-1 

. . ' dP' 
Vz . - 2Vz + Vz ., . - a (-) . = A 

.nr-1,n m,n '1Ili"l,n . dZ n* -1Ii,n-1 
'~.~"-.". ·.38) 

" ~. 
, :'---

, VbzfVb ", 
. . / dP 
Vz.. ... - 2Vz.. + Vz.., - 'a '(-) . = A.. . 

14-1 ,n' M,n / M+1,n dZ n* -"M,n-1 . 

. 0 

./ 
/

Vz. -I: 4Vz.. + 2Vz... + l,n ~,n ~Jn . 

I 

wbere.A =-
m,n-1 

~ 2, 
(-) [Vz - ZVz + Vz ] H ' nr-1 n-1 . m,n-1· mH,n-1 ' 

n-1 ' . '. 

The above ~em of equations· is solved for the down channel velocity 

profile . at colunn nand' the pressure gradient· at n* using' Gaussiail 

elimination'(!SOO Ref. (1) for alg~ritlm). The presSure at col1llll!,l n is 

j 

1 
; 

., , 
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calculated as follows:' 

It ""'"'" be ",ted ""': "", _. dPldH' ,.. . '" =,oi f~ ".'" to ~'. 
cbaDnel width by the use of shape fac1:2f.S. described in the next sec:U . 

the cbaDnel dimensiolis at n* are to be used, not at COIUDnl n: . . 
, ) 

.. , . 
6.2.2 lsothEmnal Newtonian Flow with the Effect of Cbaimel Side Walls .;. 

IIi the pr~iOUS section, solutions. ~ presented for -down 

channel velocity profiles and p,ressure gradients for i.sothermal' 

'" . Newtonian flowin infinitei'ywide cbaDnels.In essence it was assuned 

, ~: ,j" ' e;" !hatthe cbaDnel walls have negligtble 'effect 'on the velocity pi:ofile~ .. 
and preSsure ,gradient. 'Ibis assumptio~ 'ooIds' for pure drag or preSsure 

f'fin "scr,ew cbaDnels' where H/W is le~ than 0.05, as is. the case in 

~~tering section of many &:rew extt;1liers. The err.or introduced. by < 

neglecting the screw flight effects in such cirC)JIIStances is relatively, ' .' " ..... ' 

snall'c::anPai"ed' to the errors I'esul ting fran othersimplifcati.ollf!' " ~ , 

0Ii.e of the objectives in this thesis is to'describe the Solution .' . . 
for the canbined drag and pr~e 0 "flow ci~ polymer melts in regioflS of 

the screw channel wnere the s:j.de wall effects on flow are not 

negligible. 'rus may include all three sections (f~, cCmpreSsion, 

metetiIig) of ;the~ cbaDnel, but more so the melt POC!lin the,uieitin~ . ~ , .. . . . . , - . ~. ., . 
:wne .mere' the' solid, pol:ymer coexists \Vi th the melt.' It was shpwn in, .. ' , 

Sec. ~6.1.1 (see Eq. 6.5) that the eff~t of rfligh~ on the.flo!\, 

'rate' in acanpletely melt filled cbaDnel could be accounted for, by the 
•• • ' Q.' •• '"., 

, ... 
" 
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• 

• 
use of the shape :factors, F and Fd as in the following eqjlation: p . , 

Q = % Fd + ~ Fp' 

Vbz WH ... F -d • 
= 2 Fd -: 1211 (~) Fp 

, .. 
~re . Q

d 
and .~ are the contributions of drag and pressure flow, . 

respeCtively, to the total flow rate. The shape factors F d s.nd F are 
, " w p 

shown ;-~~ ;.5 as ~ti~ns Of.~/~. 
Ei:/.uation 6.40 is used to calculate the corrected flow· rate in a . 

, . . 
-, .. 7''''i.. 

finite width cbarinel given t~ cbanneldimenstonsand t~ ~Ssure 
'. 

gradient; Her~', instead of calcuJ,atfng the flow :r;ate, we would. l~ to 

calculate ttecorrected pressure gradient given aspecifled valUe of the 
.9 _ ". _. -' . . 

", , . ,', " 

flow rate; To dothi~, we utili~ the flow rate equation . for an 

infinitelY wide cbamiel (parallel or converging) and the corresponding 

.equation for a f~te .. width clJannel. The flow ra-t;e between infinitely 

wide plates is giyEllf bY.:. . 

=a - b ~)* (6.41) .Qz 

.~ ~ . . .\\ 
Fran Eq. 6.~8 the flow. rate ina finite width cbitiiD.el is given by: 

•. J. , • 

.. ~ ." '\ 
0,,00 '.' ,._ 

, 
! 
1 

,f' j 

j 
i r , 

I 
1 
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i 
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'1 
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NEVITONIRN SHRPE FRCTORS , FO RNO FP 
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The superscript *, in Fq. 6.41 is used to indicate the pressm-e gradient 

in an infinitely wide channel as opIJOSE;d to the pressure gradient in a ,,_ 

-
finite width channel. Cbnsider the case where the ,two flow rates are 

equal: 

, (6.43) 

. 
It can be shown upon rearranganent that: 

, 
'd 1 d * a(Fd - 1) 
~= F (~) + b F 

P P 

. (6.44) 

In dimensio~ess terms (~ Fq. 6:21), 

(6.45)' 

, . 
whereH

o 
is the channel depth in the feed seCtion,. 'Thus, the pressUre 

, 
gr8dient in' a finite width channel can be obtained, by firSt calculating 

, " f , 
the pressure ,gradient in an-infini~ly wide channel using the finite 

difference IOOthod (see Fq;. 6.30 for plXallel 'channels or Fq. 6.38 for a 

conv9rging channels) and,jthen correct1Dg for finite/channel width by 

using Fq. 6'.45. ' 

" .. 
The effect of &:rew flights on pressure profiles are shown in 

Figs~ 6.6 to 6'.8 fOr the feed, canpression and metering_sections of a 

screw channel (completely filled' with ,lOOlt). In each case, a solution 

, -. 
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FEED SECTION (NEWTONI~N) 

SO RPM \ 1;;:.002742 KG/S VISC=85S P~.S 

. . ,. , 
. . 
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NO. OF TURNS 

• 
Fig. 6;6 D::lwn channel pre~ profiles in 14e feed section of the 

extruder screw chann 1 for ioothenna.l Newtonian flow. rata'· 
for thepol:Ym9I' -pro ies, screw channel dimensions. and' 
ex,;truder operating co ~enS.are give~in App. G.4. 
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COMPRESSION SECTION (NEWTONIAN) 
60 M' G=.002742 KG/S VISC=S56 PA.S 

. 10.0 ~ __ -+ __ ~ ______ ~ ______ ~ ____ ~,-______ ,-______ , 

S.0r-----~r-----~------_+----~~--~r_~~--~ 

• 

2.0 ~~----+_~~~+_------~------~----~~------~ 

" 

O.O~~~~~~~--~--~~~~--~--~~~--~--~--~ 
0.0 1.0 2.0 3.0 ...... 4.0 .. 5.0 . . 6.0 

NO.' OF . TURNSf'''y 

Down channel pressure profiles in the canpression Section of 
the "extruder screw. channel for i~heImal Newtonian flow. 
Data for the p:llymer properties,sc wchanneldimensions and 
extruder operating conditions axe givenApp. ·G.4. ", 
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METERING SECTION (NEWTONI~N) 

60 RPM" G=.002742 KG/S VISC=856' P~.S 

10.0~------r------'-------'-------r-------r------, 

~ 6.0 S~4~ 
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Fig .6.8 Down channel pressure prOfiles . in the J])3tering section of the 
extruder screw channel for isothermal Newtonian flow. D!l.ta 
for the polymer prOperties,. screw. channel diJ])3Dsions and 
extruder operating conditions are given.m App. (;.4.:. . 
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for the preSSure gradient was obtained for flow in an infinitely wide 

channel. The pressure gradient was then C0rrected for finite channel 

width using Eq. 6.45. It can be seen in Figs. 6.6 and 6.7 (where the 

pressures are on the rise) that the pressure gradients for flow in 

finite width channels are shallower than for flow.in infinitely wide 

channels; In Fig. 6.8 the pressures are, on a decline ru:id the pressure 

gradient for the finite width channel is steeper than for the channell 
~ 

having infinite width. The effect of channel walls (for increasin~ 

pressures) is' to . decrease the preSsure. gradient whereas for decreasing 
, ' 

pressures the pressure gradient is greater (in maghitude). For pur~ 

pressure flow, pressure gnuiientsin finite width channels are always 

steeper than in channels having infinite width. Thus, for ~ined drag 

and pressure, flow in finite width screw channels the effect of screw 
flights on pressure gradients is due to not only the channel dinensi ons 

but also the relative contributrs of the drag and pressure flows to 

the total flow rate in the Chann~,) 
, , 

,In th~ case of canbined drag and Pressure flow i!l"the IOOlt p:lOl, 
, '." ,_ ',<1. • ~ 

the velocity profiles and pressure gradient, are affeCted also" by the 
, .'. . . 

moving ,oolid bed. The oo1id' bed may be thought of as a roving side wall 

with constant down channel velocity V and thus contributing to drag 
sz ' 

flow in the lOOlt p:lOl. The flow rate in the IOOlt p:lOl may be expressed 

as: 

• 

1 
J 

" 

:'j 
'J 

I 
i 

\1 
)1 

I 

I 
\ 
1 , 

,',.' 
".': , , 

., 
, 

. , 
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or 

Q 
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." " 

,. 

drag flow 
due to m::wing 
barrel 

, 
-,-------'"' 
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+ 

drag flow 
que to m::wing 
so'lid bed 

• 

pressure flow 

(6.47) 

where F ds is the drag flow shape fuctor for channel depth W and cruinnel 

... 'fidth H. Consider the flow rate in· the roolt lXlOl equal to that in an 

.: infinitely wide channe1.(see Fq. 6.41): 

g = a - b (.!!E) * = a F ,. C F - b F (.!!E) 
W dz d ds pdz 

After rearranganent, the "corrected" pt'eSsure gi-adient is g:!.ven by: 

_ 0 0 

or in climensionless. tenns: 

~ .. 

.. 

, . 
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Vbz (Fd - 1) + Vsz Fds 
[ F ] 

P 
(6.50) 

Thus,the correCted dimensionless ~ gradients for rrelt filled 

channels and for the rrelt p:x>l are given by Eqs. 6.45 and 6.50. 

respectively • 

. Ca!culationofShape Factors 

The shape factors, Fd and Fp ' for. pJre drag and pressure flows 

respectively are given by the followirig analYtical expressions (104): 

• o· 

"" 1:'" 

n=1,3~~ •• ' 
(6.51) 

.. 
"" H . / H 

Fp (W) = 1 -1920:: (6.52) . 
. ' 0 1T W 

,. c 
,n=1,3, ... 

. . ..... . . . " -3 . 
The tenth tenn of the SUDlnationdn 'Eq. 6.51 is of the Order 10 • and in 

.' .. . . 

Eq.6.52 of· the order 10-,6 • Thus, several terms in the st.mllB.tion are 

~ed' in theSe ~tio~~ especiallY for F d' in order that accUrate 

v~uesOflshaPe ~1:OtSImy'be obtained, •. . 'A the,.case of flow in tapered channels or. in the rrei t p:x>l where 

;JY iscbanging in.' the down channel direction,. re~ted calculatio~. of 

F d IlIici F p using Eqs. 6.51 and 6.52 .can use up a significant !UlXlUllt of 
. . 

canputer time. To overcane this problen.. thei shaPe. factors F dand F P 

ar.e.expressed: as functions of H/W by the follOwing polynomial 

exPressionS : 
I .. 

" 
o 



• 
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H H H2 HN 
"-n Fd (V;) = ao + a1 W + a2 (W) + ••• + ~ (W) (6.53) 

H ; H H2. . HN 
"-n. Fp (W) = bO + ~}V + ~,~ ••• +.~ (W) (6.54) 

where a and b are p!Xameters obtained-~ fitting F.qs. 6.53 and 6.54 to 
Inn ,. 

the analytical valu~ of F d and F using linear regression. In addition 
. - p . 

it is shown in App. A that: 

(6.55) 

(6.56) 

With the identities given in F.qs. 6.55 and 6.56, it is necessary only to 
• 

curve-fit Fd and F P in the range H/W = 0 to 1 which is ~nsidera.blY 

easier than if the range were 0 to 10 or 0 to 20. If values of F dand 

Fp for H/W > l' are needed, then Fd (W/H) and Fp (WiH) for W/H < 1 are 

first calculated using F.qs. 6.53 and 6.54 and then are converted to Fd 

(H/W) and F (H/W)usingF.qs.·' 6.55 anii.6.56. In this study the 
p . . 

following sixth-orderp:>lynanial ~tions are used to cai~ulate Fd alui 

'F in the range H/W = 0 to 1: p . 

6 H h 
.' 1n F (!!) = 1: an (-W) . , .. d W, n=O • (6.57a) 

(6.57b) . 

. ' 

i 
1 
1 . 1 

1 
i 
J. 
i 
! 

-\ 

! 
" 



where a = -O.541~ 
o 

a
1 

= -0.17357760 

~ = 0.18083463 

a
3 

= -0.92160908 

a
4 

= 1.5420764 

a = -1.03345<i6 5 .. . 
a = 0.25442251 6 . 
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\ 

b = -0.62870425 o 
b

1 
= -0.23641853 

b
2 

= 0.23095889 

b = -1.2000440 
3 

.b
4 

= 1.9176489 

b
5 

= -1.2485500 

b = 0.30172093 6 . 

6l2.3 Nonisothenna.l Newtonian Flow with Developing Tenperature Profiles 
.:« 

'The next step in the fo:mnll.ation of .S: lIelt flow DXldel, .in We 

ex:truder is to include the de~nt of' .temperature in the down 

cbaIinel cfu-ection. This entails the. solution Ofth~ation ~f 
energyequation,wbich ,in its simplifi,ed fom is given by: 

.w~ z=O 

y=O 

T=T o 

T =·T = T sc ··b 

(6.58)- . 

. (6.59) 

'. y = H' .' T = Tb - .' ~ 

"'~tioo 6.58 ~ts "'" ___ , of . ___ in m ""iDi~Y/ 
wide flow channel (parallel or convergent) • The down channel velocity 

v· and veloCity ~ent dv /dy may be independently obtained fran the z z 
m::mentun equatiqn (Eq. 3? or 6.38) due to the Newtonian .nature of the' 

flow. A constant ature pr:ofile T(y) = T has been chosen as a • . 0 . .. 

~ , 
. '-.,tl 

~ 

.. 



, 
', , 

i: . . , 

1 
\ 

'\' . 

------'.'------

" 

boundary condition at z = 0 (Le. a;;>the"beginning of the malt flow 

region). other profiles could have also been used. The barrel 

~perature lxmnciarY condition is denoted as T ,,; ~, 'wqere tli:e' b!lrrel 

tanpera-qrre Tb is a constant at a given down channel position but can 

also be Ii. specified function of doWn channel distance,. ' The latter is 

desirable provision since in many 

specified barrel Umperature profile. 

cases . 'ertruderso'perate with a 

~the screw Umperature 
• bqundary' condition has been chosen as T = T = T

b
, where the scr~w 

sc 
=face 'te!nPeratm-e is assumed eqUal to that of ,the barrel "as first 

. \ . .' ..' 

suggested by Griffith (36) and discussed 'in: the literature survey of 

'melt flow lOCldels (see Sec., 6.1.3). other sqrew and barrel 

boundary conditions may, be utilized, namely: 

(i)' 

(ii) 

(iii), ' 

y=o 

y:=H 

"y = 0 

y=H 

"Y':" 0 

y=H 

," 
T ~Tmelt 

',T ,=,Tb 

ilT, 
',3y"1. 0 

T=Tb 

'aT 
ay = 0 

aT = 0 
3y 

Umperature 

~., 

(6.60) 

, 

(6.61) 

(6.62) 

i ' . ', .. '., 
, where Tmel t, is ,the melting tanperature of the, IPlymer. The temperature 

'boundary conditionsin,Eqs. 6 •. 60 "to 6;62 are oot treated here, but may , . 
be incorporated into the :p.ow lOCldel withminirnal changes in the cCmIJuter 

program. 

" 

.. 

1 
J 

I 
I 

\ 

I 
I 
I 
j 

.1 

:l 
\ 
I 
1 

" 

:.} 
" 
'f , 
.,! 

, 
" 

" 

. ~. 
"1 , . 
'1 
,. 
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- Let 
v , ,z 

Vz=
Vb 

T e ==--~ 
~e1t 

~= y. 
H 

~z 
z=-=--~ 

PCpVH 2 
"m m b 0 

-:;. 

-
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(6.63) 

~ie Ho is the cha,nneldepth ,in the fee4. ~tion of the screw channel. 

", , ' ." 
Substituting the above into th~ energy equation «().58). and boundary 

" 

cOnditions (6'.59). we obtain in tenns of dimensionless parameters: 

Energy equation: 

(6.64) 

where, Z=o ~ e =T 
0 0 

Y=O e = 8 =~/T -
(6.65). 

sc 'melt 
", 

''L, Y=l e,= eb = Tb/Tnlel t 

'-
• r ... 

/ , 

I 

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

j 
i 
\ 

"- -j ,', 
":( 

.:; 

'i 
:i 
.) , 

,-;! 
j 

"'l 
;~ 

-
:l 

. ; 
, -

.. ,'j 

-,' 
':') ..•. '( , 

::.~ 
~<:~ 

'·c, 
','f 
;::' ... ,: .... l: 
'~/' , 
" 
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Finite Difference Solution - PBr8llel.~el , 

o 

. 

--.,0-----0-- m+l 

GO) 
--o-~---o-=-- m ,: 

--()----(:r---m-l 

n-l n 

. ", 

j 

Fig.~.6.9~te diff~ce grid~for 1 parallel cMnn~l;' 
'\ . ".". 

The. 'CrSnk-Nicolson :implicit finite diff~encemethod is usEid to 
" 

solve t~ en~ equatidn -(6.64) along with the a.cccmpanying bounqary 
: .... ~ ~ .. 

Conditions (6.65). The finite difference grid used is the same as for 

, . 

-, , 

" 

" 
,I 
',:.} 

\, . , ". .' a . '. 

i~t~ -fiow (~ fig. ,6.3). ~ abbreviated - fom of'th~' ~, • ":~ 
" ',' - /' ~"l 

differenCe grid' is ~own in, Fig. p.9. For the energy eiquatio~~ the ' '~':j 

.following.finiW difterence a.pProximations are ~: " 
" . ""'.: .- .. 

. ' ': , . 
'(6.66) 

(6.67) 
, , 

~ 

,SUbstit1lttng,the abo.reintoF,q. 6.6~, we obta;,f(f~'co1~ n in the 
fini tedifference ,grid: 

., 

," ' 
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-6 + (a + 2), 6 - ,6 '= 6m-1'n-1 + (a -,2) 6 ., m-l,n m,n m+-l,n, ,m,Jfl. 

where • • 

+ 6 • + Y 
,mH,n-1 m 

m = 2,3, ••• , M 

H 2 
r.....!!) Vz 
'H a:vg n o ' 

2 
J.I Vb2 " .... , ,,2 

y~ = 2(t.Y) '" ,(~) 
m, ~Tueit dY. m,n 

.... , 

, 

,~' 
: His, the 'cbaniieldepthat coluim n, and-the velocity gradient n ' 

, I 

(rNz(IIT), ,is obtained fran the, velocity profile Calculated ea.rllerin ' 
"m,n" " " , " ." , ' 

Eq. ,6.3Q. M, average, velocity Vz ~ instead of Vz is ~ed in Eq .. q.68 ,', 

because in'~ ~ionsOf the sc~~ channel there 'may'be nega:ti~e down 

'channel ,/elOCi ty canponents 'dUe to ", pressure, ,backflow. "Since' the 
_ t·. _.' • 

Grallk-N!!.colson Ihethodis a forward ,JD!!Xching numerical technique, 

negative ~eloci ties will very 'quickly cause it· to go Unstable. 

Equation 6.68 represents a tridiagonal systanof M-l equatiOns 

and M-l 'UnknOwns (62 n" 6
3
' , ••• ,' ,6

M 
), ,and may be written 'as followS: , ,n. ,.0 

• , . 

'k 

.. " 

'. ' 

. ' 

,- .. 

,', 
" 

, , 
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e 
/sc. . 

-e
1 

+ (6 + 2) 
/ ,n ',' 

e - e' = A + y = B 
2,n3,n 2,n-1 2 2 
.. . 
'-.>~ . 

.. , .. 
_e '+ (6 +2) e - e, ....... ;= A . + Y = B 

m-1,n .m,n mr1,n .. · .. m,n-1. m m 

. , 

. , 
. I 

_e + (6+'2) 
M-1,n 

e
b 

. /" e - e = A,. + Y= R_ 

. M,n/ Mt1,n -'M,n-1 M ~ 

.'. where'\i;n_l = e~1,n-1 + (6 - 2) e~,n_1 + emr1,n_1 
';.;' . \. 

'. , 

, cii: in matrix form: 

6+2 -1 e ' B2 + e .2,n sc 
-1. 6+2 ~1 . e .. ' 

,3,n B3 . . 
~1 6+2 -1. e = B 

~~n m . 
/ . •. 

.:.1. 6+2 ~,n 

This. tridiagonal systen. of equations is &lIved for the 

profi~eat . CO~\IDll h by Gaussian elimination ~ Thanas' 
, t·· • . . ~., " 

details of the algorithm, see Refs. (1),(55}). '.,' 

;. 
/' . r· ' o .. , ' 

\ 

'( . 

• 

" 

(6.70) 

tempera tIlf.e 

ire~r' 

, 

" 

,0 .. 

I 

I
· 1 

.. j 

•. ' ! ,. t 
, I 
.' , 
'" I 

~ ..• ! 
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/ 
,Finite Difference Solution ~'iConverging Cbarinel 

". , 

--O-----C,--m+l. 

_---<>----<;>.,--- m 

_-O-__ '-?-~m-' 
n-l n ;\ 

• <\ 

'I \ 
" , 

Fig. '6.10 Finite difference grid for a converging channel. "",il 
~ ,"il 
" ",' r ----"-,-_~ " ~.'"i 

:, . 

./ 

\ ~., __ . _." .. Li_ 
. For nelt flow in -i:he canpression section' of the ex1:ruder oorew-- -". "ol 

channel," slightly different finite difference queations are usedtban 

for the pu-allel flow channels in the ,feed and netering sections. "The 

finite difference grid Used is the same as for isothenna.l flow ina 

converging channel (see Fig. 6.4) : An abbreVia:tedversion ,of this grid 

is shown in Fig. 6.10. The follOwing finite difference approximations 

are used for, the en~ equation (6.64): .... 

,,~ e~" 
lQ." m,n m,n-1 
az 6Z 

(6.71) 

1 · a2e 1" e ""1'"- 2e + e _" _" _ L- mf- ,n "m,n m-1,n] 
Ji'ar "~ (fly)2 . 

. . 
(6.72) . 

. ' 
" > 

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

,(;j .• # ": • 

\ 

) 
::'j 
X 
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Vz + Vz . 
Vz" avg,n avg,n-1 

2 (6.73) 

1 2 1· dV· 2 
" - (~z) + -- (rr/) , . :m! m,n :m2n-1·. , m,n"'-1 

where Hn and H
n

_1 are the channel depths at colUlllllS n anc;in-1 

respectively in the finite difference grid. , Substitutmg the abOve into 

Eq.. 6.64, we ob.tain for ,colurtm n: 

• 

-6 1 + (13+2) 6 - 6 ....... 1 . ;. m- ,n m,n ,WI- ,n 

~--~-- -~--

.... _._._.-___.=.1i6m:i:n::.1V (S-:::-2"6) 6m,n_1 + Ii 6mr1 ,n-1 + Om (6.75) 

,-. 

'. 

where m = 2,3, •••. , M 
.fS. 

2 

{f '" (~) 
~-1 

I 

, , , 

.. 2 
(~z) ] 

m,n-1 . 

., 

Again.,-F.q. 6.75 represents a tridiagO~~l systen of M-1 equations ~d M-l 
. f_. 

uhknowns (6
2
' , 6

3
. , ; •• , 6

M 
), and may be ~ tten asfollJ.owi:-, 

,n . ,n ,n 

"-

" 

, . 

, , 

\ 

\ 
,-.<' ~1 

'1 
1 :: , 
3 
j 
; 

•. 1 

"·1 , 
! 

1 
.1-
.' 

·f 
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-8 +, (fI+2) 8 
/l,n ' 2,n 

-8 . + (fI+2) 8 - 8 . = C + Y = D 
m-1,.n, m,n m+-l,n, m,n-1 m m ... 

-8 + (fl+2) 
.M-1,n .• 

8
b 

8 _ .8;t1 = C . . +'.., = n.~ 
~,n / M!-l,n ~M,n-1 M -M 

where C = 0 8 +' (fI, - 2 0 ) 8 + 0 8, 1 
m,n m-1,n-1. .' m,n-1 m+-1,n-

(6.76) . 

As in the case of parallel plates, the abOve tridia.g6Dal~an of, 

equations is solved for the ~~ture prOfile, at column rbY~USS~an ' 

eliminatioo riSing ThaDas' method (see Refs. (1, for details of 

algortthin). . , 

" 
, . 

Bulk ,TanperatUrEi 

To describe thE! developrient of temperature in the' downstream ,~ 

directioo of the screw cbannel,1;be averagetanpeI"ll;'!:lire is calculated at 

each column in 't;he fini~ differeilce grid fran the temperature profile 

obtained ,ili' either E'q.;, 6.70 or 6.76. Acanron represim~tion of the 
~ .' 

average temperature is the flow-average '(bulk) ~ature which is 
. , 

,defined as: 

• 

.. ;-

,i 

, i 
i 

-' 
"', 
" 

• 

'" 

'I ' ,,' 
'. 
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H 
f vz(y,z) T(y,z). dy 

~ = .....:O"--;H.----:~
f v (y,z) dy 
o z 

. . ;: d;";""""'~ ,:.. 
.. ~ .' 1. 

f Vz('i ,Z) 6('i ,Z) dY 
.. ,. 

, 6 = ...::::o~-. __ ---' __ '-
.bulk 1. 

f Vz('i ,Z) dY 
o 

(6.76) 

(6.77) 

Equation 6.77 may be written in. finite diffe~ce form for colunn n, 

uSing Simpson's Rule as follows: .-
.6 =Vz

1 61 + 4 VZ2 62 + 2,V~ 63 .t. ..• + 4 Vzy 6M +Vz~f+16M1-1 
bulk,n VZ1 +4 VZ2 + 2 V~ + ••• + ~}ZY + V~1 

(6.78) 

Earlier it was indicated that the down channel velocity may be negative 

in ~ 'regions of the screw channel; For this reason, absolute values 

of velocity have been used in. Eq. 6.77, and as a result the bulk .. 
tenwrature is ~ written. as: 

'. . . 
6 = 
bulk,n 

IVz1 1 61 + 41vz21 62 + ... + 41vzyl 6M + Ivzmt1 1 6Iilt1 

'IVz11 + 41v~1 +.2IVzsl + ••• + 4i"~1 + IVz~11 
(6.79) . 

. Other forms of average temperatUre, for . example area-avera,ge 

temperature, could be used.to avoid thecanplication cil.used by neg~~ive . ~ . 

velocities~ Such an alternative is examined '·further in App. B, and it , 



\) 

'. 

• 

~"-

is concluded that the flow-average (bulk) representation 'of developing 

tanperature is the m:JSt appropriate choice. 

, Results of Simulations 

Plots of I:Julk tanplerature'versuS down channel distance are shown' 

in Figs. 6.11 to 6.13 for melt flow in the feed, canpressionand 
. .\ 

metering sections of an extruder screw channel. A constant tEmperature 
\ 

, \ 
, . ..' . 0' 
'~undarycondition at the screw and barrel surf~ (Tsc = Tb = 180 C~ 

, . , 
was used. in all three sections. For each section, results are presented ' 

for ,three screw "speeds: 40, 60 and 80 rpn.Even though the beat 
a> . ' . . 

generated by viscous dissipation increases with increasing' screw speed, 
, • . Q 

in the regions wberethe ~tures are still developing the bulk . . . 
tanperatures are lower at higher 'screw speeds. TIlis ·trend is reversed 

~ 

. as fully develoPed tanperature conditions are approached (Le. in lon~r. 

flow, channels). 
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FEED SECTION (NO CROSS CH~NNEL FLOW) 
40,60,80 RPM TSCR=TB~R=180.0 DEG C ,(~EWTONIRN) 

. , 
- .' , , . .. , ' . 

, , 
' . 

.... " .. '.'0' . 

. .' 

. 

,0 

~ ~. --....- -. 

. 

~ ~ 
l--- " 

~ ~ 

p ,- , 

~ 
. 

r . 
< 

~ -
. 

. 

0.0 . 1.0 2.0 3.0 4.0 5.0 6.0 

NO. OF TURNS 

.. 
, . 

/ 

.r-- • 
Fig. 6.HDown channel bulk--tauperature profiles in the feed section of 

the eXtruder screw channel for Newtonian flow. Data for the 
polymer properties" screw' channel dimensions. and extruder.." 

'operatwg conditions are given in App. G.4 ,. .. :' ',,:> 
\ - - ""fl'''*~-"!'' 
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COMPRESSION ,SECTION (NO CROSS CH~NNEL FLOW) 

40 ~60 'SO RPM TSCR=TB~R=lS0.0 DEG C (NDITONI~N ) 

190.0 --, 

lS0.0 

u 170.0 
<.!) 
w 

,0 .. 160.0 

w 
ClO 
~ 

150.0 f-
.e: 

ClO 
w 
a. 
~ 

140.0 w 
f-

so: 
..J 
~ 130.0 en 

120.0 

-
110.0 

0.0 1.0' . 2.03"0 4.0 ~ 6.0 

Fig. 6.12 

. I () , ' 

• 

NO. OF TURNS . , 

.~ ." 
D:>wn channel bulk temperature" profiles" in the ccmpression 
section of the extruder screw channel for Newtoman flow • 

. Data for the polymer properties.~ screw channel d1inensions ,and 
extruder operating, conditions are giVen in AW: G.4 

• . . 
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METERING SECTION (NO CROSS CH~NNEL FLOW) 
40,60,80 RPM TSCR=TB~R=lio.o DEG C (NEWTONI~N) 

190.0 ~----~------~-------r--~---r------~~--~ 

180.0 

170.0 ~------~------~~~~---b~ 

160.0 ~-------r~'?--~~--~--~----~~~------~--~---1 
LLI 
0: 
::l 
~ .150.0 ~----~fr-7~~~~------~--~----~------~------~ 
0: 
LLI 
a. 

ffi 140.0 ~--~~~--------~-------r--------r---~--~-------1 I-

~ 
...J 

~ 130.0 ~ff,~---r--------~------~--------~------~------~ 

120.0 ~----~~-----+~-----+~--~~~----~--~--4 

- / 
110.0~ __ ~~~~ __ ~ __ ~ __ ~ __ ~ __ ~ __ ~ __ ~. __ ~~ 

0.0 1.0 2~0 3.0 '4.0 5.0 6.0 

NO. OF 'TURNS 
", , , . 

,'-\ 
Down channel bulk temperature profiles in, the metering 

, section' of' the', extruder screw channel for Newtonian flow. 
Data for the polymer ,propeXties, screw channel dimensions and 
extruder operating coriditions are' giv~ in App. G~4 '+~~" 
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6.2.4 Nonisothermal Newtonian Developing Flow . including 

. Transverse Flow 

In Sec. 6.2;1 (iscithenna.l Newtonian flow), only down channel 

velocity profiles were c;:a.lculated since 'the d~ cha.I\nel ~ 
grB.dient is not influenced by transverse (cross channel) . flow •. 

. , ..' ( "',, 

Transverse flow does, however, affect the developnent of temperature 

. Profiles viB. ~us dissipation term in the energy equation! (~.58). 

In this section, the cross channel velocity ~uations are developed and 
, ' 

presented :in finite difference form. The energy equation is also given 

with the cross chanftel velocity gradient :included :in the ~scous 

dissipation, term. Since the down cbalmel velOCity equatiOns are the 

Sarre as~before, trey are no~ rewritten here. 

CoIit:inuity and M:mmtum Equations in x-direction 
.,,--"-.. . -

The c;:a.lculatioo of tre cross channel velocitf profiles is similar 
I . 

. to that for the down channel flow.' .,As~ no leakage of mel: ~ross 

the screw flights, tre cont:inuity and ux:mentun: equations maybe written 

as: • ."> 
• 

Continuity equation (integral form) in x..direction: 
, ~'" 

r 

H 
f Vx dy = 0 <:.,. (6.80) 
o· 

r.bnentum .. equation :in x-direction: 

.. • 

.. 

I 
J 

. ; . 

" 

.\ 
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2 ·a v' . an '. x 0 _..::L+ 11_= ax 2 . 

Boundai-y colldi tions: 

y=o 

y = H 

ay 

v = 0 
.x 

-~.\ . 

--- \:. 
.-J 
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(6.81) 

'. (6.82) 

To represent the continuity and. m::mentum equations in dirrenstonless 

form, let:· 

vx 
Vx = Vb ',' 

x' 

~x 
X = --=--.". 

Cp v H 2 
Pm m b 0 

IJ 

(6.83) 

• -
Substituting the above into Eqs.' 6.80 and 6.&1 along with the· other 

I 
,dimensionless parameters given in Eq. 6.21, we obtain: 

, . 

Continuity equation (integral form) in X-<lirection: 

1, .. 
.f .Vx dY =0 (6.84) 

o ; 

M:mentum equation in 'X~tion: ... 
" . ".: 

" . 

.. ' 

-
A r 

.\ 0 

• 
'" 

.. 
,." .. 

I 
1 
1 ., 
j 

j 
'.', 
"J 

i 
; 
1 

-j 
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-
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" 
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I 

Boundary COI!di tions: 

y=o Vx = 0 
.- (6.86), 

• 
Y=l ~ 

Finite Difference Solution - Parallel Channel 

--o------o--m+' 

--<:>----<:>--m 

--<:>----<:>--m-l 

i, n,..l ' n 

Fi.g-. 6.14 . Finite difference grid for para.llef .channel. 

------.- . " , -.. 
The same iiIJplici t finite difference' method is used to solve the 

cont;muity and IIJ:IIIelltum equations (6.84 and 6.85) in, the X-direction as 
" 

in Sec 6.2.1 far down channel flow (~·F.qs. '6.25 -to 6.30). At colunn n .' - . 
. 'I •. .... " 

in, the finite difference' grid ~see Fig. -...&.14) the coiltinuity and 

IIJ:IIIelltun equations far crOss cbs.nn,e1 flON,in a parallel c,~el may be" 

'written :ib. finite'difference form as follows: 
" , 

" 

., 

. . . . '. 
. , 

'. ' , " • 

.,:". 

. , 
j 

J 
I 

I, 

\ 
l 
\ 
1 
.1 
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o 
, ./ aP 

Vx.. - 'lNx... + Vx... - 0.(-) = 0 '/ .I.,n <::,n ;;,n ax 
.' n 

. " . ( ap 
V~l n - 2 VXmn + V~l - a.(ax) = 0 
. ' , J ,n n . 

,(6.87) 

o 
~ . 

VX'l + 4Vx... + 2 Vx... + 
/' \ ,n ~,n - ~Jn 

~ < 

The above llXldified 'tl;idagonal .system of equations is solved fo~ the 

- cross channel velocity profile and yeloci ty gradient by Gaussian 

elimination (see Ref. (1) for the algori tbm). 

Finite Diff-erence Solution - Converging Cba:nrrel 

" 

y 

L \ Z 
) 

--O---~-o-"":" m.1 

_-'-()-_-'--<;>---' m 

_~_--<;>--- m-1 

n-1 n 

I 

Fig. 6.15 F:!-nite difference grid for a converging channel. 

.~ 
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I , 
'For cross channel' flow in a converging channel, ·the continuity 

and m:mentum equatiOns (6.84 and 6.85) may be written in finite 

.difference form for coltmn n in the finite difference grid (see Fig. 

6 • .15) as follows: 

o 
, / 
;~,'n - 2 ~~,n + Vll3,n -

ap 
a(-ax) = ~ n-1 

·n* , 

" 

. '. ap 
Vx - 2 ·Vx + Vx - a(-) = A 

m-1,n .m,n rn+-1,n ~X n* m,n-1 

" 
• )/bxfVb 

Vx-. - 2 Vx-. + Vx-. - a(~) = A, 
M-1,n M,n / M+1,n OA n* -'M,n-l 

(6.88) 

o 
/-

·V'lf.1 + 4 Vx... + 2 Vx... + / ,n. ·4:!,n ;j,n 

where n* = midpoint between colunns n and n-1 

A --m,n-1 [V;xm.:l n-l - 2 VXm n-l +: V~ n+l1 
. I • I . , 

'k H 2 ~. 
m n '2 

a = 2 IiCP.: (Ir) (Ci) 
m . 0 

The aoove m:xtlfied tridiagonal system of equations is solved for the 

cross channel veloci-&y, profile. and pressure gradient at coltmn 'n by 

Gaussian elimination (see Ref. (1) for the algorithm). 

. . 



, 
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Energy EqUation 

The energy equation may be written in dimensionless tenns as-

follows: 

where Z=.O 

Y=O 

Y = 1 

_ Tb 
a = a 

sc - :kIt 

T 
b a = a -

b - Tmelt 

Finite Difference Solution - Parallel Channel 

-. 

(6.89) 

- (6.90) 

~.) . a , 
/ Following the method described in Sec. 6.2.3 (seeF.qs. 6.66 to 

- 6.70), th~ energy equation for flow in a parallel channel ma1>- be 

expressed in finite difference _form for -column n in -the -finite 

difference grid (see Fig. 6.14) as follows: 

/aJ _ . 
-a1 + (/l+2) a - a - = B + y 

/ ,n . 2,n' 3,n _ 2,n-l 2 

f-

-am-l,n' +- (6+2) a -j a = B -- : y 
m,n '--.mH,n m,n-1 m 

(6.91) 

-\-1,n + (f>t.2) , -

. 
.-'- -



where 

2 
2 \l Vb 

"Ym = 2( 6y) klIlT ' 
. melt 

6-172 

2 
[(~X) • + 

m,n-:r 

, 

The above tridiagonal systen of equations is solved for 'the temperature 

profile at column n by Gaussian elimination using Thanas' . method (see 

Refs. (1), (55) for 'the il.lgoritbm). 

~;. 

Finite Difference Solution - Converging Channel 

For flOlV' in a converging. ~hannel, the energy equation (6.89) may, 

be written in finite difference fom for colunn n in the finite 

tlifference grid (see Fig. 6.15) as follows: 

esc 
-8

1
/ + (1)+2) 8 

/ ,n. 2,n 

-8 1 + (1)+2) 8 m- ,n m,n 8· =C +Y, mH,n m,n-1 m 

-\..1 n + (1)+2) , 

,where Cm,n_1 = Ii' 8m-l,n-1 + (1l-26) 8m,n-1 + <5 8mt1 ,n-1 

2 
_ (6y)2 Hn + 

I> - ~ (~) (VZavg n VZavg n-1) 
o ' , 

. .-

(6.92), 

L ; , 



/ 
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6 = 

/ 

H 2 
(~) 
~-1 
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, 2 

.+6 (~iX) + 6 
m,n-1 , .. 

'J1le a~e triQiagonal systen of equations is solveci for the temperature 

profile at colunn n by Gaussian elimination, using'Thanas' methq;! .. ,.{see 

Refs. (1), (55) for thealgoritbm) 

Siliruation ReSul. ts 
/ '. 

The developnent of tanperature in .the down channel direction with 
'. '. / .. 

and ivitbout cross channel :flow in'the viscous dissipation teI;n in the 

energy equation (6.89) is cc:mp8.red in Figs. 6.16 to 6.18 for the feed, 

caIipression and metering sections. As expected the bulk tanperature is 

slightly higher when cross channel flow is included. 

6.2.5 The Nonisothe:nnal Newtonian Plastica.ting Extruder Model 

In Sec. 6:2.1 to 6.2.4, melt flow models have been developed 

rangmg fran the Simplest case of isothe:nnal Newtonian down channel flow 

to the !IXlre canplex situation of developing nonisothe:nnal Newtonian flow 

including transverse flow for parallel and converging screw channels. 

The flow channels were considered to be canpletely melt filled and shape 

factors were utilized to account for the effect of screw flights on .the :'. , 
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(WITH/WITHOUT CROSS CHRNNEL FLOW) 
60 RPM· G=.002742 'KG/S- ~C=856 PR.S ( NEWTONIRN ) 
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Fig, 6.16 Canparison of down channel bulk temperature profiles in the 
feed section of the extruder screw channel wi th and wi tbOut 
cross channel flow. Data for the polymer properties, screw 

. cham).el diJnensions and extruder operating conditions are 
given in' App. G.4. 
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COMPRESSION SECTION (WITH/WITHOUT CROSS CH~NNEL FLOW) 
.v 

SO RPM G=.002742 KG/S VISC=856 P~.S (NEWTONI~N J 

• 
\)O~ '\lAC'IJ -

r'-O\f'l........--~ 
lAlA€.'-"--~ r'-O'll :t'1'- ~€.,-. 

SS s.-.--~ :t'1'-~ 
~OSSC ",0 C; 

..-?' 

,.,; V 
" 

, / 
-( , 

-
• 

, 
. 

0.0 1.0 2.0 3.0 4.0 5.0 6.0, 

, NO. OF TURNS 

Fig. 6.17 Ganparison of down channel bulk tanperature profiles in the 
~ession section of· the extruder screw channel with and 
without cross channel flow. Data for the p;:>lymer properties, 
screw channel dimensions and extruder operating· conditions 
are, given in App. G.4. . 
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METERING SECTION (~/ITH/WITHOUT CROS!, CHr:1NNEL FLOW) 

60 RPM- G=.002742 KG/S VISC=B56 ·PR.S (NEWTONIr:1N) 
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Comparison of down channel bulk temperature profiles in the 
metering section of the extruder. screw channel with and. 
without cross chalmel flow. Data for the polymer PFOperties, 
sc:rew channel dimensions and extruder operating conditions 
are given in App.G.4 •. :.' ,-:-.-
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deve10pnent of pressure in the down channel direction (see Eq. 6.45 in 

sec. 6.2.2). Results were presented for the developnent' at' pressure and 

,'te!Dperature in "each of tru: feed, ~ion and metering sections of 

the screw extruder fran the Newtonian flow lIXlde1s developed l.lP to t~s 

poii:J.t. 

At this stage of lIXldel developnent, the three gecmetriCal ;;ections 

are joined ~ether. Also, the Si:!rew channel is assuned to be fed with, 

solid polymer, as in a plasticat1ng' extruder. The Solids cpnve~ 
• 

lIXldel (see Chap. 4) :is used to calculate the location in the screw 
, , 

'channel.where melt -flow starts, ,and' also the pressure at this location. 

To detennine the width at' the melt pool in the melting zone, the solid 

bed IJrC?file is qalculated using the Tadroor Newtonian melting nmel (see 

~. 5.2.1). Shape factors for flow.in the melt pool are used to 

co=ect the pressure developed in this reg~,on (see .Eq. 6.50 in Sec. 

6.2.2). At the completion of melting, shape factors for the'melt fil~ed_ , . 
cllaooel are utilized as before. 

The conservation equations and -corresponding finite difference 

equatiOllS for the feed, compression and me~ering sections ~' sU!lllllirized 

below. 

1. Feed Section 

Continuity Equation (iptegrated form) in X-direction: 
( 

1 , 
f Vx rIT = 0 
a 

(6.93) 
( 

.. 

, :1 
, 

j,i<; 
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! 
~. 

I 
m+l 

, 
y . I 

L; 
. \ 

m i 
i 

m-l I 

\ 
n-l n '. , 

, 

Fig. 6.19 Finite. difference grid for the feed section. 

Manentum Equation in X-direction: 

(6.94) 

finite difference equations: 

o 
/ ~ 

Vx. - 2 V~ + Vx... - a (ax) = 0 / '-.L,n ,n ;:S,n n ., 

- 3P 
Vxm...1 n - 2 V~ n + V~l n - a (ax) = 0 

. , .' ,,, n 

VbxfVb 
/' ~ 

V~l - 2 V~ + V~+l - a (ax~ = 0 ,n ,n / ,no n 

(6.95) 

o . _-' _' 
",. , . 

Vx.. ,+ 4 Vx... + 2. Vx... + 
/ ,l,n _ <:,n . ;j,n 

) . ,- k' 2 ' m 
- where a =\1 ~ (.(N) 

m 
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Continuity Equation (integrated <form) in Z-direction 

1 . 
f Vz qy =W ~ v 
o \ fob 

(6.96) . 

where Wf and Ho are ~ti vely the channel width and depth .inthe feed 

section. 

M:lnentum Equation in Z-direction: 

(6.97) 

Finite"difference equations: 

o 
/. . 3P 

Vz. - 2 Vz... + Vz... - a (-) = 0 
/ l,n <I,n ;j,n . 3Z n 

,3P . 
VZ 1 - 2 Vz + VZm+1 - a (a-Z) = 0 . m- ,n m,n ,0 n 

(6.98) 

_ VbzfVb 
, ,. ap 

VZy_1 - 2 VZy + V~1 - a <az) = 0 ,n ,n / ,n n 

o VbzfVb 
;I . 

Vz. + 4Vz... + 2 Vz... + 
~.~~t~ ~tn -~Jn 

. ./ 
• •• + 4VZy n + VZy+1 n = 3M W ~ V 

. ' / '. 'f>, fob 

wberea = ~ (t:.y)2 
\l ~"'m 

i 
I 

I 
1 
i 
r 
I 

".'" 

!> 
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Energy Equation: 

- 2 . 2 [ ( :x) + (:z).1 

Finite difference equations: 

8 . 
sc 

,/ 
-8

1 
+ (1!+2) 

/ ,n . 
8 fL -L +"): 2,n - -;j,n - --~,n-1' .2 

.,.8 I' + (1!+2) 8 - 8 l' = A +. 'Y, 
Dr ,n m,n mr.n ·1n,n m 

-~-l,n + (S+2) 

, / 

• 

where A' = 8 + (Q 2) 8 + 8 m,n-1 m-1,n-l .,.... m,n-1 mH,n-1 

_ 2(6Y)2 
I! - lfl VZavg,n 

2 
[ (avx) 

ay 
m,n 

) -
._--(- ,~ 

(6.99) 

(6.100) 

• 
, -

-, 

-

\. 

'. 
':. 



, 

6-181 

2. Canpression Section 

--0-----<)-- m.l 

----<)--'---,~_o-- m 

--&~...,..--<r>--- m-l 

n-l n 

. - . 
, 

"" • Fig. 6,.20 Finite difference grid for the .canpression section. 

Continuity Equation (integrated form) in, X-direction 

1 
.f Vx dY '" 0 

o 
.' 

Morrentum Equation in X-direction: 

Finite difference equations: 

o 
/ ,'. ,all) 

Vx. - 2 VXz + Vx..; - oft (1jC • = ~ '1 / .L,n . ,n ;j ,n, n* ,n-
r!!. ... .~ . 

VbxfV~\ 
, ;,t., all 

V"X.. - 2 V"X.." + V"X..·-a(-.,u) = A.. M-1,n , M,n / M. +l,.n " Of>. it< , '-&l,n-1 
n .. 

o , 
/ 

Vx. . + 4 Vx... '" 2 Vx... + / .L,n -<::,n ;j,n . 

, (6.101.) 

:(6.102) 

" 

(6.103) 

• 

') 

, 
• J 

1 
1 
i , 

. i 

i. 

I 
\ 
1 
\ 

'. .' 

~. .1 . , 
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n* = midp:>int between dolUlllDS n and n-1 

2 ' 
Hn' . 

'\n,n-1 = - (Hn-1~ . [V~1,n_1 - 2 VXm,n-1 + Vxm.r1,n_1] 

2 
(&I) 

-- Continuity Equation (inte,irated form) in Z-direc'flon: 
;;' 

1 _ Q 
f Vz dJ - W H .V 
o· e b 

where We .is the /!,ver,il.ge Channel wi~th ~ the canpression section. 
, ' .. ~ 

Mcinentum Equation in·Z-direCtion: 

~inite ~ferenee equations: 

'- 0, ap -........:!z' - 2 Vz.... . '+ Vz.... - Cl (-) = B 
/l,n.. . -:O::,n .j,n az n* 2,n-l, 

Vz . - 2 Vz + Vz ....... 1 n - C! (;~) = Bm n-1 m-l,n m,n W'- J n*' 

• VbzfVb 
~ ap 

V~l n - 2 V2M n + VZyr1 n - Cl (az) = I1f n-1 
_ J , / J , n* J 

VbzfVb 

(6.104) 

(6.105) 

(6.106) 

o . 
-;tI , . . .. 
. Vz.. + 4 vi,.' + 2 Vz.... + 

. " .:tI • Q 
... + 4 V2M n + V~fHn = ,3M W H V / .L,n, :O::,n _ .j,n , /' en b 

.. -

'" 

- I 

i 
I 

'·1 
, 

! 

. \ 
\ , 

-: .. ~,,, 

, 
i . 
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.2 
H ' , 

where R 0-1 = - (-H
n 

) [Vl1n-1 n-1 - 2 VZm n-1 + VZmr1 n-1] 
In, "D.-I J '" J 

2 k H 2 
ex =~, (rr) (tN)2 

1.1 .... !'m 0 

"Energy Equation: 

Finite difference equations: 

8 

;8i,nsr:. (a+2) 82 ,n - 83 ,n = C2 ,n_1 + Y2 

'-8~l,n + (~+2) 8m,n - 8~l,n = Cm,n-1+ Ym . 
'. 8 , '/ b ,," 

, --~l,n: (a+2) J1ih -)MH,n = s.r,o-l + YM 

H 2 
<5 = (....!! ) 

H " n-1 

(6.107) 

(6.108) 
," 
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3. Metering' Section 

'. 

y --o-----o--m+.l 

Lz --D-----Q--m 

--{)----{)-...,...... m-l 

n-l n 

Fig. 6.21 Finite difference grid fOJ:'the meiertng section. 

continuity Equation' (integrated fOnD) in e-diJ:'ection: 

1 
f Vx elY:= 0 
o 

Momentum Equation in X--direction: 

wheJ:'e Hex is the channel depth'in the. metering zone. 

F;inite difference equations.: 

(6.109) 

(6.110) 

I 
I , 
\ 
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" ~o ap 
Vx. - 2 Vx.... . + yx.... - Ct (ax) = 0 / .l,n --~,n --.:s,n n 

'. 

VXm-1,n - 2 YXm,n + VXmr1 ,n- Ct (~) = 0 
,n 

• VbxfVb' 

V~l - 2 V~ + V~ - Ct C:) = 0 ,n "n /,n n 
o 

,/ . 
Vx. + 4 Vx.... + 2 Vx.... + /.L,n<:,n ·;j,n 

VbxfVb 
,/ 

• •• + 4 Vx.. + Vx. •. '1 = 0 -M,n / MT ,n 

CcintinuiiyEquation (integrated form) in Z-direction: 

1 Q 
f Vz elY = W H V 
o mexb 

where Wm is the channel width in the metering section •. '~ 

Manentum 'Equation in Z-directiOll: 

k H m ex --- (-) 
11 Cpm Ho 

2 
ap,+ a2vz = 0 
az a...r 

Finite difference equations: 

'.,. 

(6.111) 

(6.112) 

(6.113) 

i 
t,· 

; :.', 

~ '" 
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o , ap 
V;.( n - 2 V~ n + V~ n - " (az) = 0 

/ J • J J n 

VZm-1,n - 2 VZm,~ + VZmt-1,n -" (:)n = 0 (6.114) 

: Vtyz,fVb 

Vz.' l - 2 V~ + VZ.(l '-" (~) = 0, 
M- ,n ,n / M+ ,n ' 0[, n 

o • 
Vtyz,fVb 

VZ
1
/' + 4 VZ

2 
+ 2'Vz... + 

/ ,n ,n" ;:S,n 
". - Q 

•• , + 4 V\i + V\i+1 - 3M ""W"';HhV'-
,n / ,n m ex b 

where ,,= 

Energy Equation: 

H 2 '2 V 2 2 2 
( ex) V: ae a6 + Jl-df-b_ [(aavyx) + (a'aVyZ)' ] 
II"- z-az= . ..2 kT 

o ar m melt 

Finite difference equations: 

6 . sc 
-6

1
/ + (a+2) 6

2 
- 6 = A_ + '( 

/ ,n ,n 3,n, '"'2,n-1 2 

-6 l' + (a+2) 6 6· = A' + Y'~ 
m- ,n m,n mt-1,n m,n-1 m 

• 6 
/b , 

-a. 1 ,"n + (a+2 ) a., - a:, = A., + y 'M- 'M,n /'M+1,n --M,n-1' M 

... 

(6.115) 

,~ 

(6.116) 

) 
I 

I 

I 
i 
I 
i 
\ 
i 
i , 

" , 

,. ;. 
,', 
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2 2 ,;, 
[(~x) + (~z) 

m,n m,n 

Seine typical results using the nonisothennal developing Newtonian 

model fo~ the melt flow region of a ,plasticating ~w E?Jttruder are 

shown in Figs. 6.22 to 6.24. The pressure, bulk tanperature and solid 

bed profiles along the down chanpel direction are shown for three screw 

speeds: 40, 60 and 80 rpn •. In Fig. 6.25 the pressure profiles have been 

calculated with and wi tlx>ut the use of· shape factors. It can be seen 

that shape factors alter the pressure profiles quite significantly • . 
Newtonian models represent a quick (i.e. wit~ respect to 

canputation time) and' relatively simple means to obtain results that ,can 
:::. ~-,:-£;:; 

be quite realistic as seen in Figs. 6.22 to 6.24. The major drawback of 

Newtonian m::xiels in the necessity to choose a representative Newtonian 

viscosity which often may. be difficult to, do. . Since' pruymer .melt 

viscosities are strongly dependent on shear. rate and tEmperature, 

Newtonian IIXl9els are not sui table when m;n-e precise results are required 

as in the case of extruder and die design •. 

'. 

·', 
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40,60,80 RPM (NEWTONIAN) 
BARREL TEMPERATURE PROFILE. 163/179/1~6/196/196-DEG C 
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Fig. 6.22 Down cbannel pressure profiles in the extruder screw cbannel 
for Newtonian flow. Data for the polymer properties, screw 
cbannel .. dimensions and extruder operating conditions are 
given i1i'AW. G.B. :',., ~ .. 

;,.: 

.. ~ 
i 



I 

6-189 

40,60,BO RPM (NEWTONIRNI 
B~RREL TEMPERRTURE PROFILE. 163/179/196/196/196 DEG C 
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NO. OF TURNS 

Fig. 6.23 IX>wn channel bulk tanperature profiles in the extiuder screw 
chanriel for Ney.rtonian flow. Data for the polymer properties, 
screw channel dimensions and extruder operating conditions 
are given in AW. G.5. 
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40,60980 RPM (NEWTONI~N) 

B~RREL TEMPER~TURE PROFILE. 163/179/196/196/196 DEG C 
1.0 ~ ____ ~~ ____ ~ ______ ~ __ ~ __ ~ ______ ~ ____ --, 

.8 
# 

.", 

~ 
"-x 
~ 

lJJ .6 
-' .. H 
u.. 
a 
0: 
D-

o .4 lJJ 
CD 

0 
H 
-' a 
Ul 

. .2 

Fig. 6.24 

0 

4.0 8.0 . 12.0 16.0 . 20.0 24.0 

NO. OF TURNS 

'. . \ 
IX>wn channel solid bed profiles in the extruder screw channel 
for Newtonian flow. Data for the polymer properties. screw 
channel dimensions and extruder operating conditions axe 
given in AW. G.g~ I'> 
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60 RPM G=.002742 KG/S VISC=856 Pi1.S 
Bi1RREL TEMPERi1TURE PROFILE. 163/179/196/196/196 OEG C 
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. Fig. 6.25 Canparison of down Channel pressure profiles in the extruder 
screw channel for Newtonian flow obtained with and without 
the use of shape factors. Data for the polymer properties, 
screw Channel dimensions and extruder operating conditions 
are given in App. G.5. 
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6.2.6 Nonisothermal Non-Newtonian Developing Flow 

In the last stage of the developnent of the present melt 'flow 

lIXldel, the ncn-Newtonian behaviour of the polymer melt is considered • 
. ~ 

With a tanperature and shear rate dependent Viscosity," the mass, 

nxmentum and enei:gy equations can no longer be solved independently. 

Instead tbeyhave to be solved Simultaneously, which means that at a 
v 

given colunn in the finite difference grid, the mcmentum equations in 

the X- and Z- directions and the energy equation have to be solved 

i tera ti vely. This added requirement increilses computation time 

significantly as canpared with the Newtonian ~here no iterations 

are needed. 

Flow Equations 
r . \ 

-~ 
The simplified conservation equations for combined drag and 

pressure flow of a non-Newtonian fluid in a screw channel are: 

Continuity (integral fonn).: 

Manentum: 

H 
J . Vx dy = 0 
o 

H' . , ('\ 

J v dy=::s. '. z W o 

. a a, 
-"~+-E=o ax ay 

(6.111) 

(6.119) 

(6.120) 

-,',., .. 
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Energy: (6.121) 

The shear rate and tenpera.ture dependent consti tuti ve relation (see Eqs. 

2.33, 2.34, and 2.36) is wrttten as: 

3v 
x 

T = Tl-yx ay 

3v z 
T = Tl-y;z. ay 

., 

(6.122) 

(6.123) 

Substituting Eqs. 6.122 to 6.124 into the a.J:iOve rocmentum aniienergy 

equations (6.119 to 6.121), we obtain: 

M:mentum: 

Energy: 

2 
3 ·3 v 3 3v 

~ x· Tl x· 
- Tl -2- + -=: a,;- = 0 x 3y oy Y 

2 . 
3 3 v 3 3v 
dD. Z Tl Z 

- ~.Tl-- + ---= 0 
3z 3~ 3y ay 

'. ?.....o '3v 2 3v' 2 n 3~ . x Z 
Pm Cpm Vz az =~ 2 + Tl [Cay-) + (ay-) ] 

3y . 

(6.125) 

(6.126) 

(6.127) 

, 
\ , 
. ~ 
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The toundary conditions for the l1bove equations are: 

z=o 

y=o 

~=H 
c 

p = p 
,0 

v = v = 0 
x z 

" T = T(y) = T o 

v = V v = V T= T 
x bx zbz b 

(6.128) 

A constant tanperature profile is chosen at z = 0 .. (as was the 'case for 
• -:.-_ • e, ~, ' 

th€Newtonian flow nxxlel). 

Let 

v 
'z Vz=
Vb 

e = _T __ 

Tmelt 

y =1-
H 

X = 
. km x 

2 
Pm Cpm Vb Ho 

k z 
Z = m 

2 
Pm Cpm Vb Ho 

" "": . 
'7~ '. 

" , " 
"~'. 

". .•.. :' 

• 

(6.129) 

where H is the local channel depth and Ho is the_channel depth, in the 

feed section. Substituting the above into Eqs. 6.117, 6.ll!,!, and Eqs. 

\ 
1 
i 

. ... ~ 
.;:., 

. , 
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- -,' . 

6.125 to 6.127. we obtain in terms yf di rrensi ~n1ess paratneters: 

. 
Continuity (integral fonn): 

M:::mentum : 

1 
J Vx elY = 0 
0, 

1 
J Vz elY = _Q_

WHY o b 

k 
m aP+L[ 

CP. H 2 az ~ 
m 0 

" 

(6.130) 

(6.131) 

(6.132) 

(6.133) 

• 

",2 -
1 '8' 1 a2e Tl Vb 1 av 2 'JV 2, 
'2 Vz ~z = . .9. _.9. + k T ' __ 2 [(a/) + (ayz) 1 (8.134) 
Ho 11 or m melt 11 

Energy: 

, The "accanpanying boundary condi tions ~: 

z=o 

y=o 

Y=l 

p=p 
o 

-, 
Vx=, Vz = 0 

T -
, o' e= e (Y) =-'-, 

o Trrelt 

o (6.135) 

" 

" ' 
, ' .. 

~ " 

" "<J " • " ~. 

'-.' 
',' a",":-;: 1- , ... 

~~~----.------------~----------~---------------------------~~~~;.~-~ 
- •... 

. :-
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Finite Di:fference Equations '"' Parallel Plates 
,', 

,,' 

" 

y 

Lz --o-----o-~:c-m 

'--0-----0--'-m-l 
, 

n-l n 

. 
~ 

Fig. 6.21'1 Finite difference grid for flow in a pa.rallel channel. 
iI 
, G 

, ... I 

" 

~ 

The 'Crank-Nicolson implicit finite di:fference method is used t<;> 

solve Eqs. 6.130 to' 6.134, along with the -accompanying boundary 
I, 

,conditions .. (u .135) for non-Newtonian flow, in 'a pa.rallel channel. The 

, "finite difference grid is illustrated in Fig. 6.26. 

Continuity Equation in X-d1rection: 
'i 

-/'Using Silnpsons' rUle, the continuity equation (6.130) is given in 

the fOllr finite d~fferenceform: 

1 " • 
• Sf ' ,,' , 

r Vx elY '" -3 [Vx. + 4Vx... + 2Vx... + ••• + 4Vx.. + Vx., 'I ] =, 0 a .L,n . .~~n ~,n . r.;t,n --M+ ,n 

(6.136) 

or 

Vx. + tWx... + zVx... + ' .l,n -4:::,n --;j,n + 4Vx., + VX.'+·l = 0, --M,n M ,n . (6.137) " 

., 
I 

I 
I 
\ 
\ 
'\ 

"1 

.,;-. 

i ", 
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Mcm:mtum Equation in X-direction: 
/ 
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For the momentum equation, the following finite difference 

apprarilllatiODS are used: • 
~- • Vx' - 'lNx + VX 1 a-Vx" m+1,n m,n .m- ,n 

7 (~l· 
(6.138) 

';,-, 

Vx· - Vx avx_ mt-l,n ., m-1,n 
~ -!, 

(6.139), ay- 2l:,.y· 

Substituting Ei:J.s. 6'.138 and 6.139 into Eq. 6.132, we obtain for colunn' 

n: 

(6.140) 

where m = '2, 3, - .~.J M 

I 

, 
" 

Canbinjng Eqs. 6.137 and 6.14O{ we have a IOCXiified tridiagonal system of . 
M,algebraic equations and M Unlmowns (V~,n to V~,n and cap/aX)n)' The 

equations may be written as: 

-:;. 

"1 

\", . 
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, ap 
(-f\n+1) VXm-1,n - 2Vl1n,n + (f\n+1) V~!-l,n - ~ (ax) n = 0 

(6.141) 

o 
". , ' 

VX1 n + 4VX2 n 01-' 2VXs n + 
/ J J J 

or in matrix form: 

B2 ~ -<12 ~X2,n 0 

A3, . C
3 

-a
3 ~,n 0 

3 

':-' 

.; 

-. 
A B C -a Vx = 0 (6.142) 
m m m m ~Jn 

o 
'-', 

J\r ~ -'14 V~,n 

4 2. 4 ... 2 ( 4 0 ( ap) 
ax 

n 

wher~ 1\0 = -l! +, 1 m 

Bm = - 2 

-----/"C = Bm + 1 ' 
m 

'i'i1is DXXiified tridi~nal syStem of equations is solved for the velocity 

/--~ 

I 

1 

i 

'.\ 

, ' 

" 
1 •. -
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profile and pressUre gradient in the X-direction USingraUSSian 

elimination (see Ref. (1) for the algorithm). 

Continuity and Mooentum EqUations in Z-<lirection: ' 

The finite difference representation of the continuity and nx:mentum 

equations in the ~ection is very similar to that in:"the X.:.direction~ 
. ----../' - , , . 

For the Z-direction- the equations may be written as: ' 

• ') 
o 
~ " 

(-tl
2

+1)/Vz
1 

- 2Vz..., + (tl
2
+1) Vz... Co a

2 . /_ ,n ~,n . ;j,n _ 
ap 

(az) = 0 
n 

, . 
ap 

(-13 +1) Vz '1 - 2Vz + (13m+1) Vz '1' n - am (.".,..Z) = 0 m In- ,n . m,n mr J (3"/. n " 

. :' V'cYz.fVb (6.143) 

. /~. 
(-B._+1) Vz.. 1 n - 2VZM n +(1\1+1) VZM+1 n - "M (az) = 0 
~~ M- , , / J • n I 

• 

.0 

vz
1
/ + '1Vz

2 
+ 2Vz... + 

/ ,n ~ ,n ~Jn 

k H 
2 

where a m 
(tt-) (!J.y)2 = 

'lm nCPm m , 0 

tl = !J.Y (~) 
m 2 'lm,n Y mn , 

. 
Energy Equation 

For the energy equation (6.134), the following finite difference 

approximations are used: 

. , 



,', 

a6 
"1Z= 

6 _ 6 ' 
m,n m-1,n 

I1Z 
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2 6 - 26 + a 6= 1 [ m+1,n m
2

n 
ayz ~ , (I1Y) 

6 
+ ~ [ m+1,n-1 

- 26 +6' 
, m;n-1 m-1 ,n-1] 

(&)2 

(6.144) 

(6.145) 

Substituting Eqs. 6.144 and 6.145 into Eq. 6.134,. we obtain for coltron n 

in the finite difference grid: 

~.--. 

~6 + (13+2) 6 - 6 ..... 1 ' m-1,n m,n w.;n 

= 6m-1,n-1 + (13-2) 6m,n_1 + 6mt-1,n-1 + Ym (6.146) 

where m = 2, 3, ••• M '-

. ' 

2 2 
[(;~x) + (~~z) ] 

m,n m,n 

As is the case of . the Newtonian lIXXiel, the average down channel velocity 
J,?>- , 

Vzis used in the convective term since negative values of Vz will . avg 

cause instabilities in the finite difference solution. 

Equation _6.146 represents a tridiagonal system of M-1 equations and . 
M-1 unknowns (62 to 6

M
'.) and may be written as follows: 

to ,0 

, . 
. , 

;. 
~, . 

, 
" 

:'. , 
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-a + (S+2) a a = D + ~ = E (6.147) m-1,n m,n m+1,n. m,n-1 m m 

a
b 

-aM-1,n + (S+2) ~,n "/ at1,n = ~,n-l + YM = ~ 

where 

or in matrix form: 

~ 
3 

where 

A B m 

A = .... 1 
m 

m 

B = S + 2 .m 

c = -1 
m 

C m 

a .~ + asc a2 ,n . 
3,n , 

a E = m,n m 

Em = am-1,n-l + (S-2) am,n_l + am+1,n_l.+ Ym,n 

". . 

(6.148) 

This tridiagonal systan of equations is solved for the temperature 

profile at COlUllIl n by Gaussian eliIIil:na:tion using Thanas' method (see 

Refs. (1), (55) for the algorithm). 

/" 

.~ 
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, 
1 1 
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! 
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1 
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\ 
I 

I 
1 
I 
i 

1 
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i 
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Finite Difference Equations - Converging Channel 

--G-----(r-- m.l 

_-(>----<;>--m 
_-0---<;>--- m-l 

~ n-l 

Fig. 6.27, Fiqite difference grid for flow in a converging ~hannel. 

For the analysis of non-Newtonian flow in a converging channel, 

slightly different finite difference equations are utilized to account 
)0 

for the change in velocity profiles as the cross-sectional area of the 

flow channel decreases in the down channel direCtion. Better estimates 

of pressure and temperature developDent are obtained when the viscosity • 
and pressure gradient are calculated at the midpoirit between colunns n 

and n-1, instead of at colunn n in the" finite difference grid as shown 

in Fig. 6.27. In doing so, however, the finite difference 

approximations and the resulting finite difference equations becane 

\ slightly mare canplex than in the case of fla.v in a parallel c~el. 

As before, the Ct-ank-Nicolson iInplicit finite difference mathod is 

used to solve the conservation equations (6.130 to 6.134) and boundary 

conditions (6.135). 
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Continuity Equation in X-direction: 

The continuity €qua.tion (6.130) in finite difference form is the 

same as in the case of. the parallel channel. 

continui ty equation is: l& 
For collEn n, the 

Vx. + iWx.... + 2Vx.... + ••• + 4Vx.. + Vx.'+l = 0 l,n 4,n --.:s,n -l'4,n M In (6.149) 

Manentum Equation in X-direction 

For the manentumequation (6.132), the following finite difference 

apprarlmations are used: 

. Vx . - 2Vx + Vx + _1 __ [ Hmt-1,n-1 ·m,n-1. m-1 ,n-1] 

~-1 (6y)2 
(6.150) 

. Vx. - Vx Vx -Vx . 
!. avx ~...l... [m+1,n m-1,n] +_1 __ [ m+1,n-1 m-1,n-1] (6.151) 
H ay .2Hn 2 6Y 2Hn_1 26Y 

The viscosity and viscosity gradient are calculated at the midpoint 

between collJllIlS n and n-1, thuS: 

n = n(Ym n*' T) , (6.152) 

'. 
where 

. 
y = 
. m,n* 

1 av 2 av 2 av 2 av ·2 
- [(~) + (~) ] +,!. [(~) + (ayZ) ] 
2 Y m,n ay. m,n-1 2 ay m,n m,n-1 

n* = midpoint between columns n and n-1 

" 
i , 
} 

i. , 

; .' 

" 



. . 

= 

1 
H-+H 
(n n-1) 

2 

2 (~) 
H-+H ·ay 

n n-1 m,n* 
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(6.153) 

Sul:stituting Eqs. 6.150 to 6.153 into Eq. 6.132, we obtain for colunn n: 

(6.154) 

where m=?,3, ..• ,M 

AY (~;) € e = (€+1) m nm n* m,n* , 

H 
2 

I) = (_n_) 
Hn-1 

€ = 
Hn 

Hn-1 

Ganbining Eqs., 6.149 and 6.154, we have a nxx:!ified tridiagonal system of 

M algebraic equations and M unknown (Vx... to Vx. and (ap jaX)n*)' 'The 
~,n M,n 

equations may be written as: 

. ':" 

" '. ,. 
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(-a +1)Vx 1 .- 2Vx - + (8 +1) VXm+1,n - a.... (ap) = A 
m m- ,n m,n Jll m ax n~ m,n-1 

o 
/ . 

VX1 + tWx-.. + 2Vx... + 
~ ,n --~,n --~,n_ 

where 

VbxfVb ,-
+ 4V~ n + V~+l n = 0 , ~ , 

Using Gaussian elimination the above system of equations is solved for 

the velocity profile at column n -and the pressure gradient at the 

midpoint between columns nand 0-1 (see Ref. (1) for the algorithm). 

Continuity and Manentum Equations in Z-direction: 
. " .-

The continuity and nx:mentum:- equations (6.131 and 6.133) in the 

Z-direction may be solved by the finite ~ifference method in a similar 

manner as in the X-direction. The modified tridiagonal system of 

equations for the Z-directioo is given by: 

o \. .' ':-

• Ie •• 

"',' 

, -

"~- , 
..;:~, ,,,~ 
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(-8 +1) Vz 1 - 2Vz + (8+1) VZm+1 - a (~Z) = B 1 m Dr ,n m,n m ,n m D n* m,n-

• °VbzfVb (6.156) 

(-8M+1) Vz'°
1 

- 2Vz.. + (8M+1) V./ 1 -ex.. (:'-Z) = iL 1 
M- ,n M,n . / "M!- ,n M n* -M,n-

V~fVb . 

;" - Q 
••• + 4VZy n +,V~l n - 3M Winr 

'/ '" .... n·b 

where B 1 = (e:il-a) .Vz "1' 1 + 2OVz" '"1 - (e:a +<1) VZm+'1 1 
mJ~ m· m- ,n- mJ~ m ,n-

The above system of equatiOns is solved fOr' the. down channel velocity 

profile at column n and the pressure gradient at n*, the midpoint 

between colunns nand n-1. . The pressure at column n' may beo"calculated 

"as follows: \ 

P = PI.1 + (ap)" liZ 
nn-;\ az n* " 

(6.157) 

It should be noted that if the pressure gradient at n* is corrected 

using shape factors, then these shape factors should be calculated using 

the channel ·width at"n* and not at column n. 

• Energy Equation 

.for the energy equation (6.134), the following finite difference 

equations are used: 

'-~-

,) 
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6 _ 6 . 
a6 _ m,n m,n-1 
az· - liZ (6.158) 

1 a26 1 6 1 - 26 + 6 1 n,. ___ " _ [ m+ ,n m,n m- '_j 

~ ar ~ (6y)2 

6 
+ 1 [ mt1,n-1 

2H2n-1 

- 26 1 + m,tr 

(&{)2 
(6.159) 

Sutstituting Eqs. 6.158 and 6.159" into Eq. 6.134, we obtain for cohron 

n: 

-6 1 + (a+2) 6 - 6mt· 1 m- tn m,n ',n 

where 

= 15 6 1 1 + (a-2.s) 6 1 + .s6mt1 + '( m- ,n- m,n- tn m 

m=2,3, ••• ,M 

. 2 H 2 
a = (~) (Hn) '" + u . ) ~~ 0 \.za~,n· vZavg ,n_1 

15 = 
H 2 

(..1L) 
Hn-1 

2 2 2 (6y)2 n * 
y = . m,n 
m ~Tmelt 

[(3Vx) + (3aVZ) + 15 
ay m,il Y m,n 

(aiX) + 15 
a m,n-1 

(6.160) 

2 
(avz) ] 

aY 1 m,n-

Eq. 6.160 represents a tridiagonal systan of M-1 equatioos and M-1 

unknowns (62 ,n to 6M,n)' The equations may be written as: 

. \ 

-~~~:.'~ 
:'. ~r 

.'\" .. 

" , 
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-6
1
/ + (f!+2) 

/ ,n , 
6 - 6 ='A_ + Y 2,n 3,n ""2,n-1 2 

, 

-6 + (f!+2) 6 - 6 - = A 'i> ,y m-1,n m,n mr1,n -1n,n-1 m 

-6 ' + 
M-1,n 

6b 

(f!+2)S -6' =L 
M,n / M+1,n -"M,n-l 

(6.161) 

Using Gaussian elimination the above tridiagonal systan of equations is 

solved for the tanperature profile at column n (see Refs. (1), (55) for 

the algorithm). 

Shape Factors 

The finite difference equations developed in this section are far' 

non-Newtonian fluids flowing through infinitely wide parallel or 

converging channels. Screw channels, however, have a finite width. In 

'the case of Newtonian flow in a screw channel, shape, factors were 

introduced to - account 'for the effect of tpe screw flights on down 

channel flow. Analytical expressions for pure drag flOw and pure 

pressure flow shape factors are available (seeEqs. 6.51 and 6.52). 

Using these shape factors, a correction factor was derived in Sec. 6.2'.2 

(for the down channel pressure gradient) for canbined,drag and pressure 

flow (see Eqs. 6.45 and 6.50) • . ". 
, .. 

i ~ , , 
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For the flow of non~ewtonian fluids in a screw channel, the 

problen is much mo:re canPleX; Even ifanalyti,cal expressioDs for pure 

drag flow and pure pressure flow ,shape factors were· ava:j-lable for 

non-Newtonian fl1!ids (bUt they' are not), they would not be Useful for 
I ' 

canbined flow because non~ewtoniari drag and pressure flows I cannot be 
. / i 

superimposed.' If the§Uperposition error was to be neglecte!a':and if the 

non-Newtonian shape facto~ere replaced wi th th~ corJesponding 
, . I 

Newtonian shape factors, "the-end results would still be unp{-emctable. 
. I 

. I ~ 
In regions of the screw channel where the drag. flow and the pressure 

ooCkflOlV' terns ~ nearly equal, seriOUS errors can i-esul t Jf Newtonian . I 
shape factors are used to correct the down channel pressure gradient. . : I ' 
Consequently, no shape factors are used in' the present don-Newtonian 

'_00 __ opt", flow molel. , c r 
Sumory of F1ni to D1ffaoo~ !!l~ti=' ", P , 
.' ' , II 

~e conservation equations and corresponding finite difference 

equations for the non-Newtonian nOnisothermald~VelOPing( flow model are 

~ in App. C foc tbe f",. """"""tOO ",;, ml .... l.ing sectionS of 
the ~truder screw channel.. _; '. 

I 

Results of Simulations ! 

Typical resultS of predicted pressure, bulk temperature and solid 

bed profiles for lOlV-densi ty polyethylene are present~ .in Fig. 6.28 to 
- •. /f' 

6.30 as obtained' by the use of the non-Newtonian, nonisothermal 

developing .flow model and the non-Newtonian melting model (see Sec" 

l.a 

\ 

, -.... 
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5.2'.2. The' solids flow IIXXiels far the feed hopper and screw channel 

(see ~. 3 and 4) were utilized, to calculate the pressure at the' 

beginning of the nelt flow region. The simulation results are shown for 

t~_ screw speeds: 40, 60 ~d 80 rran. '" Tht; polymer properti~, screw 

dirensions and remaining extruder o~ting conditions aXe given in App. 
, . 
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40,60,SO RPM [NON-NEWTONI~N) 

B~RREL TEMPER~TURE PROFILE. 163/179/196/196/196 OEG. C 
25,.0 ,--__ --, _____ ---,. ___ -.,.. ___ --,-___ -.-__ --, 

20.0 ~------r_------r_------+_------~~----+_----~ 

15.0 j-----j----/----,-+---.-,...r--"<:,--+----;---I 

~ 10.0 )-____ +-~ __ _+--....... _:I"c;. 
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a. ;-. '-
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0.0 ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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'. 

Fig. 6.28 Down channel pressure profiles in the extruder screw channel 
fcir non-Newtonian flow; Data for' the polymer properties, 
screw channel dimensions and extruder operating conditions 
are given ,in AW •. G.!? 
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rJ 

40,60,SO ( NON-NE~ITONIr:lN ) 
Br:lRREL TEMPERr:lTURE LEI 163/179/196/196/196 OEG C 

210.0 ~----~------\~------r---~~----~~--~--' 
\ 
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u 
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UJ 
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~ '170.0 
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cr a:: 
UJ 
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Fig. 6.29 Down channel bulk temPerature oprofiles in the extruder screw' 
channel. for non::'Newtonian flow •. :, Data' for the polymer 
properties, screw. chanllel . dfIOOnslonS arid: extruder operating 
conditions ';a;re given in At:P~ G.6: .. ~. '. 
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40,60,80 RPM [NON-NEWTONI~N) 
, 

B~RREL TEr4PER~TURE PROFILE. 163/179/196/196/196 DEG C I.) 
1.0 r-~--~~~--~------~-------r------~----~f' 

0.0 L-~~~~~~~~~~-L~~~~~~~~~~~ 

F'i~. 6.30 

0.0 4.0 8.0 12.0 16.0 20.0 24.0 
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. Solid bed profiles, in ~he extruder screw channel for 
non-Newtonian flow. Data for the polymer Iproperties, . screw 
channel dimensions and extruder operating conditions' are 
given in AW. G.6. . . 
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CliAPrER 7 

MELT FIJJW IN 'lliEDIE SEX::rION 

" Pol:yroex: melt is pumped through a die to give the material a desired 

shape, for example a rex:! or tube. After the polymer leaves the extruder 

screw channel, ~fore it enters the die, it passes through an 
, . . 

adapter which connects the die to the extruder barrel. Placed between 

the barrel and adapter, there is quite often' a breaker plate •. The 

breaker plate is a thick circular plate drilled with several holes 

spaced closely together. The purpose of the'breaker plate is to align 

the rotating motion of the extrudate- as it is pumped fran the screw 

channel into the die channel, ,.It can also be used to support screens to 

filter out contamination in. the pol;>mer and to increase the diehead' 

pressure.' Of tell a higher diehead pressure is desirable in that it 

results in improv~inixing in the .extruder screw channel.. 

Schanaticdiagrams of the breaker plate, adapter and die used in 

the flow mOdel are shOwn in Fig. 7 ~11d 7.2. In most cases, the 

adapter that connects the extruder barrel and die is quite simple in 

geanetry, usually circular in cros&'section. In this study a sli,ghtly 
. I 

more canplex adapter with rectangular flow geanetry is used (see' Chap •. 

10 for more details). Attached to the adapter is a cylindrical rex:! <tl.o~. 

For the purpose of melt floW analysis, the tapers in the adapter and die 

. are neglected, for they are very short as canpared to the lengths of the 

adapter .and die.. T1:ie pressure drops. across the tapered sections are 

7-215 
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Fig. 7.1 Breaker plate. 

Fig. 7.2 Sc~tic diagram of the die. section (breaker plate/adapter/ " 
die). 
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• 
negligible as canpared to the straight sections. 

The purpose of IOOdelling the now through the breaker plate , 

adapter and die is to caJ.culate the velocity, tanperature and pressure 

profiles in the flow channel given the extruder operating conditions, 

flow channel dimensions, and the physical and rheological properties of 

the IX>lymer melt. The canputer IOOdel developed here is largely based on 

work presented in the author's M.Eng. thesis (1). The analysis of melt 
-, 

flow in circular tubes is alSo -presented in a paper by Agur and 

VlachoIX>ulos (~ Finally, due :!:O differences in the melt flow analysis 

in the breaker plate, adaptor and die, each of these three sections will 

,be treated separately. 

7.1 Breaker Plate . , 

The physical system for pressure flow through one of the drilled > 

holes in the breaker plate is illustrated in Fig. 7.3. It consists of 
. ' 

flow through a tube with inside radius He and length 2';3. Due to the 

large number of holes in the breaker plate, the adiabatic temperature 

boundary condition is assumed at the tube wall. 

Flow Eguations:-

The simplified conservation equations for -pressure flow through a 

circular channel are: 

• 

... ~ 



r 

7-218 

aT = 0 (ADIABATIC WALL) ar 

Fig. 7.3 Pressure flow through one of the breaker plate flow 
channels. 
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Continuity equation (integral fonn): 

(7.1) 

where NB is the nUDber of boles in the breaker plate. 

lOCmentun equation: 

(7.2) 

Energy equation: 

kdv 
aT m3(CIr .z. 

p Cp v -..- = - -..- r -=) + T dr m m z .oz r or or rz (7.3) 

The temPerature and shear rate dependent constitutive relation (see Eqs. 

2.34, and 2.36) may be written as: 

dv . Z 
T = 11 - (7.4) rz dr 

where . 
. 
y= I~I 

Substi tut~ Eqs. 7.4 and 7.5 into the above nx:mentum and energy 

equations (7.2 and 7.3), we obtain: 

IOCmentum
:l 

(7.6) 

• 
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Energy: 

'. 2 
:IT -o2T 1 ill' dv z 

p Cp v h = k (- + - -=) + T) (-) m m z z·ln ar2 rar clr 

The ooundary conditions for the above equations are: 

z=o 

r = 0 

r =~ 

p = Po 

dv 
clr

z 
= 0 

v = 0 z 

T = T(r) = T o 

~= 0 

~ = 0 

(7.7) 

(7.8) 

A constant temperature profile at the channel entrance equal to the bulk 

:temperature of the polymer at the screw channel exit is utilized. 

To represent the above. conservation equations (7.1, 7.6 and 7.7) 

and ooundary conditions (7.8) in dimensionless form, let: 

(7.9) 

\ ,.' . 
;.,: 
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where Vb is the tangential barrel velocity and Ho the screw channel 

depth in the feed sectioo of the extruder. Substituting tOO atove i;ltb , 
. 

Eqs. 7.1, 7.6, 7.7 and 7.8, we obtain in tenns of dirrensionless 

parameters : 

Continuity equation (integral form): 

1 
J Vz R dR = Q 

2 
o 211 NB lis Vb 

(7.10) 

Manentun equation: 

(7.11) 

Energy equation: 

(7.12) 

Boundary Comi tions: 

Z = 0 p=p e = e 
Ci 0 

R=O "d'iz 
dR =0 

ae 
. aR = 0 (7.13) 

R= 1 Vz = 0 ~= 0 
aR 

In Eqs. 7.11 and 7.12, when R=O 
1 d'iz 

(at the centre of the channel), R dR 

and i :: arei represented by tJ;le indetenninate 
o 

fOnD, O. According to 

( 
r 
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L'Hospital's Rule
1 

lim (1:. dVz) = d~z 
R-+O R dR dR2 

(7.14) 

lim 1 ae a
2

e 
R.J"\ (-R aR) =-2 
~ aR 

(7.15) 

Thus, the, lIXl!lentum ,and energy equat:l,ons becane: 

M:Inentum:' 

- 2 . 0 
~ k / "2v (_) ...!!!.... dP + dn dVz + 2n ~ = 0 for R = 0 
H Cp dZ dR dR dR2 
,0 m / 

(7.16a) 

2 
~ km dP d~z . n dn dVz - (-) - - + n -- + (- + -) - = 0 for IDO 
Ho Cpm dZ' dR2 R dR dR 

(7.1Gb) , 

, 0 
2' .x: 

ae a2 e, n Vb P dVz 2 
Vz az = 2 a-2 +k '1' '(dR) 

l{""-lD'"lnelV 
for R = 0 (7.17a) 

Finite Difference Solution 

Thy Crank-Nicolron implicit finite difference method is Used to 

solve the co~ation equations .(7.10, 7.16a,b and 7.17a,b) along with . 
the accanpanying boundary conditions (7.13). The finite difference grid 

is shown in Fig. 7.4. 

\'Hospital's Rule,: If lim llil = Q. then lim (llil) _ lim ('.rl&) 
, x->a. g(x) 0' x->a. g(x) - x->a. g' (x) 

"'1 

, 
! 

-j 

, 
J. 
" 
j 

. ) 

i , 

.. ' 

i 
j 
!, , , 
I 
\ , 
.. i 

'~, ,', 



\ 

--:> . 

R

L
··· 

.•...•. z 

7-223 

I 
C 

z 
:::E 
::> 
-' 
8 

c 
z 
:::E 
::> 
-' o 
u 

Vz = 0 , ~ = 0 aR 
(adiabatic wall) 

ROW M+Z -~--o---o--+-- ROW M+Z = ROW M 

'/%~~~~~~~~~~~ (temperature only) 
ROW M+l '" R=l 

ROW.M 

, .. ~'" 

ROW m+.l 
m+l,n-l 

"." 

• 
ROW m 

m, n-l m.n 

ROW m-l __ m_-_l.:...n_-.... 'D-__ ()-m_;.,_l.:... n_· __ 

avz _ 0 as 0 
aR - aR = 

ROW Z 
(symmetry) 

ROW 1 

ROW 0 ----0----0---- ROW 0 = ROW,Z 

," 

Fig. 7.4 Finite difference grid for a breaker plate flow channel. Dark 
nodes denote known values and blank nodes denote values to be 
calculated. 

, 
.. 

, " 
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ContiilUity and Mcmantum Equations 

Simpson's Rule is used to represent the continuity equation (7.10) 

in finite difference fonn,' and is.written as follows far colunn n in the 

finite difference grid: 

1 '&t 
IO Vz R dR "3" [Vz1 ,n Rr + 4VZz,n ~ + 2VZS,n R:3 + ••• + 4V21.!,n E\r 

+ VZy.H n ~l] , (7.18) 

Substituting the above equation into Eq. 7.10, we obtain: 
, 0 0 

; ; 
V~/n ... Rr +'4V~,n ~ + 2V~,n R:3 + ••• + 4V~,n E\r/V21.tH,n Rw-1 

. . 

(7.19) 

... ~ . 
For tl:le/m~entum equations (7.16a,b) the following finite 

dif~erericeappraximations are used: 
.... -. _.- • 4 • 

Vz - Vz cNz _ m+1,n . m-1,n 
dR- 2&t· (7.20) 

-~. 

2.. Vz - 2Vz + Vz-_ 
d-Vz" m+1,n .. m~n _ --m-1,n 
dR2 -.- (&t) , 

(7.21) 

. 'w 
Substituting the above equatiOns into Eqs. 7.16a and 7.16b, we obtain 

for colunn n: 

_.", VZz, n by synmetry 
. /. _ a1 dP 

Vz", - 2Vz1 . + Vz", - ....- (-=-) ,,; 0 
/ -.J,n ,n . -4,n '" uu n 

for R = 0 (7.22a) 
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for R > 0 

where m = 2,.,3, ••• t. M 

, '~. 

" 

. 
Canqining Eqs. 7.19: 7.22a and 7 ;22b, we blI.ve a toodi~i~ tridiagonal 

system ,of MI-1 algebraic. equations and MI-1 unknowns (V~.'n' to V~,n and 

(dP.dZ)n' The equations may be written asfollo:s: aa 

, ' '''1 dP 
- 2Vz.; + 2Vz... - - (-)= 0 J.,n :G,n 2· dZ n ' 

(7.23) _ 

, "0 ' 

. (-~+1) V¥,n ".. 2V~:'n + (~+1) ;~l,n - ~. (:) n ~ 0 

4Vz... .R
2 

+ 2Vz... Rc + .... + 4Vz..· R '!: 1.5 M Q 2v . 
:4,n .' ;j,n ---:3 . Mr.? -M 1TN...R-' 

. , - • . , . "'B""~ b 
.... " 

or in matrix fonn: 

Q 

... 

o 

1 
1 
I 
1 

} , 
, j 

" ··t 

1 
; 

;1 

\ , 
\ 

\ 
i , 

L ~', 
~,- , \: 
l 'J.." 
l"';',; . "-. 

I· " 



~/- :--. 
-./--

J 

'. 
• 

---- --. - ------.-....,.~-. 

-2 

~ 

o 

where 

> 

2"-.. 0 -"1./2 

~ S I -O::! 

A B c -"In m m m·. 

~.~ -"M 

~ 2R.3 • • • 4I\r . .0 

A =:"1\ +1 01n. m 

B = - 2 m 

C = a + 1 m m 
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V~ n , 

V~,n 

Vz 
m,n . 

V~ n . , 
(dP) 
dZ n 

• 
0 

( 
.0 0 

= 0 (7.24) 

o 
, Q 
1.5 M --"'-=-? __ -.. 

. 1fNIA3-Vb 

Using Gaussian eli minst:!.on, this system of equations is solved for the 

downcbannel velocity profile ,Ittld pressure gradient at colunn'n 'in the 

finite difference grid. The algori tbm used for solving the above 

IOOdified tridiagonal 5Ys:!;em is described in Ref. (1). The preSsure at 

colllllIl n may be calculated t:lS f0;Llows: . . 
(7.25) 

_ Energy Equation 

For the .energy equations ,<7.17a,b), the following finite difference 

approximations are used: 

fl i, 

e - e . 
ae _ m,n . m,n-1 
az - ~Z o 

(7.26) 

'\0 

" 

. ! 

. :." 



" 

, 

'. 

, 

t 
- , 

7-227 

6 -6 6-6 
~ ~ ! [ m+1,n ~l,nl +! [ m+1,n-1 ~1,n-11 
aR 2 '211R 2 - 2l1R '. ' (7.27) 

• 
2 6 - 26 + 6 
~ ~ ! [ m+1,n m,n - _ ~l,nl 
aaZ ' 2 (lIR)2 _ 

6 , - 26 + 6 
+! [ m+1,n-1 m,n-1 ~1,n-11 

2 . (lIR)2 
(7.28) 

Substituting the above equations into Eqs. 7.17a and 7 ~17b, we, obtain 

for column n: 

62 ,n by Sj'IJl!lEtry' -, 

/ ~1- '- . 
- 6

0 
+ (-2 + 2) 61 - 62 -/ ,n ,....,n ,n 
- I 6 " 

/2,n~ 
= 60 n-1 + (2: - 2) -61 n-1 + 62_n_1 
/'. J J 

for R = 0 

-, 

for (j < R < 1 ~ 

e 
/M,n 

~+l,n ,- (1lrJ+l+l~eM+2,~ 
o 

= (-1lrJ+1+1) 6M,ri-1 +/,(~1-2) ~M+1,n~i + 

- for R =1 

; 
(7.29a) 

(7.29b) 

(1.29c) 

. " 

r 
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( 
where m =2,3, ••• , M 

2 R... 2 
= 2( LR) '(_-13), V 

'1n 6.Z H Zm,n o ' 

.. 
, 2 

(dVz) 
dR m,n 

, . 

Equations 7.29a, 7.29b and 7.29c represent a tridiagonal system of 1ft-! , 

equations and 1ft-! unlmowns (91 ,il. to ilw-l,n) and may be. written as 

follows: 

~ . , 

(-2 + 2) 91 , - 292 , = D1 -1 ,n ,n ,n 
,I > 

,(112-1) 91 ,n + ("2+2) 92 ,n.- (112+1) 93 ,n = ~2,n-1 + Y2 

( Q 1) 9 (2) 9 (Q +1) 9 '~ - D ' + "m- m-:-1,n + '1n+ m,n - "m, mt-!,n - m,n-1 Ym (7.30) 

. 
(~-1) 11.!-1,n+ ('\1+2) f1i,~ - Cl\t1) ilw-1,n = %,n':'1 + YM 

. -2 a. + 2a.. = n.. . + Y 
~M,n ,'M'I"1,n -M+1,n-1 MH 

where D ='(~-2) 9 +29 1,n-1 2 1,n-1 . 2,n-1 

D =29 .. -29 , M+1,n-1 M,n-1 ",M+l,n-1, 

" , 

. , 
" 



or in matrix fom: . 

where 

. 

'1. 
B1 =2+ 2 

A =1l-1' -111 m 

B = a + 2 m m 

c = - (e +1:) m '., m 
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-2 2 

, 

61, -,n . 

6 
M+1,n 

= 

D l,n-1 
':-

-D2 ,n_1 + Y2 

~,n-1 ;. YM 

~+l,n-1 + YM+l 

(7.31) 

-

This, tridiagonal systen of equations is solved for the temperature 

profile at ,column n by Gaussian elimination using Thanas' roothod (for 

details of the algorithm, see Refs. (1),~(55)). 

Bulk Temperature' 

The flow-average (bulk) temperature at a given do~stream 

position in the flow channel,·i$ defin~ as: 
.' 

• 

1 

I 
-\ 

J 

I 

,t 

.. 

'-.: 

,..:,., 

;" 

,' . 
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IRs v (r,z) T(r,z) r dr 
o z 

Tbulk = Ra. 
I vz(r,z) r dr 
o 

or in dimensionless form: 

1 
I Vz(R,Z) 6(R,Z) R dR 

e = _-=0_-; ______ _ 

~ 1 
. I' Vz(R,Z) R dR 

(7.32) 

(7.33) 

(. 0 

Equa t~on' 7. 33 ~y be written in finite difference form for colunn n in 

the finite difference grid, using Simpson's .Rule as follows: 

7.2 Adapter 

(7.34) 

the rectangular 

The channel has 

The physical systen for pressure flow through 

slit channel of the adapter is illustrated in Ftg • 7.5. 

height HA, width WA and' l~~gth zA' and it ~ assuned thai; the channel 

walls are at a constant tanperature TA• 

:-

Flow EquatiOnS. 

The simplified conservation equations for pressure flow through a 

rectangular slit channel having infinite width are E!hown below in Fqs. 

7.35,7.36 and 7.37. The effect of the channel side walls on the flow 

is accounted for using shape factors as discussed later in this section. 

• 



• 

, . 

" 
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Fig. 7.5 Pressure flow through the adapter flow channel. 
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Continui ty equation (integrated form): 

Momentum equation: 

Energy equation: 

aT a2r dVz 
pmCpmvz-=k -+T'-az m ay2 yz dy 

,The temperature and shear rate dependent constitutive relation (see Eqs. 

2.34 and 2.36) may be written as:' 

(7.38) 

log n = ~o + ~ log Y + ~(log y)2 +.~ T +a4 ~ +'~ T log y (7.39) 

where "ld"vZJ" y= -
" dy 

Substituting Eqs. 7.38 and 7 .39 ~to the above manentum and energy 

equations (7.36 and 7.37). we obtain: 

Momentum: 

2 
dn d Vz dn dVz -=+n--+---=O 
dz dy2 dy dy 

(7.40) 

aT a~ dVz 2 
P Cp v a7. = k - + n (dy ) m m z z -1n aj ,Energy: (7.41) 

The boundary conditions for theabove equations are: r 

1 ,I 
I 

j 

:,. 

. '~ 
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.-. 

z=O P = Po T = T(y) =T a 

dVz = 0 y=O aT (7.42) -=0 dy ay 

y = HA/2 v z =0 T=T A 

The pressure and temperature, Po and To' at the channel entrance are . 

assumed to' be equal to the exit pressure and bulk temperature 

respectively in the breaker plate. Also, it is assuned that the 

velocity and temperature profiles are symmetric about the central 'axis 

of the rectanguIar channel. 
.' . 

. To represent the above conservation equations (7 (35, 7.40 and 
.. 

7.41) and boundafY·conditions (7.42) in.dimensionless form, let:' 

, 
=~ " 

, 
p " 

PmVb • 
T e (7.43) 

= Troolt 

y 
= ~A/2 • 

~here Vb is the tangential barrel velocity and Ho is, the screw' channel 

depth in the feedsectioo of the extruder. Substituting the above into 

Eqs. 7.35, 7.40, 7.41 and 7.42, we, obtain in terms of dimensionless 

. , 

, 
i 
! , 
! 
; , 
i 

~ ; 

'], , 

.. 
• 
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parameters : 

Continuity equation "(integral fonn): 

1 _ Q 
J . Vz dY - ;';W-;H~V-

o A A b 

~ 

(7.44) 

M::mentum equation: 

tJ 

=0 (7.45) 

(7.46) 

Boundary conditions: 

z = 0 p=p 
o· 6 = 6

0 

Y=O eNz - 0 . ar- ~= 0 ay (7.47) 

T 
Y = 1 Vz = 0 6 ,: e =_A_ 

A Tmelt 

Finite Difference Solution 

The Crank-Nicolson implicit finite difference method .is used to 

solve the conservation equations (,7.44, 7.45 and' 7.46) along' with the 

accompanying boundary conditions (7.47). ·The finite difference grid .is 

shown in Fig. 7.6. 

• 

.1 
\ 

; 
"'. 

, 
, 

. ~ 

' ... 
........:. 

I .. · .. 



\ 

ROW ·M.l 

ROW M 

ROW m.l 

ROW m 

ROW m-l 

v 

L. ' .. _ROW2 

Z ROW 

ROW 0 
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Vz = 0 
" / J' "" " 

\ ... ;>-

m.l,n-l 

. m,n-l 

m-l,n-l 

c 
z 
~ 
::J 
-' 
o· u 

.< 

///////""/, 

v = 1 

-< >-

m.l"n 

m,n iv 
~~' 

m-l, n 
-l:J.Z-

"'" >- -< >-

-

/ 
r avz.:. 0 ae - 0 

av - 'av-
(symmetry) 

d' 

t v=o 

Rbw 0 ",ROW 2 

Fig. 7.6 Finite difference grid for the adapter flow channel. Dark 
nodes denote kn9wo values (either calculated or boundary 
values) and blank nodes denote values to be calculated. 
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Continuity and I&::m3ntum Equations 

Simpson's Rule is used to represent the continuity equation 

(7.44) in finite difference form, and is written for column n in the 
I 

finite difference grid as follows: 
,. 

1 . bY . . 
! Vz- dY "-3 [Vz1 + 4Vz2 oj! 2Vz3 + ••• + 4Vz..+ Vz.'+l 1 (7.48) o . ,n,n ·,n -M,n, M,n 

Substituting. the above equation into Eq. 7~44, we obtain: 

o 
V + 4V + 2Vz.. + + 4V + V{ = 3 Q zl,n ~,n -,j,n •• , 21.\,n / 14+1,n 7N ~ 

(7.49) 

For the maneritun equation (7.45) , the .followirig finite difference 

approximations are used; 

Vz - Vz 
dVz" m+1,n m-1,n 
dY 2 t>y. (7.50) 

2_ Vz - 2Vz' +.Vz 
~:" m+1,n. .m,n . m-1,n 

di2 (t>y)2 
(7.51) 

,-

Substituting the above equations i'Kto Eq. 7.45, we obtain for co1unn n: 

dP 
(-'\n+l) Vz 1 - 2Vztn + ('\n+1) V~l n - "In (dZ) = 0 m- ,n ,n, J •. n . 

(7.52) 

. , 
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where m = 2, 3" ••• , M 

B - 6Y (dn) 
m - 2 '\n,n dY m,n 

Ccmbining Eqs. 7.49 and 7.52. ,we have a mbdified tridiagonal systan of 

M+1 algebraic equations and M+1 unknowns (yz1,n to VZY,n and (dPjdZ)n)' 

The equations may be written as follows: 

, V~ n by synmetry , 

HI +1) }z(~ - ~VZ1,n + (B1 +1) ~Z:3:n -

, , 

" 
, " dP 

(~~+1) Vz1' n -' 2V~ n + ,(~+1) VZ:3'n - "2 (az-) =: 0, I, 
, J. - , . ". n" 

.' ~ 

('-B +1) Vz 1 ,-' 2Vz' + (Bm+1 ) VZm+1,n - am" (dPdZ-)n '" 0 , ,(7.53) m m- ,n ."". m,n 

" o __ .. 
,,', ",. ,,' ;1", ", dP ' 
(-~+l) V~_l,n- 2VZY,n + (~+l»)~+l,n::,2M: (dZ)n''''O' 

o 

VZ1 ,n, + 4Vz2 ,n + 2VZ3,n + ••• + 4Vz.. 'n + VZ.-(l n = 3MQH ' 
l\l, / l\l '" ~ 

• 
This system of equations is solved for the downstream velocity Profile 

and pressure,~ient at colunn n by Gaussianeiemination (see Ref. (1) 

for the algorithm). The pressure at ,colunn n may be calculated as 

follows: 

1 dP p = p + - (-),6Z n, n-1 F dZ 
pn 

(7.54) , 

• 

:', 
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where F P is the Newtonian shape factor for presSure flow in rectangular 

channels (s~ Fqs. 6.52 and· 6.57b). Of course, a non-Newtonian shB.pe 

~ factor would be ~ suitable. As an' approximation, however, the 

Newtonian shape factor is sufficien~y accurate. In OJap. 6' it was 

stated that difficultieS arise when Newtonian shape factors are utilized 

,in canbined non-Newtonian drag and pressure flow problans. Such is not, 

the"Case here, since we are deaJ.ing with pure preSsure flow. 
~ , 

Energy Equation 

For the en~ equation (7.46), the follOo/ing finite difference 

approximations are used: 

a6 
az '" 

9 - e m,n m,o-l 
t.Z 

2 9 - 26 '+ 
~ '" 1 [mt1,n -' m,n 
ay2 2 ( IlY)2 

, 
9 - 29 + 

+ 1 [mH,n-1 . m,n-1 
2 (/;'y)2 

(7.55) 

9 ' 
m-1,n-1 j 

(7.56) 

Substituting the above equatiOns into Fq. 7.46, we 6btain for collJlllll n: 
, .'.1 

-9 -1 9- (13 +2) 6- 6m+1 m.;,. ,n m ,m,n ,n 

where m = I, 2, .- •• , M 

13 = 2(lIy)2 
m lIZ 

H 2 
(~) V: 
2Ho Zm,n 

(7.57) 

, -, 
! 
i 
I 

, , 

. ; 

, .;,: 
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. V 2 
. ( C{)2 b (rNz) 

Ym = 2 Ii '1n,n ~Tmelt dY m,n / 

Equation. 7.57 represents a tridiagonal system of M 
.' 

unknowns (6i,If to ~,n)- and ~Y:be.writteri. as follows: 

ttl. . . ° 
. . - tf 

62 ,n = A1 ,n:-1 /" Y1 

: ;( 62 ,n by Symretry 
- 6 + (131'+2) 61 -
/o,n ,n 

-0" 
- 61 + (1L+2) 62 - 6 = A_ + y ,n -.,: ,n 3,n --;&,n-1 2 

) 

- 6 1 + (13
m

+2) 6 - 6 = A . + Y m- ,n .,. m,n m+1,n -1I1,n-1 m ·(7.58) .... 

-·f! Ill"". 

6 . 
. , Y A .. 

a_ + (8.._+2) a_ - a: .= A._ + y 
:M-1,n ,. ,-M ·M,n /·M+1,n -14,n-1 "M 

" 
This systen of equations is solved for tbfl tanperature. profile at colUrin< 

.. n by G~ussian .eillnination using Thanas' method (see Refs. (1) ,(55) fO~, 

. details of the algori tbm) • 
. .' .-." . 

.. . 

Bulk Temperature 

The flow-;-average (bulk) temperature. at a given .downstre 

position in the adapter flow channel may be· defined as: 

. , 
... 

(' 

. ~ 

. ~ .. ': . . 

, 
",j " 

I 

• 



, ' 

• 

.. ,-,,-=-.•. .;.., •. .;.~ 

[. 
i 
" ----

. ~ 
~. 

-----'- c-l 

7-240 
• 

H /2 
I A vz(y,z) T(y,z) dy 
o 

Tbulk = -=--rrH
A
-/""2----'----

10 ' v~ (y,z) dy 

or in dimensionless form: 
"If' 

1 

• 

-0. , 
P .,59) 

/ 
" 

. .. 
I 

" , I Vz(Y,Z) 6(y,Z) dY 

~~O 1 , (7.60) 

_._.' 10 Vz (Y~) dY. " 

USi~' 'Simpson' S ~e, Fq.' 7.60 may be Wri ttenin 'tini te diff)rence ~onn ,', 

for column n in 1;he finite diffEl}:"ence grid as follows: 

Vz e + 4Vz.. e.. + 2Vz.. e' + ••• + 4Vz.. a '+ Vz.. e 
e l,n l,n 2,0 -2

1
/ ' 0,0 3,n ' M,n M,O ",..l,n M+l,o (7.61) 

bulk,n ~. VZ1 + 4 2'.. + 2Vz.. + ••• + 4Vz.. + VZ."l ". .. ,n ~,n ~In ," ·M,n M't' IJ) 1 

7.3 Die 

The, physiCB;l, systan for pr~ssure flow throUgh 'the cyLindrical rod, 

die is illustrated in Fi'g. 7.7 . . ,The die flow channel has a radius Rn 
anq length 2-0' aM the die walls are' at a constant temperature'l'D • 

. /--

Flow Equitions 
'~ 

The simplified conservation equations f~~,ssure ,flow thro~ 

the die channel are veJ:Y similar to tile breaker plate equations. In 
.. , ", 

dimensj.onless f()rm,· they may re written as:' 
• 

, , 
,~ . 

) 

t1 

l 
I 

"1 

I' 

I' 
-I 

i 
',I·, 

\ 
\ . 
\ 
I 

i 
-.\ 
,I 

. ",;.;:7" 

.. ' 
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• 

Fig.'.;), PreSsure flaN through the die flow channel. 
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Continuity equation (integrated form): 

1 
f Vz R dR = Q 
o 211 Ro2 

Vb 

Mcrnentun equation: 

. Hn 2 km dP d2yz 
- (-) - - + 2n - = 0 for ·R= 0 

Ho Cpm dZ dR2 I 

·~2k .2_ .• 
--0 m dP QVz n dn cNz 

- (Ho) ,Cpm dZ + n ciR2 + '(a + dR) dR=O . for R ~:~ 

Energy equation: 
o 

En 2 2 n V 2 /2· 
(a) Vz ~ = 2 U + b (rNz). for R = 0 

o az aR2 . ~Tmelt/dR 

EL 2 . 2 
(_--0) Vz ~ = !..! 
Ho az aa2 

2 n V . 
+!.~ + b. 

.. R aR ~~lt 

. 2 
• (~z) 

. Constitutive equation: 

\ 
dVz\ where .y =' dr. 

. "--",0, 

, . .~. • 

. -'---.--Q-.---.-~--,. 

for R > 0 

"', . 

(7.62) 

(7.63a) 

(7.63b) 

("l.64a) 

.- (7·64b) 

• j 

, .. ,,' 
j',,':.'" 
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" 

Boundary conditions: 

Z = 0 

R=O 

R =1 

p=p o 
i rNz . 

dR =0 

Vz= 0 

~-------:---~ 
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e = e (R) 
0, 

(7.66) 

In the above equations, Vb is the tangential barrel velocity and Ho is 

the charine1 depth in . the, feed section of the extruder. The .temperature 

profi],e and pressure at the beginning of the die channel are assuned to 

00 be equal to the' exit values fran the adapter. 

Finite Difference Solution 

R --0-----{}-- m.1 
.~ 

L: --~~----~~--m 

~-o------o--m-1 

n-1 n 

Fig. 7.8 Finite difference grid for the die flow channel. 

The Crank-Nico1san implicit finite difference lIEthod is used .to 

solve the conservation equations (7.62 to 7.65) along with the 

, 
J 
I 
I 
i 

I 
\ 
• , 
\ 
i 
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accanpa.nying boundary conditions (7.66). An abbreviated version of the 
, .. 

finite difference grid is shown in Fig. 7.8. The grid use? ,for the die 

channel lly the same as the one for the adapter (see Fig. 

7.6). ~ 

Continuity and M:m:m Equations 

The continuity and manentun equations in finite-dtlf~ 
~--:-

~-- . are identical ,to those-for-toe breaker plate ,(except that Ro replaces 

~-)-:arfa~ten for cOlunn.n in the finite difference grid as: 

. , , 

" . 

'1. dP 
- 2Vzl n + 2VZ2 n - 2 (crz) = 0 

J " n 

" - '.... dP 
'<-flm+1) V~l n ,- 2VZm n + (flm+1) v~l n - "In (M) ,= 0 

, .. '. - J., J.. n 
(7.67) 

o 

(-~+1) V~_l,n - 2VZY,n + 
, /" , ... dP 

(ilM:+1)/V~+l n- 'it e,g) 
/ ' ,""'""" . . .. f. t 

=',0' 

4V~ n ~ + 2VZ3 n R:3 + ••• + 4VZy n ~ = 1.5 M ~ 
" J' 1I'R.... "4v. , -u b 

where 

Il = llR [1- t _1_ (d") 
m 2 R ,,- dR 

-In m,n m,n 0," 
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~ The above modified-tridiagonal ~t~ of equations ~y be solved for the 

\ 

down channel velocity profile and pressure gradient at COlllDlIl n by 

Gaussian elimination (see Ref. (1) for details of the algorttlm). The 

pressure at column n may be calcualted ,as follows: 

(7.68) 
---'-co~---, • C> 

• 

p = p + (dPdZ) AZ n n-1 
n 

i . 
, 
f 

,I~ 

I 

Energy Equation 

The energy equation in finite difference fonn is similar to that 

for the breaker plate, except that a constant wall temperature bOundary 

condition instead of the· adiabatic condition 'is USed. For column n in 

the finite difference grid, the energy equation may be written as: 

a 
(21 + 2) 6 - 26 = 0 1,n 2,n ,1,n-1 

., 

(7.69) 

6
0 , ;f, 

(Bre1) EM-1,n + ("M+2) EM,n - (11.f+1~\+l,n = I\!,n-1 + YM 

where 01,n_1'= .({ - 2) 61 ,n_1 + 262 ,n_1' 

o 1 = (-e +1) 6·'" :-'--1 ~ (a - 2) m,n- m m-"1,n- m 

i 
1 
i 
! , 
I 

i 
.. \ , 

I 
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2 
2 Vb cNz 2 

Ym = 2(6R) '!n n k T (dR ) 
. ' 111 rrelt . m,n 

Tbe above tridiagonal system of equations may De solved for the 

tenperature profile at column n by Gaussian eliminatlon using Thanas' 

method (see Refs. (1), (55) for details of the algorithm). 

Bulk Tanpera.ture 

The fl9W"':'average (bulk) temperature in a tube.Was defined in Eqs. 

7.32 and 7.33. For column n in the finite difference grid; we can write 

the bulk temperature in finite differen~e form as: 

7.4 Results of Simultations 
,\:':'-

Typical pressure profiles '.in the down chalmel direction in the 
. 

die section (breaker plate/adapter/die) are shoWn in. Fig. 7.9. The 

processing conditions for these results are given in App. G.7.' It can 

J:Je seen that although the pressure drops in the breaker plate, and 

adapter are significant, the greatest: drop in pressure occurs in the die 

channel. Bulk tenperatureprofiles are not shown here because. the 

increase in temperature in the die section is quite small (1 or2oC). 

• 

OJ 
I 
j 

\ 
\ 
! 

, 
·-1 
'1 
; 
I 

;" . 
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BRE~KER.PL~TE/~D~PTER/DIE 

TDIE=196.0 DEG C( NON-NE\'iTONI~N J , 
10.0 r--------r--------r--------r-----~--_r------_.--------~ 

8.0 ~------r---~--b---~--+-------+-------+-----~ 

a: 
~6.0 ~~~:j------_t----~_r------II------t_--~_, 

2.0 ~----~-r--------r-------~------~r_~~--~~----_; 

0.0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
0.0 5.0 10.0 15.0 ~,'20.0 

Z , eM 

. '. 

30.0 

Fig. 7;9 Down channel pressure profiles in the die sec1>ion (breaker 
plate/adapter/die) for. non-Newtonian . flow. . Data for the 
polymer properties, channel dimensions and extruder operating 
conditions are given inApp. G.7. ' 

. : 

,. 
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ElrnUJDATE S\VEI.L , 

. pplymer melts undergo an increase in cross-sectional area· when 

they energe fran a die. As was stated in Sec. 2.5. this phencmenon is 

mown as extru:late swell and is primarily due to the viscoelastic 

behaviour of the material. More· specifically. the mechanisms 

responsible for the swelling of polymer extrudates from long dies are: a 

Newtonian swell.. a sudden elastic recovery. an inelastic pwell and 

finally str~ss relaxation. For short dies the swelling of the extru:late 

is also affected by ;t:heentrance manory effect. 

Various models and theories have appeared in the literature along 

~ with exi>erifmtaJ: resU:t~ Ob~ined from capillary visccmeters. These 

(include finite ·elanent calculations •. fo:mllll.as based o~ the theory of 
Cc .. • • 

. rubber elasticity and Tanne~'s elastic and inelastic recovery theories. 

In a reCent reyiew by Vlacllbpoulos . (121). many of these theories and 

models have been ~zed inclUding experiJrental reSul. ts . up to 1980. 

Despite the la.rge nunber of investigations' performed on the extrudate 

swelling of polymers. the existing models still do not provide a clear 

picture of the importance of various· rheological parameters and their 

effects· on the mechanism of extrudate swell. A fully predictive theory 

is still lacking. 

'.~.":~ 

, .• ..:.-~." .•.. 
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Development of a Predictive Model for Extrudate Swell 

In this chapter, a predictive model for 'extrUdate swell is 

developed for cylindrical rod diesbas~ Tanne.~' s elastic recovery 

them:y (115): studies by White et al. (~,\25,126) and Ra.cin and Bogue 

(96), and measuranents of extrtrlate swell performed on an' Instron 

capillary rheaneter. 'Such a model is then used to predict the swell 

ratio of polymer melts.at the die exit of an extrtrler. 

At the present time, tpe l\X)st widely accepted theory on extrtrlate 

sv.ell is by Tanner (115), who made use of unconstrained elastic recovery 
.<1 

calculations by Lodge . (57) for a KBKZ fluid (50). Variations of 

Tanner's elastic theory have alsq been presented by White et al. (42, 

125,126) and Pearson and Trottnow (91).. A detailed derivation of 

Tanner's equation has been included in App'. D. In its most general fOnI! 

it is written as follows for a cylindrical rOd die: 

.[t (N1 +G - ,2/G) r drJ1/6 
d _ _o~ __ ~ ____________ __ 
IT - R 

, , f G.r dr ......, 
o 

(8.1) 

where d and D are the 'diameters of the extrudate and die respectively, 

" , 

N1 = '11 - '22 is the first DOnna! stress difference, ' is the' shear. D,' 

, stress (also' written as '12), G is an elastic modulus, and R is the 
. ~ 

·radius of the die. To express Fq.8.1 in its more usual fOnI!, asstIne 

that: 

,'.: , 

2 
2 'i2 

N =--1 G 

o 
wi th G constant (8.2) 
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(8.3) 

Substituting the above into Eq. 8.1 and integrating, we obtain: 

(8.4) . 

where N1, w and TW' are, the f:u-st nonnal stress difference and shear 
,,\-

~ss respectively at the die wall. 

: Equation 8.4 can be usecr-'3'to predict swell ratios of polymer melts 

in dies provided that 

difference at the die 

values of shear stresS 
~ 

wall can be obtained. 

and first nonnal stress 

For ~, proceSs~g 
( 

conditions, it is a routine procedure to obtain values of shear stress. 

Such is not the .case, however, for nonnal str~s. The first nonnal' 

stresS difference can be measured with a cone and 'plate viscaooter (for, 

example, theWeissenoorg Rbeogonianeter), but .only at very low shear 

rates (usually up to 5 or 10. ~-1). Since typical processing shear rates' 

are of the order 10.0.- 100.0 s -1, it is' usual practice to extrapolate the 

low shear rate cone and plate viscaneter results to the coilditions 

,encountered in the extrusion die. Howev;, large errors in) 

prediction of ~trudate swell may result when using this IOOthod., A 

better techniqUe, is, needed to handle nonnal stresses for the purposes f . I' ,- .. ' . 

. extrudate swell'hrediction. 

Studies by Oda et al. (86) suggest that for ccmnercial polystyrene 

melts the first normal stress difference is a unique function of shear 

rate, independent of tE!llperatiJre and molecular weight, and may be -
I 

.. 

.' " 

1 
i i 

.1 1 
I 
1 ~ 

I : 
, 
i 

,,,-, ' 

.. 
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(8.5) 

where A and b are empirical parameters. Haein a.I¥i Bogue (96) used the 

above relatioQ. to obtain a modified fonn of .Tanner's equat~~:m (8:1). 

Using iJ-cw = r/~. Eq. (8.1) is rev.;itten int~ 

d 
0= 

2 
'vi '. T. 

1
0

, [N(T) +G(T) -GfT)1 T.dT 

T 

'. I W G(T) dT 
o 

1/6 

(8.6) 

\ 

where thetenn ~O .12 is added to account for the ,effect of Newto~ 
swell. Assuning that: 

, 
, 

. 2· 
2T 

G=-. N 
1 

(8.7) 

we may write the elastic modulus function with the introduCtion of Eq. 

8.5 into Eq. 8.7 as: 

2 2-b 
G(T) = A T (8.8) 

In Eq. 8.Tor 8.8, G iGnot' constant except in the spec;ial case'where 

b = 2. SUbstituting Eqs; 8.5 and 8.8 into Eq.8.6, we obtain: 

(8.9) 

/ 

" 
i 
j , 

.'/ 

--

, ' 
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Thus, a predictive equation for extrildate swell is' obtained in terms of 

only the wall shear stress ~ and the tro empirical paramaters A arui b. 

In this study, .the parameters A and b were obtained by curve 
, 1:. . 

.fitting Fq. 8.9 to extrudate swell data obtained on an Instron capillary 

rheaneter. Tn: swell ~~enent;s were performed at different extrusion 
_ ~~;:,;r 

temperatures and shear rates and the resulting data points were then 

plotted against shear stress as shown in Fig. 8.1. Regarding the • 

temperature depend~nce of eJttrudate swell, it has been shown in" the 

. li~ture (40) that plots of extrudate swell versu.!! shear rate depend 
.1.;::'- _, .' ',,' 

on tEmPerature, whereap plots of extrudate swe:p. verSus shear stress do . - . .~. 

not. "The range of shear streSS in Fig. 8.1 should encClIlpass too 

operating range in eJttrusion dies.. Finally( the f;kameters A and b in 

Fq. 8.9 were estimated ~ing~on-linear regr'ession analysis. Thus 

;the correlati.on given by~. 8.9 ~~" ,USed to predict the extruda:e swell 

in an extrusion die given the wall shear stress at the die en t and the . 
~. . 

parameters" A and b obtained fran. measurements of extrudate swell on an 

rnstron capillary rheometer. 

. . 
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Fig. 8.1, Extrudateswell correl~on fol' a.·low-density polyethYl~ne . 
resin •.. ))ata . points represent· lnstron extrudate swells.' 
Solid "curvedenotethel eXtrudate sweli ,equation (8.9). where 

. the p8.rameters A and ·b have been. obtained by, non-linear 
regression. ~ 
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THE OVERALL EJcr'RUDER M:lDEL 

In Chaps •. 3 . through 8 , individual suI:mi:x:lelsWere' deVelopeQ and 
.' . . " 

-describedfor·the various sections of the single screw extruder and die. 

In this 

,together 

chapter the ·final version of these submodelsare presented'· 

as .ari6verall canputerIOOd~l of ~ '~rusion process. -To . 
'-. " ' . 

reiterate, the overall model consists of six interdeP.'lndent, sections as 

shown in Fig. 9.1. Each of.. these ~tioris is d~~ibed briefly,belOW'-., 

The method used to ,predict the.~ flow rate of t~ polymer ill. the 

extruderL' s al~' presented. ThC listings,of th~ c~t,er :~am are 
•. I' 

not incl ed in this theSiS, blit are given in fully docunented fornd.n 

'Ref •. (2). 

9.1 Feed Hower 
, .. 
Solid . polymer pellets are· fed into the extruder screw channel 

through the feed hopper ~ly. by gravity. ,The base pr~ in Jhe 

. r-feed hopPer. may be' detennined' by 'analyzing the pr~sStU'e distribution in', - '" ~ 

the solids as disCUS~ed in Chap. 3. Walker (123) has derived . . . 
,relationships for the'.I?ressuredistr~bution in ~oth ,vertical and 

conv~ent bins, aSsWung -stress equilibI-iun in' the _ solid particleS • 
, . 

Fquaj;ioIis ,9.1 and 9;2 'are' Used in canbination to calculate the pressure 

'. at th~ of alJl):~ wi ~h ~uare c~section as' ~ll~t~ in Fig; ." 

9.2... . 

'I: ' 
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Fig.9.l Schanatic diagram of, a plasticating extruder showing t~e 
canponents of the present canputer model. '- . 
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, Fig. 9~2 Ge<matryof a feed hopper with square. croSs-section • 
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Vertical Sections: 

~ 
(. . 

where 

. 4BD*H Pbulk gN 4BD*H 
P = Po exp("'" -W-) + 4BD*~ [1 - exp(- -W-)] 

... 

sin 0 sin K 

B= 0 
1 - sin .0 cos KO 

'sin a 
K = a + arcsin ( w) 
ow sino· 

Il = arctaD (f') w . w 

,. 
arcsin> .! 

2 

(9.1) 

.. 

and where p and Po are thepressuresB:t the base and at he~t H in the 
~. ... .. 

vertical ,section, W the hopper width, 'bulk the bulk· density of the 

solid polymer .particles, g the gravita.1<!.onal. acceleration, D*. the 

distribution factor relating the average vertical stress with the 

vertical, stresS near the wall and assuned to be unity' B.? a first 
, , 

approxillation, 0 the effective angle ,of friction of the solid particles, 
Q • - • 

and f~ the stat~ coefficient of friction at' the hopper wall. 

Convergent Section: 
J 

h1jJ pbulkgho ' 
p.= (H

o
) Po+ + o '-c;(1jJ-l)gc 

f ' (9;2) 

.,' """ .,: 

. where 

·1 , 
.j 
! 

.:.:.;," 
:"",.:;", 
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> sin Ii sin (2a + "0) 
B' = 

1 - sin Ii cos (2<1 + "0) 

a = arctan (f') w w ' 

arcsin < ~ 

and where p and Po are the pressures at the base and top' of the 

convergent section, ho and Ho are the heightS in 'the convergent section 

as shown in Fig. 4.2, and 2a is the hopper angle. For 'more details 

concerning the feed hopper equations" ,see Chap. 3. 

, 
9.2 SolidS' Conveying Zone' 

>C 

• 

As discussed in QJ.ap~ 4, the solids flCWl mechanisn in screw, 

extruders channels is one of drag induced flow, that is, flow due 1;0 the 

frictional drag of the barrel ~ screw surfaces 'on ,the solid polymer 

granules. Darnell and;.'/.bl (20) were the first to ,obtain solutions ,for 

the ~lids conveying ~~ extnrlers" /.bre recently, there have' 

been various refinenents a~pHed to their on~imensionr;U plug flow 

model by Schneider (lOOL 'l'admor and Broyer (10,110), and LovegrOve and 
t>:-

Williams (58,59,60) • 
" 

IIi :the fl<::!W model described here, weassune. that the solid bed is 
'" .t e~. 

isothennhl and travels as a solid plug vQ. th constant velbci ty • The 
• 

stress distribution is assuned to be isotropic, that is, the presSure 

Varies cmly in the ,downstreain direc~ioIi. In, Sec,. 4.2 it was shown that 

the dOWIi, charulel pressiire: profile coul~ be 'obtain,ed by' applying a force 
. ,.; . .~ ."., .. -' ~ . 

" 

i 
I , 
1 

,> , 

\f 
. t:. 
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1 

1 
I 
I --I 

<;il and. torque balance on a differential elenent of the solid bed' in the 
. 

down channel direction •. The pressure at the end 'of the soUds conveying" 

zone may be expressed in the fonn: 

where 

B
2
- = Hi Dcos '6 

Db . 

K = IT sin e + fs cos e, 
~. cos e - fs sin ~ . 

(9.3) 

and where Po is the, base pressure in t~~ hopper, Zt,b is the length 1 
of the sPUds conveying zone in the down channel direction, fb and ~s 

I 
1 
j 

\ 
\ 
~ 

._\ 
, 

. ',,-

: . ' 
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• 

t.-
are the dynamic coefficients of friction between the solid polymer 

.. ~J)articles and' the barrel and SCrefi surfaces, H is the screw channel 
c···.. ) ~ 

depth, Wb and Ws are· the channel widthS at the barrel surface and screw 

root, \ and 8 s are the helix angles at the barrel' surface a.Dd screw 

root, .~ is the inside barrel diameter, Ds is the di~eter of the root ~ 

of the SCrefl, and W, D and 8 are respectively the average channel width, 

diameter and helu angle measured at the midpoint between the barrel and 

screw root surfaces. The. angle <I> formed between the tangential velocity 

of the barrel surface and the down channel velocity of the solid 

particles is given by: 

tan 8
b 

tan <I> = -n---------,.--=--------'*- !bUlk H ~ (IV-H) tan ~ (~) Vi ~~e 
- 1 

(9.4) 

where N is the frequency of screw rotation, G the mass flow 'rate of the 

pol~r solids, and e the screw flight width. 
ol 

The length of the solids conveying zone zt, b ~ the sUn of the 

distance between' the base of the feed ho~rand the s1j,art of the barrel 

heaters, aDd· the delay in melting distance. As described in Sec. 4.3 

the ,delay in melting is the ~own channel . distance between the start of 

barrel heating and the appearance of a melt pool in the screw channel, 

and may be detEmnined by Using the follarlng enpirical correlation based 

on experimental data (1l4g): 

~o • ,.r;;!J . 

N 0.008 
delay, = --:-r 

. , 

, 

11 
,J 1 
, i 
1 j 

i I 
.i l 
J ! , ' 

I 

, / 
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where Ndelay is the nunber of screw turns in the delay Zone, and 1jI is a 

<i:im3nsionless group related to the rate of melting at the beginning of-

the melting zone and given by: 

.' 

(9.6) 

where Vbx ,is the cross channel velocity canponent of the barrel;" Pm the 

polymer melt density, 15 the thickness of the melt film (see Sec. 9.3), 
. ~ . 

~ 

and Ho the screw,channel depth at the 'beginning of the melting zone~ 

9.3. Melting Zone 

As explained in Cllap. 5, the melting mechanisn in screw extruders 

was first formulated by Tadmor (107) on the basis of visual 

observa,;tions. I.bre SOphistici:tro models haye since been reported by 

Edroondson a.nci. Fenner (27) ~d' sbapit{,et Iil. (37,103). In the melting 

zone the solid and melt phases coexist in the. screw channel as shown in 
. " " 0~ , 

Fig. ,9.3. 'The two phases are clearly segregated fran each other, with . 
the melt phase accumulating in a melt pool at the rear flight and the 

solids sEig:regated asa solid bed at the frqnt flight. In amu.tion ,there' 

exists a thin film of melt between the barrel surface and the solid bed. 

Due to the proXimity of the heated barrel ,and the intense shear,.much of 

-
.f 

i 

I 
\ 
.\ 
.~. 

'i 
\ 
i 

'".,.to. '," 

the melting occurs in this melt film. The lIX)tion of the barrel,r.el!1ti~.e'," , , 
" .:".~ ,~'.' 

to the solid bed drags the'melt in this film into the'melt pool. 'The 

width of the melt pool gradually increases in the down ~hannel 

direction. 

, . 
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Fig. 9.3 Iaealized cross-section in the melting zone . 

(Tadmor's melting model). 'Ybx is the.~i cCmponent 
of the tangential barrel velocity Vb .. -
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Tadmor's melting lIXldel has been used as a basis for the present 

melting lIXldel as .. stated earlier in Sec. 5.2. . Calculations for the 

melting rone CCllllElce at the end of the .solids conveying :rone, that is, ' 

where the melt pciol first occurs in the screw ~el. It is assuned 

that the downstream bed velocity is constant and that the thickness of 

the upper melt film is independent of cross channel position. A 
. , 

tenperature and' shear rate dependent viscosity relation is used to 
'\ 

calculate the tenperature profile in the melt film. ',Mass and energy 

balanceS on the !liel t film and solid bed are carried out to obtain the 

following equations for the rate of melting and the solid bed profile: 

Rate of melting: 
~ 

where 

... 

• , , 

III = '!' (dT) X 
dy y=O 

k ' m \ 
~= ;;Cp=-s---;(mTme-l-t----;;T.,.~"'")...,+~A:....+.,..~'-;Cp;---m...,("'T;-b-ulk----;T"'"me-l--'-t) 

r dT 

, (9.7a) 

(9.7b) 

" 

(dY) =,tenperature gradient in the melt fiiID'at the 
y=O ,solid-melt interface (ands; function of the melt 

film thiclmess 0) 

and where X is the, width .of the sol~d bed, Vbx the cross channel' 
, ' 

'canponent of the, barrel velocity, Tbulk the flow-average (bulk) 

t~rature of the, ~lt film. Tmeit the melting temPerature. of the 
~' 

, 
, 

i 
i , , 
j 

i 
{ 
I 
I 
\ 
\ 
I 
\ 
\ 
I , , 



,J ,-,-----,-----------------------

~, 

9-264 

• 
polymer, Ts the tanpera.ture of the, solid bed far away fran the, 

interface, Pm the melt density, Cpm ,and Cps the heat capacities of the 

polymer melt and solid, ~,the thennal conductivity of thei1melt, and A 

the heat of fusion of the polymer. 

So,lid bed profile: 

~l 
d(H*X) _ -OJ = 

dz - Ps Vsz (9.8) 

where H* = H-o, Ps is the solid polymer density and Vsz is the down 

channel velocity of the solid bed. Equations 9.7a;b and 9.8 are solved 

simul taneo~y using a fourth-order Runge-Kutta me~ 'to obtain t~ 

soli,d bed profile X/W as a function of the dcr.vn channel direction in the 

, screw, channel. For more details concerning Tadmor' s melting fIXl9.el and ' 

the present modified versicn, see Sees. 4.2.1 and ,4.2.2. 

9.4. Melt Conveying Zone 

Two distinct melt conveying regions IIl!l,'!iI be f01,llld in plasticating 

extruderS as described in amp. 6. One is downstream of· the melt:Lng 

, ' 

..~ -~.~~-

zone after canpletion of melting and oCcupies the entire Width of the ~, 

screw channel. The other occurs in the melt pOOl extending side by side , , v -
'With the solid bed in the melting zone. Here the Width of the melt pool 

changes in the down channel direct~on. The mass flow rate of the melt 

also chang~ asa 'result, of the inflUlt fran the melt film. 

Due to . the helical geanetry' of the extruder screw and the rela ti ve 

" , 

" 

,0 

," 

, i , 

I 
I 

1 

I: 
i 

1 
I 
\ , 
1 , 

\ 
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,~ 

motions of the barrel and screw, the flOR pattern qf the polymer melt in 

the screw channel is quite canplex described as a "helix 

within a helix". In order to solve ~s canp 

simplifying assunptions are made as outlined in 

is '6onvenient to pick a coordinatesystan relative 

flOR problan, several 

.2.1 and 2.4. It 

the screw. Also, 
. . 

, . 
one may treat the barrel as rotating about a s tionary screw, a·valid 

procedure becaUSe gravity and centrifugal in tia forces are negligl.ble 

in . canparison with viscous and forces in the screw channe~. 
, J 

Another standard assunption is to ,considertlle helical screw channel as 

, 
, .. 
1 

! 
I 
! 
i 

-\ 
! 

--.:.-.--l. 
! 
\ 
"1 

"unv,ound" and rectilinear .~ shown' iIi 'Fig. 9.4. ~ is a vali~"-: 
assunption becauSe in most Single screw extruders the screw channel is 

. relatively shallOW in the Dl3lt f\ow' regions. In the analysiS of melt 

flo?, it is also standard procedure to introduce the lubrication 

approxlmation (89a). (ThiS involves the local replac~ of the actual 

IflOR in the parallel or nearly parallel gap be~n snooth surfr by 

unifonn flow between plane parallel surfaces. 

As stated in ,Sec. 6.1, by far the majority of sttrlies on extrusion' 

theory in the literature ,have dealt with the analysis of oDl3l t flow. 

Griffith (36?, 'Zamodits and Peilrson (130) and Fenner (28b) obtained 
I '~. . 

nUller:lcal solutions for fully developed, two-dimensional, nonisothennal 
I 

and ..... nOn-Newtonian flOR of' melts ininfini tely 'ldde rectangular screw . 
,. . 

channels. For a similar type of flow, Mar'!:in (68) presented a solution' 
• 

which allCIRS for the finite. Width of the channel.' Yates (128) and 
. . 

Fenner (29) have developed.\ two-dimensf~nal, non isothermal ~nd 

. "on.«~~ for ~~"''' wid. ~~ OO~ c""""';" • 

., 

~ : '-.: 
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FLOW DIRECTION> • 
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,'<0 
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-
. ' 

,the screw 

SECTION A-A 

Fig. 9.4 Schanatic di~. of a rectangular flcm channel ;;! 
in tbe screw extruder. 'vb is thE!' tangenti¥ 

,: ~, ~l 'velocity, and Vbit and V~ ar~' the x and ~ 
//- " 'barrel velocity CCJDpOnents. 
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in which the tanperature profiles are develop1llg along the channel. 
, 
.In ~ present melt conveying DXXl~, the following equations of. 

conservation of mass, inanentmi and energy in simplified form together r 

, ' 

with'the accanpanying boundary conditions <are solved silliultaneousl~ (:>ee 

also Sec. 6.2.6): 

H " 

. Mass (i,ntegrated form): I Vx dy = 0 

o '. 
(9.9) 

Energy: 

Boundary conditions: 

!, 

H 
Iv dy=~ o z 'W 

(9.10) 

(9.11) 

c (9.12) . , , 

aT ' a2.r avx .' avz 
p Cp v .,..- = k' '2 + 't =- + 't .".- (9.13) 
nl m, Z oz In ay 'yx oy yz oy 

·z = 0 

.y ': 0. 

y'= H 

p = Po T=T o 

v = v =0' X z,t .. 

v = v x . bx v = V T ='T z bz b 

. (9.14) 

where Q/W 'is the flON rate of the melt per unit width of the flON 
4'19 

channel, Po and To' are the .. pressure and tanperature r:spectively at the 

beginning of _ the melt flON 

ma~ ~~ be specified as a 

region, Tb is the barrel tSJ?perature which 

function of the down channel direction, and 
..;3 

y. Vbx and Vbz are the cross and dONn channell canponents of the bSrrel 

velocity. The following temperature and shear rate' depenqent 
.. 

· • 
; ~ ., I 
h 
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!! 
j ~ 
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! \ 
! t 

..., . i ~ 
I , 

I ! 

\ 

\ \ 
~ , , ~ 

i I , , 
\ ! 
i I 

~~ 
· ~ 
'j 

'".-, ' 



9-268 

constitutive relation is used: 

avx '( =n-. 
yx. \ ay 

av . 
z .'( = n--

yz ay 

.,. 
/ 

(9.15) 

(9.16) 

• • • ' • 2 '2' • 
log n = ao + a1,log '( + ~ (log y) + ~T + a4T + ~T log '( (9.17) 

. 
where '( =, 
, , 

, "The paraneteJ;"S ao to ~ in Eq. 9.17 are obtained by curve-fitting 

Ipstron capillary rheaneter data using linear regression analysis as 

shown in Fig. 9.5. It shoUld be noted that by retaining the convective 

term in the energy equation; developing temperature profiles are 
, ., 

calculated along the screw channel. 

, The conservation equations (9.9 to 9.13) shown above along with 

the accanpanying boundary conditions (9.14) are solved by an implicit 

Hni te difference technique to ob.ta+n cross )Uld down channel velocity 

profiles. tanperature profiles 'a:oo the down. channel pressure and bulk 
, 

tenperature profiles in the screw channe,l. The finite ,~ifference 
. ." 

equations for melt flow in the feed compresSion 'and metering s~tions 

have been developed in Sec. 6.2.6 and are also sunmarized in App. C. In 
, . 

addition to viscosity. the polymer properties required for the model are 

thermal conductivity. density and heat capacity of the melt. The bulk . . . 
(flOW-average) tenperature at', a given position in the screw channel is 

,given by: 

'~ \ 

',,: 
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In '1 = ao' al rn·1 • az(ln Ii. a3 r 

.·a4 rZ • as T Ini 

TRUE' SHEAR RATE 

Q. 

0 140'c 
IS 160·C 

0 1S0·C 
0 200·C 

Fig • .9.5 Viscosity curves for a laN-:density polyethylene 
re;;;in. Data points represent viscosities 
measured with an Instron capillary rhe<:meter. 
Sol'id curves. denote . the general viscosity 
equation (see inset) -' IJa!ameters au to Ils are 
.obtained by linear regre~wn. 
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H 
f vz(y,z) T(y,z)"dy 
o 

Tbulk = -=-"H,-------'--

f .. vz(y,z)-dy 
o' 

'. 

(9.18) 

. where vz(y,z) and T(y,z) are the local dCNlll channel velocity and' 

tanperatu:rei profiles • 

. 
9.5 Breaker Plate, Adapter and Die 

The adapter and die used in the present, extrlrler model are 

.' illustrated in Fig. 9.6. The adapter contains' a 3/4" x 3/8" (19.i' nm x 

9.5 nm) rectangular slit channel Yihereas; the die has a 3/16" (4.1.6 nm) 

diameter channel of circular cross-section. As described in <llap. 7 the 
'. 

mel t flow analyses for the, breaker p~ate, adapter and die are 
. . / 

. essentially the same as for the melt· conveying section of the extruder, 

with the exce;tion tha tonly the d~ channnel canponents .of velocity 

are considered and that there are no moving boundaries. The following 

conservation equations in simplified form for the breaker plate; adapter 
, II. • " 

and die are solved Simultaneously: 

Breaker Plate 

Mass (integrated form),: 

M::xnentun: 

~v rdr= Q 
o z 2" NBr 

_!P. + 1:. ~rT ) = 0 ' 
az r or' rz 

". 

.(9.19) 

(9.20) 

, 
I 
• 
I 
( 
~ 
" 

• " ~ • 
\ 

l , 
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~\ 1~ REctANGULAR SLIT CHANNEL 8 4 . 
," 

Il
/ PRESSURE T,RAN:DUCER 

/ r MEL'Y <tIHERMOCOUPLE 

ADAPTER 

~SWING GATE 

'- THERMOCOUPLE - for 

temperature controller 

IF 
916--------------------~ 

Fig. 9.6 Schematic diagram of adapter and die. 
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Energy: (9.21) 

. Boundary conditions: z = 0 P = Po T=T 
0 

r=O ::z = 0 
aT ar = 0 (9.22) 

r=~ v = 0 z' aT = 0 
ar . 

where NBr is the nunbe~ of flow channels in the breaker, plate, HEr is 

the radius of each channel, and Po and To are the pressure and bulk 

temperature of 

Channel~ 
the polymer melt at the end '~f . the' extru:ier 

Adapter ) 

f HA/2 v dy' = -.SL. 
Mass (integrated fonn?~ 0 z '2H

A 
, . 

M::xnentun : 

Energy: 

Boundary cornii ~ions: z = a p.= Po T =T 
0 

Y ='0 
avz aT ='0' -=0 ay ay .. 

HA 
0 T = TA y='2 Vz = 

• 

~.- .... 

-~. 

screw 

(9.23) 

(9.24) 

(9.26) 

" 
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. 
where HA and WA are respectively the height and width of the rectangular 

flow channel, Po and To are the pressure and bulk tanperature of the 

.~ melt at the end of the breaker plate, and TA is the temperature of the 

"adapter. 

Die 
"/ 

Mass (integrated form): .~ Vz r dr = ~ 
o 

1bmentun: 

Energy: 

av 
Boundary conditions: r = 0 arz = 0 

r = Ro v = 0 
Z 

(9.28) 

(9.29) 

·aT - 0 rr- (9.30 ) 

T=T . D. 

where Ro is the radius of the circular flONchannel in the die, and TD 

is the die temperature. 

An implicit .finite· difference method is used to solve the 

conservation equationS sbpwn above along with the accanpanying boundary 

conditions to obtain velocity, temperature, and pressure profiles in the 

die section (breaker plate/adapter/die). The finite difference 

equations for melt flow in the breaker plate, adapter and die are given 

in the Sees. 7.1, 7.2 and 7.3 respectively. As in the extruder screw 

channel, the polymer properties required for the calculations are 

viscosity., thermal conducti vi ty, density and heat capacity of the melt. 

.. , 

.. -. ~. 
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9.6 Extruda te Swell 

.. Polymer melts, due to ,their viscoelastic behavior, exhibit an 

increase in cross-sectional area whenever they eme~e fran a die 

provided there is no'subSequent drawing. As stated in Sec. 2.5 this 

phenomenon is, usually called extruda te swell. Depending on the 

extrusion conditions, the die geome.try and dimensions, and the 

rheological properties of the polymer, the extructate,swe;n ratio (ratio 
, , 

of ertru:iate diameter to die diameter in the case of a circular die) may . '. 

range fran 1.5 to 4. 

dies 

Tlier~ seans to be general agreement that extru:iate swel~long 

is mainly due to a sudden elastic stress release and ~uent 

relaxation (see also Sec. 2.5). However, no single th~ry of extru:iate 

swell seans 1:9 .be generally accep~ed. A review paper by Vl'achopoulos 

(121) has recently been published on extru:iate swell of polymers. It is 

concluded. that despite the large n~ of investigationp on extrUdate 

swell, the existing rocxiels do not provide a clear picture as to ,the 
/, 

importance of the various -rheological parameters. There is still 

disagreeme,nt regarding the molecular structure effects for many 

polymers. The interrelations between molecular, rheOlogical and 

geanetrical parameters and their effect on extru:iate swell are not well 

understood •. A fully predictive theory has yet to be developed. 

In the present extru:ier model, ,the prediction of extru:iate swell 

-"0 .:for the circular die is based on Tanner's el~tic recovery theory (115), 

studies by' White}t al. (42,125,126) and Racin 'and Bogue (96), and • ; 

measurements of. e5ttructaj:e swell, perfonnect on an. Iostron capillary 
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"" rheaneter, as described in Cllap. 8. For an extru::iate emerging fran an 

extruder die with circ;ular cross-section-, the prediction of extruda te 

swell is given by: 

d = [A2 (tb~ 2b-2 + 1 -J i/6 + 0.12 IT 4 (+b TW • (9.31) 

where d and D are the extrLrlate and die diameters respectively, Tw'iS 

"the shear stress at the die wall, and A and b are parameters obtained by 

curve-fitting Eq. 9.31 to Instron extrudate SM::!11 data using non-linear 

regression. The extrudate swell correlation (Eq.' 9.31) along with 

Instron extrudate SM::!11 data. are shown in Fig. 9.7 for a typical 

low-density polyethylene resin. 

9.7 Prediction of Mass Flow Rate 
, 

In the solids conveying, melting and melt'flow submodels descJ::ibed 

in Cllaps. 4 to7' and sum:na.rized 'in this chapter, it is necessary to ' 

specify a mass flow rate of the polymer in the extruder. However, one of 

the objectives of the' overall extruder roodel is to predict the mass flow 

rate of the polymer. This can be done only when all of the submodels 

have been linked together 1;0 form·an overall extruder model. 

The basis for predicting the ~ flow rate is that the melt 

pressure at the die exit should equal 'zero. When an arbitrary value of 

" 

, mass flow rate G is selected, the predicted die ex~t pressure Pexit will t-

in !lOSt cases be either, greater or less than zero. Thus the procedure ? 
• 

for determiningG is an iterative one, and may be described as follows: -

( 
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Fig. 9.7 Extrudate swell correlation for a l<1N-<iensi ty 
polyethylene resin. Data Points represent 
Instron extnxiate swells. Solid curve denotes 
the extruclate swell equation (see inset) -
parameters A and b are obtained by non-linear 
regression. 
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(1) Pick an arbitrary value of G(l), and using the overall extru:ier 

. (2) 

(3) 

mcxiel obtain a- value of P~~t. ( As stated above, p(l) will 
exit 

probably be ,greater or less than zero) 

If p(l~ > 0 choose a new G(2) such that G(2) > G(l), or vice 
ent ' 

versa. if P~~t < 0: ,Using the overall mcxie1 obtain a new value of 

P~~t. (Again P~~;will probably be nonzero.) 

Using G(l) G(2) and p(l? p(2? obta~ a new G(3) by iinear 
, ent' ent . 

interpolation (or extrapolation) ,such that Pexit = O. The choice 

of G(3) in the o~erall mcxiel should give a value of 'p~~t close to 

zero. (A fourth iteration may be required if p(3) is still " exit 

significantly nonzero.) 

The above-described procedure for predicting the mass flow r:ate of 

the polYmer may be regaroed as a "shooting" technique. Different values 

of mass flow rate are chosen until the predicted die exit pressure 

equals zero. To illustrate this method, pressure profiles in the 

extruder channel' and die section are shown in 'Fig. 9.8 for various 

values of mass flow rate G. Depending on the choice of G, ,it can be 

- seen that the die exit pressure is either positive, negative or zero •• 

9.8 ConcludiIlg Ranarks 

The present cauputer mcxiel as described in this chapter is fully -

predictive. Given the material 'and rheological properties of the 

( 

! · · , · I ~' ~ 

" ;1 

: :' 
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! 
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" 

60 RPM G=.00289.0030,.002929 KG/S (NON-NE,ITONII=lN) 
B~RREL TEMPER~TURE~PROFILEr 163/179/196/196/i96.0EG C 

I 
) 

25.0 r-----,------r------r-----,------r--~~r_--__, 

20.0 r-----~------_+------_r------_r------+_------+_----~ 

15.0 ~----~-----+------r_--~~~._-+----~r_--~ 

. 10.0 I-----t--'--.....,...I---".{j'''------II---

5.0 ~----~----~~------_r------~------+_~ 

0.0 r-----~------_+------_r----~_r------+_------+_~\~~ 

-5.0 ~~~~~~~~~~~~~~~~~~~~~~~ , <, 
0.0 4.0 8.0 12.0 16.0 20.0 '24.0 28.0 

NO. OF TURNS 

Fig. 9.8 The effect of mass .flow rate G on the pressure profiles 
in. the extruder screw channel and die section. Data for 
the polymer properties. and processing conditions are 
given in OJap. 11, Table 11.2. 
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polYmer, the scrw geanetry and dimeilsi.ons;. and the ertruier operating 

conditions (screw speed and bll.:ITel temperat~ profile), the nx:x:lel :Is 

used to' Predict: 

(i) mass flow rate of thepol~, 

(ii) developing pressure and tenperature Profiles aloOg the eXtruder' 

scrw channel and in .the die section, and 
• 

(fii) extrudate swell at the die exit. I 

c . 
No adjustments are made to these predictions on the basis of 

measurenents performed during experimental runS on an extruder • 

. . 
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EXPERIMENTAL PROCEDURE 

,The experiments and measurements carried out in this study can b~ 

'div'ided into two parts: (i) experimental ~'l-uns on ~ extruder~ing 

high-andlow-density p:>lyethy1ene ~ to verify the can~~ lIXXiel, 

and (ii) viscosity aile! extrudate. Swel;,l measur~ents on W:, Instron 

capillary rheaneter for these ~terWs- as i:equired in the canputer 

lIXXiel. In this chapter, the equipnent and' experimental procedure are 

de.scribed for lx>th the extrud~ and,."tha~heaneter, 

10.1 Extruder Experiments 

'10.1.1 Description of Extruder 
A 1 1/2 inch (38 lIIn) diame~ singl~ '&;rew Killion1 extruder with a 

24:1 length ~ diameter ratio was used for the experimental runs in this 

study: Th,;~ne is representa:ive of the snaller scale extrud,ers 

used in indUs much more so than the 1 inch (25 lIIn) or sna:ller 

extruders usually found in lalx>ratories. A phptograph of the extruder 

is shown in Fig. 10.1. 

The extruder is equipped with a conventional, three section., . .. ~ 
p:>lyethylene metering ~rew with square-pitched flights. . The geanetry 

and dimensions of' the. screw are shown in Fig. 10.2. 

···~lion Ex~ers,Inc,.,;:~verona,'N;J., U.S.A. 
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The screw is driven 
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I 

Photograph o:f;":-the 1 1/2 inch diaineter single screw 
extrUder in ;'-the Department of Olanical EngiIieering. 
McMaster Un~~ersi ty. J ",,"_ . 

. ~ . 
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Fig. 10.2 Gecmetry and din)ensions of metering Screw. " 
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with a 10 hp. d.c. JlX)tor. The extruder barrel is heated in four mnes 

with electrical heater bands. !Ii .ell.ch zone, the barrel tenperil.ture is , 

controll~ with'. a Baxber~lman PI controller. Also, fans are used to 

provide~ air cooling to each of the four mnes. The· inside of the 

extruder blrrel is lined with xaloy. Finally, the polJ'lller is fed to the 

, extruder screw cbalmel.' through a feed ho~. 

dimensions of the feed hopper are. given ill Fig. 10.3 

. 10.1.2' Adapter' and Die 

The geanetry and 

A photograph and a schenatic diagram of the adapter and cylindrical . ' 

rod die used in ·this study are shown in Figs. 10.4 and 10.5 

respectively. The die bas a 3/16 inch. (4.76 nm) diameter channel ,of 

circular crosg..:.section and with a 10:1 length to diameter ratio. 

O:>nnecting the die to· the extruder. barrel is an adapter with a 3/4 inch 

x 3/8 inch (19.1 nm x9.5 .nm) rectangular slit chatinel. A rectangular . 
instead of the DX>re conventional circular flow channel was utilized in 

the adapter' so that the 'diaphragm of the. pressure transducer could bel 

seated flush with' one of the channel walls (anG! thus avoiding 

pressure-hole e=s (39) in the pressure measuranents). The adapter 

and die are heated .with electrical heater bands. As in the case of the 

extruder barrel, the tanperature is controlled with a Barber-Cblman PI 

controller. No air cooling, however, is provided, to the adapter and ,die 

by means of a fan. 

" 
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/ - . H, 

r· H2 

H, =215mm 

H2 = 272 mm 

H) = 130 mm 

W, = 4~0 mm 

'W) = 72 mm 

ho =- 50 mm 

Ho = 322 mm 

'" = 35.5° 

Fig. 10.3 Geanetry and dimensions of the feed hopPer with square. 
croSs-section. 
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Fig. 10.4 Photograph of adapter and die. 
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fx {RECTANGULAR SLIT CHANNEL 

r PRESSURE TRANSDUCER 

r MELT THERMOCOUPLE 

GATE 

~ THERMOCOUPLE' - for 

temperature controller' 

" 'f 9'6 -------'----~ 

. 
Fig. 10.5 Schanatic diagram of adapter and die. 
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10.1.3 Extruder Instrumentation 

Instrumentation OIl the extruder and die includes the measurenent of 

melt pressurE!, .melt tanperature and screw speed. ,A schenatic -diagram of 

the &truder is shown in Fig. 10.6 indicating the instrunentation used 

OIl the-extruder aDd die. 

The melt pressure is measured at three locations (two in the 

&truder screw channel and one in the adapter) .with Dynisco strain gauge 

tYPe melt pressure transducers (M::xiel pr 420A). Two of the transducers 

are connected to Dynisco digital pressure indicators (M::xiel DR482) and 

one transducer is connected to a' Dynisco pr~e controller (M::xiel 

PC2(1) • The controller, however, was not used to control pressure, but 

to only indicate the melt pressure. 

As mentioned above, there are foUr heating zones p.long the extruder 

barrel and one at the die section (adapter/die). The four barrel zones 
,. 

are controlled with Barber-Colman PI time. proportioning tenperature 

controllers. (M::xiel 523E) , each With anon-off aUld.liary. output for 

controlling a cooling fan. The adapter/die temperature is contrQlled 
, 

with a s:iln:ilar controller (M::xiel 523B) but without the aUld.liary output 

for a cooling fan. The barrel and adapter/die teDperatures are measured 

with irOn-constantan (Type J) thenoocouples. 

The melt temperatur: in the adapter flow channel is measured.with 

an imnersion type' iron-constantan (Type J) thermocouple which is 

cOnneCted to a Barber-Colman digital temperature indicator (M::xiel DBll). 

TJle theIlOClCOuple tip is enclosed in a stainless steel casing which 
i 

extends 1/4 inch (6.35 am) into the flOw channel. Since the channel is 

".1 
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THERMOCOUPLES FOR 
TEMPERATURE CONTROLLERS 

Fig. 10.6 Schanatic diagram of the extruder and associated 

instrunentation. T1 = melt thel'!lXlCOUple, P1; P2 , 

P 3 = pressure transducers, TArn = tachCJ?Elter. 
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3/8 inch (9.5 !lin) deep, the tanperature measurement approximates the 

bulk (fldw-average), tanperature.. of the melt. 

Finally the extruder screw speed (Le., frequency of, screw 

rotation) is measured with a tachaneter. A tachaneter generator 

attached to the screw drive transni ts a signlU to a. meter ' which 

indicates the screw speed in revolutions per minu~,. 

10.1.4 Description of Extruder Experiments 

Ex:truder exper:im~ts were carried out in this study to' verify the 

canputer m::xiel predictions which are presented in Clap'. 12" Each, 

experimental run entailed themeasuranent of: 

(i) screw speed, 

(ii) melt pressure at three locations: two in the extruder screw 

channel and one in the adapter, 

(iii) melt ,tenperature in the adapter, 

(iv) mass flow rate at the die exit, ruid 

(v)extrudate swell at the die exit. 

For each pol;mer studied, a specific barrel tanperature profile was 

selected and the measuranents were perfonned at several different screw 
'.. . 

speeds. These processing conditions are listed in Clap. 11. 

Experimental Procedure 

At the start of each run, the power to the extruder is switched on 

and the set points on the tanperature controllers are set ,for each of 

, , 
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the four b!u"rel heating zones and the adapter/die heater. The polymer 

in the extruder"'screw ch!umel is then \ allowed "to heat 'up . for 2 to 3 

hours. IIi' actual fact, the polymer requires only 20 to 30 minutes to 

melt, but the additional heating t:iJre is utilized to allow the systan to 

reach steady state. It has been noted that once the screw drive :is 

switched on, :the systan reaches steady state nruch faster if a longer 

waxm up period prec€des the extrusion run. After the heating period has 

. elapsed, the hopper is filled with the desired polymer and the extruder 

J1X)tor is switched on. . The screw speed is then slowly increased to, the 

desired operating level and maintained there for the duration of the· 

exper:iJrental run. -<Approximately 20 to 30 .minutes are required for the 

systan to reach steady state conditions. After this period of t:iJre hlI.s 

, 

elapsed, the above-listed measuranents are performed three t;imes at 20 
~ . 

niinute intervals. After all the measuranents have been canpleted for a 

given I'IlIl.,' the screw speed is adjustedtoa new level and the systan 

again is allowed to reach steady state conditions. At the end. of the 

day when a;tl desired runs have been perfonned, the feed pbrt to the 

extruder screw channel is closed and the extruder is allowed to anpty 

itself of as nruch polymer as possible. When no J1X)re polymer exits fran 

the die; the Power to the extruder motor and barrel heaters is switched 

off • 

. Measurements of the melt pressure, melt,tanperature and screw speed 

were discussed in Sec. 10.1.3. Values for these PllXameters are obtained 
.. . ..r-r ". - . 

fran either digital indicators or meters. The mass flow rate of the 

"polymer is measured by weighing the extrudate that has been collected 
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., 
for a specified period of time (usually 1 minute is suffiCient). 

Finally the extrudate swell at the die exit is measured as illustrated 

in Fig. 10.7. First, as the extrudate emerges fran the die, -4.i is cut 

with scissors(as close to the die exit as possible) and then.diScarded. 

After approximately 10 em of polymer IlElt bas extruded, the extrudate is 

again cut at the same location while claspUJg the extrudate near the top 

with tweezers. The extruda te sample is allowed to 0001 while suspended 

in the air, and then .the diameter of the strand is measured with .a 

micraneter about 6mn fran tile lower end. It is assumed that the 
. . 

elongation of the sample due to gravitational dral\l:iown is negligible at 
( , . 

this position. The results of the extruder experilOOnts are given in 

App. E and are canpared yr.lth the model predictions in Chap. 12 • 

.. . . 

10.2 Measurements on Capillary Rheaneter 

10.2.-1 Description of Capillary Rheaneter. • 

~e Instron1 capillary rheaneter (lOOde13211) was used to measure 

melt viscosities· and to obtain extrudate swells of the polymers as 

req¢red for the extrude~ nx:x:lel (see Sees. 9.4 and 9.6). Basically the . 

rheometer consis~s of .( i) an extrusion barrel assembly, (ii) a 

temperature cOntrol.and distribution assembly, (iii) a drive system, and 

(iv) an electronic load measuring and readout system. 

The extrusion barrel assembly is made up of a .hardened steel·barrel 

enclosed in an aluninun jacket to which four cylindrical heating· 

1Instrorid,rporation, Canton, Mass., U.S.A. 

,", 
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(3) 

TWEEZERS 

(5) I 
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Fig. 10.7 Steps in the neasuranent of extrudate swell at the die 
, 0 ex! t 'of the extruder. , , 
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,elanents are clamped. A capillary die, with Ii. 40:1, length to diameter 

ratio as shown in Fig. 10.8, -is inserted into "the 'botton of the 

reservoir and is held there by a clamping nut. Rea ting of the extrusion 
-" 

barrel assenhly is provided by thetanperature controi am di'strtbution 

-assembly. 
, , a a 

The barrel tanperature may be set between 40 C and 399 C. 

The drive systan consists, of a' synchronous DXltor, a: gearbox, a lead 

screw, and a plunger. The plunger fits closely into (the barrel and is", 

used to force the IJX)1 ten polJ'lDer 'through the capillary at various 

constant plunger speeds. The load measuring and readout system 

incorporaj:es a strain gauge load cell which measures the force on the 

p1uhger, a solid-state load cell ~Iifier and a strip chart recorder. 

} .. 

10.2.2 Procedure for Measuring Melt Viscosity, 

The measurement of the melt (or apparent), viscosity1 of a materiat. 

involves detenDining the wall shear stress and shear rate in tAe,' 

capillary die for different flow rates of the material. The wall shear 

1The tenns "melt visc6si ty" and "apparent vi~ ty" are both used 
in this section, but each has a slightly different meaning. In 
capillary viscometry, the viscosity of the polymer melt is not 
''measured'', but instead is calculated fran the shear stress and true 

'shear rate at the capillary wall as shown in Eq. 10.5 'in Sec. 10.2.3. 
It is COIDX>n practice to refer to this quantity as "apparent viscosity" • 
The tenn "apparent viscosity" is IJX)gt ,often used when viscanetric 
results are reported (e.g. plots of apparent viSCOSity v~rsus true shear, , 
rate). The tenD "melt viscosity" simply refers to the Vl.scosity of the 
polymer melt, irrespective of how it has been detennined' orca1cuated .. 
In this thesis, the "melt viscOSity" is simply a given function of shear 
rate and temperature (see Eq. 2.36 in Sec. 2.4.2, or Eq.10.1 in Sec. 
10.2.3).' -

-, 
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RESERVOIR' 
(BARREL) 

CAPILLARY DIE 

Dc = 0.05025 in (1.2764 DIn) 

f
~-. LC = 2.004 in (50.902 DIn) 

D = 0'.375 'in (9.525 DIn) 
P , 

(-

/ '," . 
Fi,g. 10.8 Geanetry and ~nsions'of the capillary die arid 

reservoir - Instron capillary rheaneter • 

• 

,~ . 

.' 
" 

, ' . 

• 

-, 

;.' . 



',' 

10-295 

stress is obtained by measuring the force required to push the melt 
( , 

through the capillary, ,and the shear ~te by.measuring' the volunetric, 

flow rate (which can be determined fran the plunger speed). Calculation . • 
of the mel"!; viscosity fran these ~ti ties is discussed in' the next 

" section. 

To determine the melt viscosity of a given polymer, the rhecmeter 

barrel is first preheated to a ,specified test tanperature, and the ~ "" 

capUlary die' is placed futo' position. Approx:imately 20 grams of the 

polymer to ooAested 'is loilded, into the reservoir and· ,the plunger is 

lowered into the barrel' until a force is· regisl~ by the load cell. _. , 

The polymer in the reservoir is allowed to heat up for approximately 20 

minutes. 'Tbls amount of time is ~ficient for thepalymer·to melt and 

reach the tempe~ture of the barrel and die: Atselect~ speeds' the 

plunger is lowered and the force exerted by the plunger on the polymer 

sample is allowed to reach a steady state value. At ION plunger speeds 

this may take several minutes. In this manner force measurenents are 

obtained for various plunger speeds. Several runs may be needed to 
, ,. 

acctmulate a sufficient number' of force-plunger speecjt reading!;; for a" 
. . r ," . 

given material at a specifiedt~atur~. Between rt11¥' it is~t 

to clean the barrel'thoroughly. 
{ 

The Viscosity CUrve - Calculation of the ApPIU"ent Viscosity 

The objective of measuring the viscosity of polymer melts in this 

study is to represent it as a function 'of shear.rate andtanperature so . '~ 

that it may be used in thecanputer llXldel for the extruder. The 

.j" 

• 
. , 



... 

10-296 

following viscosity equation, was introduced in Sec. 2.4.2 (see Eq'. 
) 

2.36) : 

log n = a
o 

+ a
1 

l~':;¥ + a
2

(log y)2 + a
3
T + a4~ + ~T lpg y 

. ' 

where n = viscosity (Pa 's) 

T = tenpei.ature '(oe) ~. 
-1) y = shear rate (f;l , 

, . 

(10.1) 

and where a , a
1

, ••• , a
5 

are parameters to be determined by 
.' 0 

curve-fitting,viscosity data fran the Instron capillary rheaneter to the 
~ , - . 

• above equation using linear regression. 

To calculate' the parameters in Eq. 10.1, the force-plunger speed 

data readings fran the rheaneter runs nrust first be converted to values 
, ( 

of shear ~treSs, TW and' appai-~~t shear rate Ya at the capillary wall 

using the following equations: ., 
" 

~, 

.pb 
T = __ ,_c 
w 4 L 

.... •. C 

(F/A ) D 
_, _...,..p:,.-_c~ 

4 Lc 
(10.2) 

where F in the measured forde,· lip is the pressure drop across the 

capiUary, D and L are the capillary diameter and length, and A is 
c c' , , P 

the cross-seCtional area ·of the reservoir (see Fig. 10.8) • 

. ~' 
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( 

32 (V A) 
.. - P P 

- 3 
lTD 

(10.3) 

c 

where Q is the volumetric flow rate of the melt and Vpis the plunger 

speed. 

In Eq. 10.2 it is assumed:thl!-t AP.,represe'ltts only the pressure drop 

~ross the capill~ and that entrance and eJi effects ~. n~ligible 
in canpa.l'ison. Since a very large L/D capillary is~ here (L/D = 

40) , this is .a valid assunption. . For shorter dies, the Bagley 

correction (4,112f) WGuld have to be applied to Eq. 10.2 to account for 

. tlie entrance and exit effects. Equation 10.3 gives the apparent shear .. 
rate.'of the melt at the capillary wall. This v.ould be the true shear 

rate only if the melt we;re Newtonian.' For non-Newtonian fluids 

inclixting .!X>l~ melts, the Rabinowi teh correction (95 , 112g) is applied 

'to Eq. 10.3 to obtain the true shear rate at the wall as follows: 

.. " 

(10.4) 

Tbe apparent viscosity which is function of true shear rate at a given 

tariperature is calculated as follows: 

. 
\ , 
~ 
i . . , 
~ 
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(10.5) 

Thus, given the values of plunger force and speed at various flow rates 

. and temperatures, the apparent viscosity may be calculated using Eqs. 

10.2 to 10.5. Apparent viscosity data for a typical low-density 

polyethylene melt are shown in Fig. 10.9 plotted against true shear rate 

at various temperatures. 

Finally, the viscosity data are curve-fitted to the shear rate and, 

temperature dependent viscosity equation (Eq. 10.1) to ob~ values for 
, , . 

the parameters aO to~. USing Eq. 10.1, the'IOOlt viscosity can be 

calcul!l,ted for any appropriate ,value of shear rate and ,temperature in 

the extruder model. The solid lines in Fig. 10.9, referred to as 

viscosity curves, have been obtained in' this manner. 

10.2.3 Procedure for Measuring Instron Extrudate Swell 

The objective of IOOasUring the Instron extrudate swell
1 

of polymer 

melts in this study is to represent it as, a function of shear stress as 

required in the computer model for the prediction of extrudate swell at 

the extruder die exit (see Clap.' 8 or Sec. 9.6). The Instron extrudate 

swell is a IOOasure of the swelling of the IOOlt as it anerges fran the 

capillary die. Thus the viscosity and extrudate swell detenninations 

1Instrrin extrudate mvell in this thesis refers to swelling of the 
polymer IOOlt ,as IOOasured on the Instron capillary rheometer as opposed' 
to extrudate swell which occurs at the exit of the extruder die. 
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Fig. 10.9· Viscosity curves for a low-density polyethylene :fesin. 
Data points represent viscosities measured with an 
Instron capillary rheaneter. Solid curves denote the 
general viscosity equation (see inset) - parameters ~ 
to % ·are obtained b~ linear regression. 
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for a given material can be petfonned during the same run. Once the 

plunger force has reached steady state for a given plunger speed, the 

extrudate is cut with scissors just below the die. When the subsequent 

extrudate is about 3 inches (75 mn) long, it is cl8.sped with tweezers 

near the die and again cut. After cooJ.ing at ambient tanperature; the 

diiuneterof the sample is measured with a micraneter approximately 1/4 

inch (6 nm) fran the lower end where the elongation'due to gravitational 

drawdown is negligible. Samples are collected and the Instron extrudate 

.swell is measu;red in this manner at various shear rates (or shear 

... stresses) and tenperatures. 

The follOwing predictive, correlation for extrudate swell' (dID) at 

the eXtruder d~e exit was developed in Olap. 8 (see Eq. 8.9): 

'" 2. 1/6 
E. = [! (4-~) 1" 2b-2, + '11 ' + 0 12 
D 4 (2+), W • 

(10.6) 

where d and D.are the extrudate and die diameters respectively, and 1" . 
~. w 

is the shear stress at the die wall. Before calculating the anpirical 

parameters A and b in Eq. 10.6, the extrudate diameter which is rrea.sured 

at, ambient tenperature should be corrected to the extrusion tenperature .. 

, using the, following equation: ' 

p 1/3 
d (~) (i= p 
o 

where d and p are the diameter and density 

the extrusion tenperature, and d and p 
,0 0 

(10.7) 

of the extrudat~ sample at 

are of the lozen' polymer 
. / ... :' 

sample at :roan tanperature. Instron extrudate $Well data corrected for 

" 
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extrusion tenperature are Shown in,Fig. 10.10 plotted versus wall shear 

stress. It can be seen that extrudate swell is~a very weak function of 

tenpera ture when plotted against shear stress. 

• 
Finally, the Instron eXi:ruda.te swell data are curve-fitted to Eq. 

10.6 using non-linear regression to obtain values of the parameters A 

and b. Using this' ~tion (shown as a solid curve in Fig. '10.10) the 
\ ' 

~te ~ll at the extruder. di,e exit may be predicted 

of the shear stress at the die wall. 
, \ 
~ "-

\ 
\ 

" 

" 

given a value 
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Fig. 10.10 Extrudate swell correlation for a low-density 

IXllyethylene resin. Data IXlints represent Instron 
extrudate swells. Solid curve denotes .the extrudate 
swell equation (see inset) - parameters A and b are 
obtained by non-linear regression. . 



rnAPrER 11 

FOLYMER PROPERl'IFS AND ElmUJDER POOCESSIN:i ())NDITIONS 

R>lymer property data and extruder operating conditions necessary 
\ 

for the canputer DXXIel aXe given in this 'chapter (see Figs. 11.1 to 11.4 \ . 

, and Tables 11.1 and 11.2 at the end of ,tbis chapter). Two polyethylene 

resins are considered in7tbiS study:, a low-density polyethylene (Union 

carbide OLnacIa Ltd., DFIJY' 4400) and a high-density polyethylene (DuPont 
. I 

0Lnada Inc::., SCLAIR 19A): ~). 

11.1 Material and Rheological Properties 

Melt Viscosity 

The viscosity data obtained fran the Instron capillary rheaneter 

and the resulting viscosity curves for both the LDPE (low-density 

polyethylene) and HOPE (high-density polyethylene) are shown in Figs. 

11.1 and 11~2. For both resins the ranger of shear rates extends between 

~ . ~. ' . 
4 s and 2000 s • ViScosity rreasurements were performed at four 

tanperatures, for each material: 140°C, 160°C, 180°C and 200°C for LDPE; 

and 100°C, 180°C, 200°C and 220°C for HOPE, which adequately covers the 

extruder tanperature processing conditions. It was necessary to extrude, 

the HOPE at a higher tanperature than the LDPE because of its higher 

melting taneprature and higher viscosity. Values for the parruooters ~ 

to ~ in the viscosity equation (11.1) are presented in::;.Tables 11.1 and 

11.2 •. 

. .11-303 
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• ·2 -.2 • 
log n = aO + a

l 
log Y + ~ (log y) + ~T + a

4
r + ~T log y (11.1) 

where n is the viocosity (Pa·s), T is the tanpera.ture (oe) and y is the 

shear rate (s-l). 

Extrudate SWell 

The extrudate swell correlation tEq. 11.2) ·-sgown below was fitted 

to both the IDPE arid HDPE Instron extrudate swell data and is presented 

in Figs. 11.3 and 11.4 for the two resins. Since theViSCos1ty and 

extrudate swell ~ts 'M3re perfonnedat the same,J1me, the shear 

stress . and temperature conditions are the same as for the viocosity 

results. The parameters A and b in the extrudate swell correlation 

given below are presented in Tables 11.1 apd 11.2. 

J 
2' ' 1/6 

~ = [!:. (4-~)T2b-2 + 1] + 0 12 
D4(2)w • 

where T is the wall shear stress (Pa). 
w 

Ranaining Material Properties 

(11.2) 

I "'----1 
, 

" 

All of the material and rheological properties of the IDPE and ,. 

HDPE, excluding melt viSCOSity and extrudate swell, were obtained either 

fran the literature or fran the resin manufacturers. The following is a 

list of polymer properties used in the canputer lOOdel, values for which 

are given in Tables 11.1 and 11.2 (the numbers in parentheses ~dicate 

the source of data fran the literature): 

'. 
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(1) "Bulk density P
bulk 

(l12h) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

Density of solid p and melt p (114n) 
, 's m 

ThermaJ. conductivity of nelt k, (114n) 
m 

Hea.t capacity of the solid Cp , s 

Heat of fusion ). (1140) 

(114n) and nelt Cp (114n) 
m 

<t, 
1&31 ting temperature Tmel t(114n) 

Dynamic coefficients of friction of solid at barrel and scre,!, 

surfaces, fb and fs (43,112h) 

Static coefficient of friction of s61~d at bopper wall f' (l12h) , . ' w 
Effective angle of friction of solid.in..hopper ~(l12h) 

Resin rmnufacturers usua.ll~ supply very little property data with 

their materials. N::mDally the only properties given are the solid 

density p s and the ne1 t index1 • 

pol:ymer properties, especially 

This is largely due to the fact that , 

thennal·, properties, are difficult .. to 

mea.sIlre. If one does not baveaceess to maasurenent facilities (which 

is usually the' case), then one" is canpel'led to use literature values 

even ~ough they may be fo,r slightly dif~erent materials • 
. " :-'.:. 

11.2 Extruder Processing Conditions 

There are very few processing variables in the operation of an 

extruder. <Alee the screw and die designs have been incorporated, all 

: there rena; DS to choose is the barrel temperature' profile and the screw '. ' 

speed. The processing conditions for the LDPE and HDPE are presented in 
, . 

Tables lL1, and 11.2. 

lThe nel t 'index is a crude neasure Of' the viscosity of the polymer 
melt and has the units of gm/lO min. For polyethylene r~ins low values 
of nelt index (less thanLO) indicate a highly viscous nelt whereas 
higher values (greater .than 10.0) denote a low'viscOsity nelt. 

.. I 
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11.1, Viscosity curves for LDPE (Union Carbide Canada Ltd., 
DFDY 4400). D!l.ta points represent viscosities measured 
with an Instron capillary rh,eaneter. Solid curves denote 
the general Viscosity. equation (see inset) - parBInEiters 
a
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to '15 are obtained by linear regression. 
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. , 

Fig. 11.2 Viscosity curves, for HDPE . (DuPont Omada Inc.. SCIAIR 
19A); Data points represent viscosities ineasured with an· 
Instron capillary rheaneter. Solid curves . denote the . 
general ,{iscosity equation (see inset) - parameters a

O 
to 

~ are ob~ed by linear regression. 
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Fig. 11.4 Extrudate swell correlation for HDPE (DuPontClmada Inc •• 

OClAIR 19A). rata points represent Instron extrudate 
swells. Solid curve denotes the extrudate swell equation 
(see inset) - parameters A and b are obtain~d by' 
non-linear regression. 
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Table,ll.l Material and rheological properties and processing 
conditions for IDPE (Union Olrbide Omada, Ltd., DFDY 4400). 

Material and rheological properties 

Static coefficient of friction, f' " w 
Effective angle of friction, 0 

-pynamic coeffic~ents of friction, ~ 

f s, 

Heat capacity - melt, Cpm 

- SOlid, Cps 

Density - bulk , P
bulk 

- melt, Pm 

- solid, P
s 1 

Thenna.l conductivity - melt, k m 
Heat of fusion, A 

Melting temperature, Tmel t 

Melt index 

ViSCOSity, n (see Fig. 11.1) a
O 

a
1 

a
2 

a
3 

~4 
a
5 

d 
Extrudate swell, D (see Fig. 11.3) A 

Extruder 'operating condi hons 

Barrel tanperature Profile' 

Frequency of screw rotation . 

,- ' 

b 

c 

0.30 

33.7 

0.40 

0.25 

2595 J/(kg·K) 

2763 J/(kg·K) 

595 kg/m
3 

779 kg/m
3 

3 
919 kg/m ," 

0.182 W(m·K) 

129785 :, /kg , 

1100 C 

2.0 g/io min 

11.7838 

-0.l53!:1104 
-, 

.:..0 .0112744 

-0.0183449 
- -6 

8.78448x10. 

9.6651f'xio74 

."" 0.125: 
r:374,' , 

, " 

',"' . 

163L179 /196 /196 /l96
o
C· 

40, 60 apd 80 rpn 

(revolutions per mtnute) 

l 

'," 

,'.' 
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Table 11.2 Material and rheological properties and processing 
conditions for lIDPE (Dlifbnt OIoada Inc., SCLAIR 19A). 

MateriBJ. and rheological properties 
static coefficient of friction, f' , , W 
Effective angle of friction, 0 

Dynamic coefficients of friction, fb _ 
, f 

Heat capacity - melt, Cp 
m 

- SOlid, Cp 
s 

Density - bulk, p 

- melt, P m 
- solid, P s 

Thermal conductivity 
Heat of fusion, 'A 

melt, k 
m 

Melting. 

(see Fig. 11.2) a
O 

a
1 

a
2 

a
3 

a
4 

a
5 

s 

d ' , 
Ertrudate swell, D (see Fig. 11.4) A 

ExtI'uder operating conditions 
Barrel tanperatur,e profile 

Frequency of screw rotation 

b 

0.30 

33.7 

0.40 

0.25 

v ;;., 

2512 J.(kg·K) 

2303 J/(kg·K) 

595kg/m
3 

777 kg/m3 

960 kg/m
3 

0.182 W/(m.K) 

201189 J/kg 

1300 C 

0.75 g/l0 min , 

9.95345 

-0.782449 

-0.0114677 

, 4.50087xlO-3 

-3.93029xlO-5 

1.4!590xlO-3 

...... 9.417x10-4 

1.752. 
I 

1881\96/204j204/204
o

C 

40, 60 and 80 rpn 

(revolutions per minute) 

" 

" 
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<liAPrER 12 

VERIFICATICN OF 'l1IE IDcrRUDffi MODEL - RESUIJl'S AND DIOCUSSION 

12.1 Canparison of ~inEntal and Sinrulation Results 

In this section, . the extruder nx:xiel predictions are, canpaxed with 

the experimental resul ts ~ed fran a f 1/2 . inch (38 lIIll) single \ 

extruder (as described in Sec. 10.1) 'using tv.u different polyethylene 

resins: lDPE (Union Carbide a.osds Ltd., DFDY ,4400) and IIDPE (DuPont / 

Canada Inc., SCLAIR 19A). The processing conditions for these 

experimental runs were presented in Olap. 11, Tables 11.1. and 11.2. 

Comparisons between the experimental and ,. simulation results are 

-

presented in Tables 1fl.l to 12.4 Iilld Figs. 12.1 to 12.4 for the 

following process parameters: 

(i) mass flow pte o~the polymer, 

(ii) melt pressure in the extru~er and,~pter, 

(iii) melt temperature in the adapter, and 

(iv) 'extrudate swell at the die exit. 

Experimental results for the above are also given in App. E. In Figs. , 
.I; 

12.1 to \12.4 the down channel pressure and bulk temperatl1re profiles 

are sho~ only for the melt flow regions in the extruder ~w channel i 
and die: No profiles are shown for the solids conveying zone. 

Predicted solid bed profiles are presented in Figs; 12.5 and 12.6, 

altbaughoo verifications were carried out for this parameter. 

The Cariputation time requirements for the extruder model using the 

·12-312 

\ , 
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, Table 12.1 Predicted versus maasured mass flow rate for lDPE. 

Screw speed, rpn Mass flow rate, kg/s 

Predicted ,Measured 

"l 
, , 

40 1.965 x 10 -3 1.911 x 10-3 '\. 

,-
" 

-3 
2.929 x 10 

-3 2.948 ,x 10 
, -

3.886 x 10-3 3.968 x 10-3 

'" 
Table 12.2 edicted versus measured mass flow ratesfQr HOPE. 

Screw speed, rpn Mass flow. rate, kg/s 

Predicted Measured 
. 

40 
-3 -3 

1.881 x 10. , 1.755 x 10 

60 
. -3 

2.812 x 10 2.707 x 10 -3 

80 -3 3.748 x 10 , 3.705 x 10-3 

: '~. 

,. 

", :::, 

1 
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UNION CJ:lRBIDE DFOY 4400 LOPE 

BJ:lRREL TEMPERJ:lTURE PROFILE. 163/179/196/196/196 OEG C 

25 

SIMULATION EXPERIMENT , 
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Fig. 12.1 . ,Predicted pressure profiJ,es and pressure measurements 
in the extruder screw . channel and die section for IDPE. • 
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DUPONT SCL~IR 19A HOPE 
B~RREL TEMPER~TURE PROFILE. 188/196/204/204/204 OEG C 

35 
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Fig. 12.2 Predicted pressure profiles and pressure measurements 
in the .extruder screw' channel and die section for IIDPE. 
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UNION C~RBIOE OFOY 4400 LOPE 
B~RREL TEMPER~TURE PROFILE. 163/179/196/196/196 OEG C 
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Fig. 12.3 Predicted bulk temperature profiles and mel t 
temperature measurements in the extruder screw channel 
and die section for LDPE. 
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DUPONT SCLAIR 19A HOPE 
BARREL TEMPERATURE PROFILE. 188/196/204/204/204 OEG C 
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Fig. 12.4 Predicted bulk temperature profiles and mel t 
tanperature measuranents in the extruder screw channel 
and.die section for HDPE. 
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UNION C~RBIOE OFOY 4400 LOPE . 
B~RREL TEMPER~TURE PROFILE. 163/179/196/196/196 OEG C 
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Fig. 12.5 Predicted solid bed profiles in the 'extrUder screw 
channel for LOPE. 
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DUPONT SCL~IR 19~ HOPE , . 
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Table 12.3 Predicted versus rreasured* ertrudate swell for lDPE. ' 

Screw speed, rpn 'w' kPa Ex:truclate swell; dfD 

Predicted Measured 

40 79.470 1.692 1.646 
\ 

60 92.979 1.721 . 1.674 , 

80 103.576 1.742 1.713 

. . . . ' 

.:..;-, Table 12~4 Predicted versus measured* ertrudate swell for HOPE . 

Screw speed, kPa' Extruclate swell, dfD 
. 

rpn TW' 

I . Predicted Measured 
-.' . . 

40 126.236 1.511 1.682 

60 . -, 146.,090 1.556 1.728 

80 161.341 1.589 1.767 
\ . . 

. 

*Corrected for'temperature (see Eq. 1O~7') " 

.. ~ 

n 
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'. 

, 
CYBER 170/730 canputer at M::Master University were as follows: 360 to 

430 s. for the simulations involving IDPE, and ~ to 550 s for",the IIDPE. 

The large difference in canputation times could be attributed to the 

difference in viscosity between the two polymers. Since the viscosity 

of the HDPE is higher than .that of the IDPE, !)lOre heat is generated by 
. .Y ~ 

viscous dissipation in the case of the HDPE. In the finite difference 

method, it is possible that more iterations in the developing 

temperature regiOns ~ required for this reason • 

. The predicted androoasured mass flow rates are Canpared in Tables 

12.1 and 12.2 at three screw speeds (40, 60 and 80 rpn) for the IDPE.and. 

IIDPE r~tively. For the lDPE the predicted and measured values 

differ by 1 to 3 percent; for the IIDPE the difference is significantly 

larger and r;mges between 1 and 7 percent. In both cases it can be seen 
< 

tiiat the predicted increase in flow rate with increased screw speed is 

smaller than observed experimentally. 

The predicted down channel pressure profiles in the extruder screw 

channel and die section are shown in Figs. 12.1- and 12.2 for the. two 

resins and are canpared with the pressure ~ts in the extruder 

and adapter. In all cases, it can be seen that the predicted pressure . 
profiles in the extruder are significantly lower than the .observed 

values. For the llJPE the difference ranges between 12 and 25 per cent. 

while for the IIDPE the difference is between_.19 and 27 percent. Also, 

with increasing s~~ ~ predicted pressure profiles do not rise 

as DnlCh as the experimental values. In the adapter the predicted 

pressures are slightly lower than the measured values. In the case of 

, . 



"~ 

, the lDPE the difference ranges' between 14 and 18' percent, while for the 

HoPE tile difference is between 7 and 8 Percent. 
, , 

Next" the down channel bull: temperature profiles in the extruder 
, , 

and die section are shown 'along with the'melt temperature measurenents .' , : 

in th~daPter in" Figs. 12.3 and 12.4 for the' LDPE arid HDPE 

res:pectively. 
" 

,'f; , 

The differ:ence between the ~tal values and the 
,(' , " 

pr€mcted .profiles is best d~ribed here in ab:;>olute terms, that is in 

degrees CelSiUS, and not as a percentage difference. A difference of 

;oC between the ~cied.and ~ knperatlire is quite ,tolerable. 

. ° In the case of the llJPE, the difference ranges between 0.7 and 1.6 C, 

wheras for ,the HDPE the difference is between 0.3 and 5.1oC. As in the 
• 

case of preSsure, the predicted increase in melt tanperature with 

increasing, screw speed is smaller than indicated by the melt temperature 
~ , , 

measuranents. Unfortunately, it was not possible to measure tl).emelt 

temperature in the extruder screw channel. 

The final caiipartson, as presented in'Tables 12.3 and 12.4, is 

between, the predicted and experimental values of exti-uda.te swell at. the 

die' exit'. 
/-

For the ~ the predictions ,!ire 'approximately 2 percent 

, bigher than the experimental values, whereas, the predictions for the 

HDPE are about 10' percent lower, than the' ~imentjl.l values. 

Above, canpariSODs have ,been lnade between the predictionS fran the " . ' . 
extruder model and ~perimental results obtained for' twb polyethylene 

~ins. Although the prediction error maybe sigluficant in certain 
. , .~ 

instances, it shduld be remembered that the 'computer model is 

fully-predictive and the s:Um:tlation results are not modified on the 

. , 
. , , 

, , , 
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basis of any measurements performe::! during the experimental runs on the ' ' 

extruder (for example, pressUre measured at the end of the screw). 

Errors in ,the'';;:I;ation' '~ts may be due (t:'two factors: ~i) 
incorrect values of polymer properties,and (ii) deficiencies in one or 

De of the 'individuaJ. subnodels used in the overall .. ex:truder IIIXiel .. , 

These factors Will be di:ocussed in the next sections. 

12.2 PolYl!El' Properties 

The frictional and thermal I2roperties of polymers are ,very 

difficult to measure, especially at elevated temperatures: As a 
• ,. I . 

consequence, one must resort' to 'prope!ty data reported in, the 

literature. It was stated in Sec. 11.1 that all polymer properties 

uti1.ized in the extruder IIIXiel were obtained fran the literature except 
.: ~. ' . I .' 06" • 

for the melt viscosity and extrw:iate swell .which were ~~ on the 

Instron capillB..ry rheaneter and the solid density which was supplied by , 
1> 

the resin manufacturers. Since the materials used in this study and the 

material~ for which the properly data are report8d in the litelra.ture are 

not identical, there exists an' uncertainty as- to how accurate the 
, .' 

literature values are for the materials being· 'studied. The diffiCulty 

in obtaining accuratE; property data is a well recogni.zed problan when 

performing canputer s;rml]ationson' pol)'l11er processes. It is not 

'uncrmron for two polyethylene resins having approximately the same 'Solid 

}density and lIX)~ecular weight, but' ~uced by different manufacturers, 

to have widely differing thennal and frictional properties~ Pol}'lller 
) 

handbooks list various mechanical and electrical properties for 

\' 
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different polymers, but not the properties which are needed in process 

simulation. An ideal situa'tion would be that one could measure,each of . . . 

the propertieS in the laboratory as is the case for lIEl t viscosity and 

extrudate swell. 

Recognizing the fact· that sane of the polymer' properties may not 

be veP'! accurate for the polymers utilized in this Work, a ~nsitivity . 

study bas been performed on' each of the following' properties: . static 

coefficient of friction f~, effective angle of friction ~, dynamic 

coeffiCients of friction at the barrel imd screw surfaces fb and fs' 

·hea~capacity of the melt Cpm,aDct solid Cps' bulk de~ity Pbulk' melt 

density Pm' thermal conduCtivity of thellElt ~, heat of fusion A, and 
'. ". •.•• 0'..1' 

" melting tanperature Tmelt . For a givenpolye'thyl:ene resin .(lDPE, screw. 

"r-- . 

Speed.= 00 rpn), the values of each' of the properties were individuaJ.ly 
" . 

raised by 2 percent in the extruder model and their effects on pressure 

and bulk- temperature at the die exit were then noted. Results of this 

seil9i tivi ty test are given in canplete form in App. F • The most 

significant changes are shown inT~ble 12.5. It should be noted that 
, 

maximum pressures in the e~tr'uder screw channel range between 

approxilllately 10,000 and 30 ,000 kPa • 

. Changes in the dynamic coefficients of friction and in the 'melt 

density influence "tile. exlt pressure the most, and to a lesser extent so 
.' . 

does the change in meiting temperature of the polymer. For the 

properties utilized in the feed hopper model, qn1y the bulk density has 

any significant effect on the bopper base. preSsure; The remainiIig 
.I 

properties show negligible effect "on the exit pressure when individuaJ.ly . . . 
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Table 12.5 Effect of changes in sane pol:ymer properties on 
pressure and. bulk tanperature at the die exit for 
lDPE!.3 Screw speed = 60 rpn, mass flow rate, = 2.929 
x 10 . kg/so 

. 

fb Pexit ' kPa. Tbulk, °c 
. . 
0.40 0 200.72 

0.408 951 200.72 

L 
. 

fs Pexit ' kPa Tbulk, °c 
. • 

0.25 
. 

0 .200~72 . . ' 0.255 -514 200.72 

Pm' kg/m3 Pexit ; kPa Tbulk , °c 
. 

• . 

·779 0 200.72 

79jl.58 1359 200.67 

. . 

. 
DC' 0 Tmelt , Pexit ' kPa· T

bulk
, C 

. 

110 0 2po.72 . . 
112.2 206 200.73 

--'. 

, . 
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increased by '2 percent. It can also be seen that ilicrea.ses in each of 

the pro~ties have negligible effect on bulk tanpera:ture at the, die 

exit. 

To carry the senSi ti vi ty st.udy c;me step further, simulations' were 

perfanned using an increased value o~ ~ = 0.408 such that .the pressure 

at the die exi,t equalled zero. The resulting Va1uesof miss flow rate, 

ex:truder and adapter pressures, melt tanperature in the. adapter Fd 

ex:trudate swell are shown in ,Table 12.6 and are canparedwith measured 

values am 'predicted values using fb = 0.40; It can be seen. that the 2 

percent increase. in fb bas a Significant effec1;,,;~n the resulting. mass 

flow rate and pressures, b1J.t that the influence ~ ~lt tanperature and~ 

ex:trudate swell is negligible. 

It wo';1ld be very. useful if frictional coefficients of polymers .) 

could be easily me~ .in· the laboratory. 
·t 

However, at elevated 

tanpera:tures, this measurement is quite difficult. There is no standard 

and well:"accepted method for doing this. It. should be noted that 

frictional. coefficients of polymer: granules, and not of a solid plug,. 

are needed. 

In =y, the sensitivity -testS'on the polymer properties have ~ 

shown that small errors in '1;00 valueS of Sane' properties, nrunely the 

dynamic coefficients of friction fb and f s ' the meit density Pbulk' the " . 
bulk density Pbulk ~ melting tanperature<"Tmelt , can. signifi~tly 

influence the. prep1-cted mass flow rates and pressure profiles fran the 

,',: ex:truder model. Thus the difference between the predicted and measured 

values of mass flow rate, and pressure in the extruder may partially be , 

• 
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Table 12.6 Canparison of predicted and Ire!ISUred values of mass 
flow rate, melt pressures and melt temperature given 
two values of fb for LDPE. Screw speed = 60 rpn. 

-
Measured 

Predicted (fb = 0.40) 

(fb = 0.408) 

. 
. 

[, 
. 

~ 

Measured . . 
Predicted (fb = 0.40) 

(fb = 0.408) 

Measured 

Predicted (fb = 0.40) 

.(~ = 0.408) 

. 

Measured .. 

Predicted (fb ='0.40) 

(fb.'; 0.408) 

, 

·Mass flow rate, kg/s 

. -3 0 

2 .• 948 .. x 10 .. 

2.929 x 10 -3 

2.969 x 10 -3 
.. 

. 

Pressure, kP8. 

P1 P2 

16777 9997 

14112 7647 

14835 7829 . 

.. BuIk temperature, °c 

201.1 
• 

199.79 

199.75 

Extrudate swell, dID 

, 

1.674 

1.721 

1.722· 

. 

, 

P3 . 

4183 

4798 

4825 

--" 

.. , 
j 

! 
t 

, ... 

f '-,: 
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attributed to an uncerta1~ty of the actual properties of the 

polyethylene resiIis studied. The sensitivity tests have also shown that 

the melt temperature in the adapter and the extrudate swell are not 

influenced to any great extent by changes in polymer properties. The 

differences between the' predicted and reaSured values for these. can only 

be attributed to deficiencies in the canputer nxx:!el. 

12.3 General Critique of the Extruder Model 

In Sec. 12.1 the predictions from the extruder model and 

experimental m=asurements were canpared for two polyethYlerie resins. It 
• 

could be seen that in saoo cases a substantial difference exists between 

the predicted and experimental ~lts. In the previous section (Sec • . 
12.2) it was shown that a better knowledge of certain property data 

could change the predicted mass flow rates, but that the temperature 

profiles and the extrudate sw~ll are not influenced to any great extent 

by changes. in property data.· It was also noted in Sec. 12.1 that the 

predicted mass flow rates, pressure . profiles and melt temperatures did 
'to 

. . 

,not rise with increasing screw speed to tb,e same extent ,as did the 

measureO. values. Given. addi tionalexperimental.data; U may be. possible 

to'improve the ?$Verall model results by introducing iefinements to the 

In this section each of the' subnodels are 
\ 

discussed and the significance and impiications of any possible 

improvements are noted. 

The feed bopper model is used to calculate the pressure at the 
J; 

base of the hopper whiCh in turn is the starting point for the pressure 

-:'" 

., .. 
"" 

", . ,~, 
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profile in the oolids conveying zone. SiJice an exponential rise in the 

pressure is predicted by the solids conveying lIXldel, it is important 

that the ~ pressure below the bopper be as accurate as possible. An 

experiment could be performed to measure the pressure at the base of the 

boWer and then to ccmpare it with' the .lIXldel predicti6n. This . . 

experiment, ·however, were not carried out in this study. 

In the oolids conveying lIXldel, it is assumed that' the solid 

polymer granules travel' down the Sc.NW-channel as a solid plug with 

constant vel?City, and that the solid plug is isothermal and isotropic 

(Le., the pressure varies only in the doWn channel direction). More 

oophisticated m::xiels were discussed in Sec. 4.1, for example, the 

. nonioothenna.l lIXldel by Tadmor ruid Broyer '(110) or the lIXldel by Lovegrove 

. and Williams (58,59,60) in which the initial pressure is' assumed to be 

entirely" due to gravitational and centrifugal forces and I!ot the hopper 

base pressure. Such IIDdifica"\:ions may be justified if it can be shown 

that they significantly affect not. only the' predictions in the oolids 

, 
In the present m::xie1 it, is aJ.oo assumed that the delay zone (i.'e. 

the section in the screw channe]' where melting at the barrel surface has 

begun but where the steady state melting mechanism has not yet taken 

over) starts at the location of the first barrel heaters and is included 

,.:. \ 

:. :: 
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" 

in the solids conveying zone. The calculation of a down channel 

tanperature Profile would proVide a better estimate of where the delay 

zone starts, however, one wouid need temperature IrefISIll"6IleIts along the 

solid bed in the screw channel to verify and justify 'this mcxiification. ' 

Pressure and temperature measurements in solids flow regions are very 

difficult to perfam. The length of the delay zone, and ultimately that 

of the solids conveying zone, is det"ennined fran a correlation by Tarlmor 

and Klein (114g) , based on limited experimenta:t data. Even if,' a 

theoretical model vibich detennined the lenirth of the delay zone were 

. available, ,it would not significantly affect the length of the solids 

conveying. zone because the delay zone is only 1 to 2 screw turns long. 
, , 

In this study it was shown tha~ a decrease in the length of thel delay 
I 

zone by 1 turn had a negligible effect on the predicted perfonnance of 

the extruder. 

A variation of TadIoor's !relting model is 
. " ~' 

extruder model ~ predict the rate of melting and 

~ in . the pre~t 
the solid bed profile 

in tI:!.e screw' channel. More 'sophisticated melting iooclels. such as the 

ones discussed in Sec. 5.1 require substantially more canputation time 

to nm than the present model. To .discriIililiate· among the lIXlt"e refined 

'mel t1ng models sUcli as themodel~ EdmondsOn an~ Fenner ('2:7) or !he one 
, 

by Shapiro et al. (37,103) and the present model, one should be able to. 

mea.su;re the rate of mel t:tng and the solid" bad profile in the screw , 

channel for the purposeS Of. canparison. The, I 1/2 inch (38 lim) diameter 
" 

extruder used in this study. ,does not have the facilj..ties for quick 

barrel and screw cooling and subsequent rapid screw extraction which 

.. ' 

" 

. , , 
~ 
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would be needed to test the n:el ting models. Thus, the Use of a IIOI"e 

canplex melting model cannot be justified at the present time. It v.uuld 

also have to be shown that the additional model sophistications 

substantially improve the predictions for the overall perfonnance of the 

extruder. 
I 

One advantage of Irel ting models such as ones by Eclm:>ndson and 

Fenner (Zl) and Shapiro et al. (37,103) is that they predict an 

acceleration of the solid bed in the screw channel. Consequently, it is 

possible to predict solid bed breakup which affects pressure surging in 

the screw channel.· . The present . Irel ting model cannot predict surging 

conditions due to its isbtropic na.ture. 

The ~t model for Irel t pumping in the screw channel is based 

on non-Newtonian nonisothennal developing flow between infinitely wide . 

parallel or converging plates. It incorporates,a temperature and shear 

rate dependent viscosity relation .which is determined by measuranents on 

an Instron capillary rbeaneter for each polymer studied. In Sec. 6.2.2 

'shaPe factors were develo~ for canbined Newtonian drag and pressure 
. .;;" . -. 

flow in rectangular channels. As stated in Sec. 6.2.6, corresponding 

shape factors 'for non-Newtonian fluids are much more difficillt to 

obtain, and consequently have not been developed in this study. It was 

also stated that· the inclusion of Newtonian shape factors in /\.' 

non-Newtonian flow only adds difficulties to the numerical solution~ . "'" 

This is due to the fact that in canbined non-Newtonian drag and pressure 

flow, the drag and pressure flow contributions cannot be superim.Po?ed. 
~ 

For this reason,. Newtonian shape factors have not been used in the 

• 
I. 

,. 
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present m:xiel. 

For melt flow in the· metering section where the \!leI ting is 

canplete and the channel aspect ratio (H/W) is snall. the infinite 

channel Width approximation does not affect the pressure profile 

predictions to a great extent. It can be seen in Figs. 12.1 and 12.2 

/ that the slopes of the predicted pressure profiles are canparable with 

the experimental data points. 
.. .~ . . 

The. infinite Width channel approximation 
\ 

does. however.. hreak down in the regions of the screw channel where the 

melt coexists side by side With the solid bed. Here. the aspect ratio 

. of the meltfilll?d region is simply -ro;, high for the melt flow !o~benot 
· .. . .\ ..:.c............. 

significantly affected by the channel sides •. ~ measurenents were 

not performed in this !'egion on the extruder. so it is difficult to 
. ~ . 

· detennine the errors in the predicted pressure profiles in this section. 

· It is difficult to measure melt pressures with transducers in regions 
'. • t 

· where melt and solid ,coexist because of the danger of the solid polytner 
. ':-~'. 

granules damaging t:hEl,:-very sensitive diaphragm at the transducer. tip. 

The infinite channel Width approximation affects not only the 
. ~ 

.. predicted pr~ -prof~les in the channel but also the contribution of 

viscous dissipaticn to th8 temperature rise in the melt. When the 

effects of. the channel sides are ignored. it is assmned that the shear 

rate at' the walls are the same as at the centre of the. flow channel. 

Shear rates at the channel . sides are. hoWever. much higher than at the' 

centre and consequently thetepperature rise due to viscouS dissipation 

is underestimated. This may be the reason why the predicted bulk 

temperature in the adapter does not rise With increasing screw speed to 

, . , 
i 
.. 
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the same ertent as does the o:easured melt temperature (see Figs. 12.3 

and 12.4). 

Another factor not considered in the developnent of temperature in 

the down channel directial is the contribution of the.melt entering the 

melt pxll fran the thin film between the· solid bed and barrel surface. -' . . ~ 
Due to the high shear rates"iil"this melt film and its close pioximity to 

the.beated~~l, the tanper~ture of the melt entering the Irel t pxll is 
, 

higher than the bulk temperature in the pxll. AI though this is a 

significant factor, it was not iricorporated into the present del 

because serious numerical difficulties would have to be overcane. 

The above shortcomings in the melt pumping model could be 

eliminated by solving the melt flow problan in three ·dimensions. -Martin 

(68) obtained numerical solutions for fully-developed three directional 
. , 

flow in a rectangular channel as discussed in Sec. 6.1.3. To extend 

this to a developing flow solution iri three dimensiOns, a phenanenal 

!llIDunt of canputation time would be needed. SUch a methcxl cannot be 

justified at the present time. Another approach would be to develop 

non-Newtonian shape factors for both the pressure and bulk taDperature 
. w - • 

profiles. This, however, is a. very tedious and time consuming task, 

since new shape factors would have to be determined each time a 

different material .is to be studied. 
, 

The melt flow lOOd.el for the die ~tion is similar' to the ·lOOd.el .... ., 

for the extruder screw channel, except that there are no mbving 

botmdaries and that the flow is in the Clown channel direction only. 

This simplifies the· flow problan imnensely, . since we are now deal~g . . 

" J 

i 
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with pn-e pressure flow. For the circular channels in the breaker plate 

and die, no shape factors are needed. In the adapter' which bas a 

rectangular flow channel, the use of non-Newtonian shape factors would 

be preferable. However, :they are not used for the reasons stated· .. 
previously. Newtonian shape. factors are used instead. Since we are 

dealing with pn-e pressure flow and not canbined drag and pressure flow, 

the use of Newtonian shape factors does not ~te the difficuities . ,.". . . 

which occur in the extruder IOOdel for fl6w in the sc:reY/ channel. In 

Figs. 12.l"arui 12.2 it can be seen that, snall differences exist between 
o . 

the predicted' andm~ values of pressure in the adapter. This is 

due to the pressure drop which OCcurs across ·the screens in the breaker 

plate, but which bas not been included in the extruder. IOOdel. If the 

pressure drop across the screens were added to the 'model fOr the die 

section, then the predicted and measured values of pressure would '"be 

much cloSer. 
.,.' 

"Finally the model for extrudate swelling at the die exit, is used 

to predict the increase in diameter of, theextrudate emerging fran the 

die. In Tables 12.3 and 12.4 it can be seen that for the lDPE (Union 

Carbide Canada Ltdw DFDY 44(0) the predicted and measured values of 

extrudate, swell are'extremely close, whereas for :the HOPE (DuPo~t Canada . 

Inc., OCLAm 19A) the agrearient is not as good. A possible reason for 

the later is that when, the HOPE emerges fran a die it "freezes" much 

. more quickly than dO!"S the LOPE, that is, ~" surface of the extrudate~ . 

'hardens before all of the streSses in thepol~er' ~ve rel~ed and the ') 

extrudate swell had reached its asymptotic valUe. For a thinner 

, . 

.., . ...: 

: " -:. 



ex:trudate, such as anerging fran the Instron capillary rbeaneter, the 

freezj ng will occur =re' quickly than far an ex:trudate energing fran the. 

extruder die. Thu~ the extrudate swell predictions based on 

m~ts on the rbeaneter. for HDPE are lower than observed at the 

ex:truder die &it as seen in Table 12.4. A possible solution would be 
/ - - -'--

to anneal the ex:t:r:OOa.te sample fran the rheaneter' or to ex:trude the 
! 

sample into _a bot silicon bath before measuring its diameter. TIre 

ex:trudate swell correlation (see Eq. 8.9 or 9.31) should also be tested 

OIl n:ore p::llymers to check for its general applicability. 

To sumnarlze; a fully-predictive canputer model consisting -of six 

interdependent -·su1:models has been developed for a single screw 

plasticating ex:truder.. The model predictions' have been verified with 

ex:perimental rtmS OIl a 1 1/2 inch (38nm) diameter . ex:truder. It .is 

possible to iinprove the over!l-ll extruder model by introducing , 

refinements to the individual su1:m:xl.els as discussed above. However, 

these improvenents can oniy be justified when better p::ll~ property 

. '-
data have become available and when more measurements have been 

performed on :tOO ex:truder to provide us with a .better idea of what 

exactly is occurring in each of the subsections. 

,", .. 

-----------

:", 
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ammI~-~=0 
A fUlly-predictive computer model for a singie screw plasticating 

extruder is developed to prEdict the mass flow rate-,of the pol}'lller, 

pressure and tanpera~e PJ:"ofiles along theextrud~ &.crew channel a:nd 
, 

die sections, and tbej3Xi:ruda. te ~ell at' the die!' exit. In developing_ 

the extruder model a fundamental approach ista.ken. , The simulations 
,'C , ' : ; 

depelld entirely on the material and rtieological properties qf the - . ~' ;. 

polymer, the screw gecmetry"and dimens:i,ons, and the operating conditions 
,- - ~.j ..... If' ..., _' . • • • ,-

or-the extruder (Le. screw speed and biuTeltenperatifreprofile).The 

model Predictions' are not mOdified on the basis of tEmperature or 

pressure measur~ts perionned on the ex~. Any size of extruder 

or screw 'design withinreasonabie limits" can'be :;;imulated with the ' 
" ,.-...i'" 

,present, cqnputer model. 
'0 

The extI")lder" model consists of six, distinct and interdependent 

sections,. 'Included in the overiLlL mod~ are: (i) a model for the feed 

hopper, (li) models for the solicis conveying,melting and melt conveying 

zones',in the extruder,'screw channel, (iii) a model for the melt flow in' 
, . 

the die section and (iv) ,a prediction of the extrudate swell at the die 
-' , . ',.... 

eXit. 'For'tbesol:i,as 'flow in the feed' hoPP& and theextru9er screw 
.. ,r 

channel, existing models reported in the literature, have been utilized 

~' 

. : 

a:fu:I put to work. For the melting zone, ~rls m~~~ model has been' 

modified and a n~w' ineth~ O~,..SOlUtiOn' has been developed. A ' fim t~ 7 
:t, • 13-336 
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differenqe solutien bas - been deve1eped to describe the nen-Newtonian 
, .. 

nonisothenna.l develeping' melt flew in the screw channel and die sectien • 
• . , Ill> • 

.~ 

A tanperature and shear rate dependent viscosity relatien is utilized in 

the melt' ,flow roodels. Viscosity measuranents were perfenned on the 
~ 

Instren capillary rheaneter fer each ef the polymeJis ~studied~ Finally, 

a corr~latien develeped fran extrudate swell theory fer capiliary 
, 

viscaneters 'bas been used to predict the 'swelling ef the '~xtrudate 

anerging fran the extruder' die. The predictive correlatien also 
~ 

incorporates extrudate swell measuranents fran the Instron caPi~ 

rh~ter: • 

. line ex'truder model, predic,tions a,nd experimental r,esul ts are 

canpared. fer both high- and 1ew-densi ty polyethylene resins ~ssed in 
4 

a 1 1/2. inch (3S' lim) ,di~eter" .24:1 length'ts> diameter ratio., singie 

. :screwj extruder .W:Ltha 3/16 inch (4.76 'lim) diameter c~indrical rod die. 

Experimental' meaSuranentsincltide mass flow rate ef the ,polymer , melt 
0 •• 

preSsures in, the ex:tructer screw channel and in the" adap~, melt 
" 

temperature in the adapter, 'and extrudate swell. at the' die exit fer 
. ~ -

• severiu freq encies- ef screw I'9tatien. However, 'ne melt tanperatures . ,. 

ex:tirl.lderscrew channel, are measured and no. cooling eXperiments 
• ' Q *' • 

are perfenned to. detennine the solid ~e in the 

channel. 'Fer .each ef the -lx>lyin~s studied, it '~~n that the. 

uxilel. predictiens are. verY representative ef the overall extruder , 
perfennance. ·.Ml.ssflow rate, predictiens, and measuranents, vary by 1 to. 3 

. ~-

pereent f~ IDFE and 1 to. 7 ~nt fer HDm; meltpressureprectictiens - , -

and mea.sunnents differ by 12 to. 25 percent fer LOPE and 19 t:027 percent 
b . .' . 

. . 
~, . 

. " , ,; --: .• "::,' ,.: '-:= 

.. 

,.. 

.! , 
.j 

\ 
.1 , , 

, , ,. 
i 
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for IIDPE; n:elt tanperature predictions and measur'anents for the a,dapter J 

differ by 0.7 to 1.6 °c for LDPE and 0.3 to 5.1 °c for IIDPE; extrudate 

swell predictions and measuranents differ by ,2 percent for LDPE and 10 

.percent for IIDPE. Additional n:ea:sui-anents of melt pressure, tanperature 

and solid bed profile llUuld be very useful in further evaluating the 
''V " ' 

extruder model predic:tions. 

Several steps may be taken in the' future to redUce tlie difference 

between tbe mod~, predictions, and experimeIi.tal n:easuranents. These 

include possible improvanents to the extruder model and the utilization .' , 

of more accurate polymer prOperty data. ,It, may be p:>SSible in the 
. . iJ. 

'_ future ~~e :ru= present eanputer model by introd~ing ~provan~ts 

to the individual sulm:x:lels,especiallyfor the solids 'conveYing and, 
. 

,melting sections. However, to improve theise sulxnodels we need IllQre-

dir'ect ~xperimental evidence on what exactly happens' in these 

subsections. 'Such info~tion is~ot available presently. It should be 

'not~tbat each time a. modification is introduced to "an individual 

sulxnodel, the canputation time :&quiranent for the overall mod~l may be 
~ 

incre8.sed significantly. The' additional, canputa tiOD time required is' a . 

key factor,' to be considered when evaluating possible improvanents to the . , 
,individual sulm:x:lels. In the present extruder model, the best, available 

pol~¥Opertjr ~ta are us~. ' However, it is shown in this study' ~ 
, snail, changes in the values of saoo properties such as the d~C ~ 
, coefficients of friction of the polymer solid have a significant effect 

. , 

on the Predicted perfonnance of t.he extruder. 
I 

Improved methods in 

determining "these proPerties are a necessary step to obtaining better 

r ? 
.. 

! 
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'j , 
1 
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I 
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predictions fran the ertruder model. 

In the developnent of the present extruder model an enphasis is 

placed on the extrusion of low- and high-<iensi ty polyethylene resiils. 

When' the extrusion of other polymers such as polypropylene, polyvinyl 

chloride, polYCarbonate or nylon is considered, it is eXpected. that sane, 

adjus1:l;nents my be necessary in the extruder model, . especially with 

respect to the solids flow· and melting mechanisns of the polymer. Due 
.' ' 

,to the modular s'truptureof the present extruder model, .such cb~,~,~es to 

the individual sulDx:idels can be ,easily implemented. 

In conclusion, several' areas of furtl1er study my be considered • 

. It is recognized that the effectiveness of any process simulation 

depends on the accuracy of the input data to the process model. To 

ensure .en adequate level of polymer property data required in the 

overall extruder model,measurement techniques for the variouS .polymer . . . 
material properties should be ·.further investigated and simpler methods 

developed for. determining such properti~s in the laboratOry (as is 

already done for mel t ~scosi ty and extruda te swell). Also , !lX)re 

measurements of pressure, tanperature and solid bed profile shOuld be 

carried out on ertruders of varying size and design and for different 

types of polymers so that the present as well as more sophisticated 

models for the different subsections can be evaluated. These areas of 
. j 

investigation would form only a small frructionof the ongoing work in 

polymer research to better understand the mechaillsns and processes. 

involved in polymer extrusion •. 

• 
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APPENDIX A 
, , 

A'SHAPE FAcroR IDENTITIES 

" 
The analytical expressions for the Newtoliiim shape factors F d and 
'. . ~ . . I 

Fp for pure drag and pure pressure .flows are given respect~vely as, 

(+04) : ., 
H ,l6W 1 nllH 

Fd (-W) = -3 l: -3 tanh (21'1 ) 
, I.llln=l,3,. :,' ,. n 

(A.I) ,-

, \ .< 

.) ..•.. '~ 
. . 

<> " /' • 

",'Fp (~) =1 -192 H5' ;:. ~ ,L tanh (~W) 
, WlI n=I,3,... n5 .' 

. '" 
'wh;re H and~ are respectively, ,the ,channel depth and 'width, 

r :_ ~. .. 
J) 

. ShaPe 

factors for w.r:i~ channel ~t ratios. (H/VI) are given in Table A.I 

where it can bEi"see~" ~t 'the following identities hold: ' 

... , 
\(A:~)· \: ''c 

, , (A.4) 
" . ' 

" 

. "", 

.<> These identities have'-p.ot ~n .realized by ~,.anyone else prior to t1;.rl.s 
.: -·r 

, P study. In this appendix proofs for the above identities for drat and 
. ~ " I". 'to "". . .' . 

, ; 

pressure flow. shape factorS :are' presented. . . .' , . . 
.' 

.' . 

! 

I 
/ ' 

:'. / 

V:~·· 

, .'. 

. The proof given below for, the identity in Fq.A.3 isd}le to 

Kovarik and Davison (53). 
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Table A.;t, Shape faCtors' for drag and pressure flOlV :in a 
rectang1,llar cba.nI\el • 

. , 

, , 

, . 
, 

" HjW, . . . 
, ' 

" 

. 
0.20 0.50 1.0 2.0 5.0 

1/ 
. , l 

, , \... 
Fd '" 0.891447, ,,0.729584 0.499999 0.270415 0.108551 

, 

Fp 0.873950 0.686045 0.421731 ' 0.171511 'O~034958/ , . 
'" "'. .. .. ' 

• ,..z' 
,. , , 

( • . ~} , 
" , . " ',i' '.." '.,. 

'/ '~ , ~ , r- .. 
~ . 

~ , - . . • .. 
• 

.... 

, , 

. 
-: ' 

, . 

'. 

• 
t .. 

", 

'~ -, 

... . ' 

. ' 
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Theoran 

" co ' " 

If f(x) ,=l;'l: ' ' , !.:. tanh (n;x) 
1I,X n=1,3, ••• ~, 

.\ '. 

ad' 
_16 'l: 
- 1I3x n=Q 

,1 tanh [(20+1) 1Ix] 

(2n+1) 3 2 , 

then f(x) + f (~) = 1 for x £ R 
~ 

H 
where x = W 

• 

The Series is absolutely convergent for real x since, each term is 

daiti.nated by: 

; . 1 = 112 , 

n=O (2n+l)2 8 
(see Ref. (66a), FOI'lIl1.ila A.b.3) 

Since 

then 

'" 
tanh z = 2z l: 

.1 ' 
(see Ref. (66b), FoI'l!l1lla :t.6.) • 

k=O (2k+1t1l2 +z2 

<D 

tanh [ (2n+12) 1I,x]. '4x 2 . ___ ~1=---_--=----". 
- - = "iT .( n":l) l: . 

.k=O (2k+1)2+(2n+1)2 x2 

'" 
f(x) =lr l: 

, 1Ixn=Q 

iii 
"!?" 

. 1 3 tanh [(2i:i+1~ 11~] 
(2n+1) . , ' 

.;. 

, 

, 
" '-'r 
i 
r 

1 
I 

I 
1 
i 
\ 
1 
\ 
i 
I 

l 

• 

,-< 
~, .. '-' 
t , ... ~ 



. 
V/ O "" . 

.' 

, . . 

".,~ -~,,'._ ••• -_, .. "."'C"-' •. -... , ...... ~,- .. 

., ., 
=64 l: l: , 4 

n=O k=O 11 

., ., 
1 64 \ f(-) = - l: l: 
x- 114 tFo k=O -, 

\-., "', _64 
l: l: \ -4"' 

:11 n=O k=O 

o 
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1- 1 

(2n+1)2 (2k+1)2+(2n+l)2 x2 

1 -- 1 

(2n+1)2 (2k+1)2+(2n+1)2/x2 

1 x2 

(2n+l)2 (2k+1)2x2+(2n+1)2 . 

~. 

• , 
= §:L ~'~ [' 1 + ;.][ 1 ] 

. 11
4 n=O k=O (2n+1)2 (2k+l)2 (2k+l)2+(2n+l)2 x2 

., ., 
= ~4' l: l:! 

" n=O k=O (2n+l)2 (2k+1)2 

64 112 2 
- .!'=1 -4" 8" 8 

11' '. 

. (j ."". '. 

,. 

' . 
. ...c 

y 
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~., 

Pressure Flow '~~ 
. . t, - ," 

The identity given iri1Eq·.·A.4 was suggested by Tadnx>r (109) and tli~ . ' ,);;,. . 
proof given below is s~arto the one for drag flow. 

Theoran 
----- .. 

If f(x) = 1 - ~ 1: 
11 n=1,3, •.. 

.. 
= 1_192x 1: 1 tanh [(2n+l) 11] 

115 n=O (2n+l)5 , 2x 

for x e: R 

: ',R .. ~ 
---.;. where x = W 

,Proof 

II 
rp.e . series is absolutely convergent for real x since each' term is 

daninated by: 

.. 
1 

2 
1: 

11 =-
n=O .(2n+l)2 

8 

and .... .; 

.. 4 
~ 1 _,11 
.. . 4-96" 

n=O (2n+l) . 

.. 
Since tanh z = 2z ,1: 

k=O 

(see Ref. (6Gb). Formulas A.b.3 and A.b.5) 

~2k+l)~1!; + z2 

... .,-. 

f . 

1 
I 
\ • 
i 

• I 
{~ 
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.. 
tanh [(2n+1) -11] = 4nx 1: __ ~1-;:--__ -= 

2x 11 k=O (2k+1)2x2 + (2n+1)2 

.. 
f(x) =.1:" 19;X 1: 1 tanh [(2n+l) 11] 

d1l n=O (2n+1)5 2x 

2 .. .. 
= 1 - ~ 1: 1: 1 -_-ri1:.r---....,. 

11 n=O k=O (2n+124 (2k+l)2X2 + (2n+l)2 

= 1_ 768 
.. 6 

11 

1 1 
1: 1: 4 2 22 

n=O k=O (2n+J.) (2k+1) + (2n+1) x 

1 1 1 768 .. .... 1 1 
2" feX-) = 2" - 62 1: 1: ----,F----n.." 
.x x 11 x n=O k=O (2nt 1 ) 

4 
(2k+1)2 + (2n+l)2x

2 

Write • 1 1 f(x) = -. f(-) 
2· x x 

1)0 ,-

• 

"'-

.' 

/ 

• 

" 

, . 
j 
I 

1 
I. , 
i 
.'1 

. ·1 
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"-
2' 1 "768 .. '" 

1 -: x2 = ,,6 n~ ~ 
[ x 

(2n+1) 4 , 

" 

< 

, " 

: 

.. .. 
=7~ 1: l: 

4 4" 4 
[x (2k+1) -' (2n+1) 1 [ 1 1 

4 4 2 "2 2 2 
" n=O k=O (2n+1) (2k+1) x (2k+1) x· + (2n+1) 

= 768 
., .. ~~2k+122 - ~2n+122 
l: l: 6 (~n+1)4(2k+1)4 x2 ", n=O k=O 

., ., 
768 l: l: 1 

= ,,6 
n=O k=O (2n+1)"\2k+1)2 

'-, .. ;,. 
768 l: l: -T 
" n=O k=O 

., ., 
l: ~ 

n=O k=O 

• 

1 

.. 
768 

.. . 
-6 l: l: 

" n=O k=O 

" .. .. 
, 768 
- l: l: 
- ,,6 n=Ok=O 

768 ,,4;,2 1 
, = T . 96 • 8 (1 - 2") 

" x, 

1 
= 1 - "'"2' 

x 

1 , 

' . 

'Q.E.D. 
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.,APPENDIX B 

, , CAlClJIATIOO OF THE Fl.a'{-AVERAGE (BUlK) TIMPERATURE 

In developing flow situations it is carJlX)n to' represent the 

,temperature field at a given distance in the down chanpel'direction by 

, sane average tanperature •• ' The flow-average, (bulk) tanperature which 

represents the temperature of the fluid if, it were well mixed is given 

as follows: 

H 
f vz(y,z) T(y,z) dy 

T '= ,.0 • 
bulk,z :,' H 

f vz(y,z) dy 
o 

(B.1) , 

. "'::-

where vz(y,z) and T(y,z) are the down channel velocity and teiIperature 

Profiles at a given 'location z in the flow channel and H ,is.the channel 

depth. 

In sOme 'regions of melt. flow in the screw. channel, a 1(raction of 

the, down channel vel~ity profile may be negat:i~ as shown in,.Fig. B.!. . , 

For such a velocity profile, Fq. B.l can result in ,a poor representation 
~ . . '" . 

of the average t~ture especially when the flo\v'rate in the negative 

direction approaches that in the positive direction. For this situation 

it is'preferable to define the 'bulk temperature as: 

, , 
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Fig. B~l Down channel-' velocity prOf~w1ng 
"backflow". Vbz is the down channel 

,cCIIlpOnent of the barrel velocity' and H is the 
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screw channel depth. 
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H 
J ,IVz(y,Z)1 T(y,z) dy 
o 

Tbulk,Z = -=~H~--------------
J IVz(y,Z)1 dy 
o 

-, 

(B.2) 

In Eq. B.2 the bulk ,tenperature depends not on the direction of f19W but 

only on the1ilagnitude of the down channel velocities andtanperatures at 

various points in the y-direction. It is possible to use other fcmns of 

average tE'mperature as alternatives to the form given inEq. B.2. One 

such representation is the ar~-average (or volume-av:erage) tenperature 

which is defined as: t..---_ 

, 1 H 0 

T = -H. J T(y,z) dy' 
avg,z, 0 

(B.3) 

The direct~on (or ml.gnitude, for tl?B-t matter) of the down channel 
r 

velocities do not affect the value of T in Eq. B.3. 0) 
. avg" " 

The bulk,tenperatures (Eq. B.2) and area-average tenperatures (Eq. 

B.3) are canpared in Figs. B.2, B.3 and B.4 for typical flow conditions 

in the feed, ccinpressionand metering sections of a ~rew extruder: (see 

App G.3 for polymer properties and ,processing conditions). In the feed 
<\ '. • 

section where there are' sane negative velocities (see inset in Fig. '. . 

• 
B.2), the area-average tenperature is considerably lower ,than the bulk 

r " 

tenperature. In the metering section where an the v~i~ities.are 

,positive (see inset in Fig. B.4), the area-average and bulk tenperatures 

are alloost indent;"cal. However, no conclusions should be drawn fran 

this, since for differenttenperature boundary conditions the, above 
.:.... • .f <J '. ~ . _.0 .. ' 
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FEED SECTION (NO CROSS CH~NNEL FLOW) 
60 RPM TSCR=TB~R=180.0 C (NHITONI~N) 

Vbz 

.' 
1.0 2.0 5.0 

NO. 

, 

6.0 

Fig •. B.2 Ccmparison of bulk tanperatUre and area- rage tanp~ture 
pfofiles for. the feed section of an extruder~~. Polymer 
properties. screw channel . dimensions and extrlXier operating 

-conditions are given in App. G.4 •. Velocity profile 'is shown 
in inset; .. 
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Fig. B.3 Ccmparison of bulk tanperature and' area-average tanperature 
'. profiles. forthecanpres.!'ii0It set£ion of an extruder.' Polymer 

properties. screw channel dimeIlsions and extru::ler operating 
Cl)nditions are given iIi App.G.4. 
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, METERING SECTION (NO CROSS CHI=lNNEL FLOW J 
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Fig. B.4, Conparison of bulk, tanperature and area-average tanperature 

• 'profiles for the iootering section of ,an extruder. PolYirer 
propel1;ies,' screw chaimel dimensipns a.nd extrOOer operating 
conditions are given in App. G.4.' Velocity profile is shown 
~n inset: . 
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r 

trend is not necessarily the same. / , ' 

Finally it should be noted that full tanpe!'8.tUre profiles are 

calculated in the extruder screw channel, and thiLt these calculations 

are not affected by any choice of an, average .tanperatiJre. Thus, there . . 
is 'DO problan of a fundamental nature in representing the tanpEiratiJre 

field by an average value. The choice of an appropriate form of aver:age 

tanperature is just a matter of deciding ·which average :~ue will 

hopefully be close to the one measured by, a thermocouple placed in the 
, . 

flow channel. U!5ing this criterion, it is concluded that the 
, 

f~ow-average (bulk) tanperature (Eq.' B;2) is a better representation of 

the ave:rage tanperature, in the extruder screw channel than is the 

area-average (or volunHverage) tanperatiJre (Eq. B.3). 
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APPENDIX C 

Sl!MMARY OF FINITE DIFFERENCE EQUATIONS IN THE 
~ 

NON-NEW'IONIAN OONIoorHERMAL DEYELOPINi FlJ!If M:lDEL 

FeR THE EJrnUJDER' SCREW aIANNEL 

Fig. C.l Finite difference grid for the feed section 

Continuity Equation (integrated fom) in X-direction 

1 
'f VxdY=O 

0, 

Manentum Equation in X-direetion 

_ ~ ilP'+ a2.vx + !!l avx = O' 
. Cpm ax T) ay2 ay ay-

" 

C-364 

(C.l) 
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(C.2) 

; ." , 
" 
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'Finite difference equations: 

= 0 

'ap 
(-t! +1) Vx 1 - 2Nx .. + (5m+l) VX""-l n - am (ax) = 0 m m- tn m,n W' , n 

(C.3) 

, '. 

o 
VxlJl' + 4VL. + 2Nx.... + 

, / ,n. -~Jn .~Jn .. 
k 

where am = n mCp (6y)2 
m,n m 

Continuity Equation (integrated form) in Z-direction 

1 Q 
f • Vz dY = W H V 
o fob 

(C.4) 

where Wf and Ho are resPectively the channel width and depth in the feed 

section. , 
Manentum Equation in Z-direction 

(C.5) 

, 
• , 
1 
! 

! 
: 
; 
i 

1 
! 
! 

i 

. '.:-



, 

'- I 
~.) . 

. ~ 

Finite difference quations: 

o 

VZ1/ n + 4Vz2 n + 2Vz3 + 
/) ~ J ,n 

where 

Energy equation; 

(an~ 
ay 

n V 2' 
b 

.. 

m,n 

Finite difference equations: 

...•. ~.-~-.----

C-366 

• 

.- ' 
, , 

• 

(C.6) 

, Vtyz,/V
b 

+ 4Vz.. + Vz.( = 3M Q . 
. 1'4,n / 1'4+1,n ~ 

(C.7) 

\ . 
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.. 
C-367 

s , 
sc 

~61;f + (°+2) 6 6 A_ + Y ~ / ,n " 2,n - 3,n = --.:,n-1 2 

-6m-1,n + (6+2) 6m,n - 6m+1,n = ~,n-1 + Ym 

6 
/b 

-6M 1 + (e+2) 6M - 6M 1 = ~- -1' + YM - ,n ,n / + ,n -14,n-

.r '\n,n-i = 8m-1,n_1 + (6-2) 6~,n_1 + 6m+1,n_1 

2 e = 2(llY) Vz ' 
.tJ.Z avg,n 

• 11 v. 2 
Y = 2(tJ.y)2. m,n b 
m, '- ~Tme1t 

2 '2 
[ (avx) + (avz) 

ay ay 
mS.n min 

C.2 Compression Section 

y 

·Lz 
_-¢)-----<;>--m 

_-o-----<jr--- m-1 

n-l n 

---------- r 

Fig. C.2 Finite difference grid for the canpression section. 

(C.S) 
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!,:.. 
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Continuity Equation (integrated fom) in X-direction 

1 
! VxdY=O 

o 

Marentum Equation in X-direction 

Finite difference, equations: 

o 

a2y-x ~ avx] _ a 
11 2 + ayay -

ay 

(-132+lyV~1,n- 2V~,n + (S2+1 ) V~,n - (12 (~) n*= B2 ,n_1 

o 
vx1'" + 4VlCA + 2Vx.. + /,n --..::; ,n --.j,n 

(c.g) 

, (C.10) 

where B, = (e6 -0) Vx 1 1 + 20Vx 1 - (eSm+o) VXm+1,n_1 m,n-1 m In- ,n- m,n.,. 

S' = ~ (an) C~l) 
m 11m,n* W m,n* ~ 
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H 2 

cS = (If-) 
n-I 

H 
E = n 
~ 
n-I 

• 
The shear rate Ym,n* used in the caiculati'on of the viscosity nm,n* is 

given by: 

I avx 2 av 2 . 
[ ( ) + (a x). ] . Ym,n* = 2" ay y 

m,1l m,n-I 

av 2 av 2 
+.!. [(-2.) + (-a z). ] 

2 ay y m n-I m,n J 

(C.12) 

Continuity Equation (integrated form) in Z~ection 

I . Q 
J VzdY.=W,.HV 
o c b 

(C.13) \ 

where W and H are respectively the local channel ~dth·and depth in the c ._. 

cqnpressionsection. 

Manentum Equation in Z~ection 

(C.14) . 

Finite difference equations: 
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ap 
(-a +1) Vz 1 - 2Vz + (6 +1) VZm+1 - a ('Z) = C 1 m m- In m,n m ,n m a n* m,n-

o 
vz

1
-11' + 4Vz2 + 2Vz

3 
+ ••• 

/ ,n ,n ,n 

(C.15) 
aP 

(az) = CM n-1 
n* ' 

where o 1 = (e6 -0) Vz 1 1 + 20Vz· 1 - (e6m+O) VZm+1,n_1 m,n- m m- ,n- m,n-

! 
H 

o = (_n_) 
H· 1 n-

I 
Energy Equation 

2 

Finite differenge equations: 

I 

(C.16) 

." 

( 

. , 

" , .. 
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esc 

-ell . + (6+2) 82 - 83 = D2 1 + Y2 / ,n ,n,n ,n-

-8 + (IH2) 8 - 8 = D + Y m-l,n._ m,n m+l,n m,n-l m . 

8b 
if 

-8M 1 + CS+2) - ,n 8 - 8 = n. + y M,n / M+l,n -M,n-l M 

where Dm,n_l = 08m-:-l,n_l + (S-2o) 8m,n_l + 08m+l,n_l 

(t::'y)2. Hn 2 
S - () (Vz + Vz ) 

,- 'til, if" avg,n avg,n-l 
o 

H 2 
<5 = (_n_) 

~-l 

2 2' 2 2 

(C.17) 

[c:iX) + (:iZ) + <5 ·(:iX ) + <5 (!iZ) 
m,n ' m,n m,n-l' m,n.,.l 

C.3 Metering Section 

y m.l . 

Lz m 

m-l 

. n-l n ~ 

Fig. C.3 Finite difference grid for the metering section. 
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Continuity Equation (integrated fonD) in X-direction 

~ 

1 
J Vx elY = 0 
-0 

Manentum Equation in X-direction 

k H 2 2.. _ 
_ _ In_ (ex) ap ~ + l!l aVx = 0 

Cp.H ax +n a-.9. ay ay mOe r 

Finite.difference ~~tiOns: 

• 

o 
~ 

VX1 n + 4VXz n + '2Nx3 n + 
/ J J , 

.. Vbx/Yb 

+ 4Vl1.!,n + ~l1.!~,n ='0 . 

k H 2 
. where ,,= m (~) 

m Cpm nm,n Ho 
(l1y)2 

(C.l8) 

(C.20) 
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Continuity Equation (integrated form) in ~tion 

"1 .... Q" 
f VzdY=W H V 
"0 m ex b 

(C.21) 

where Wm and Hex are respectively the channel width and depth in the 

metering section. 

Marentum Equation in Z-direction 

2" 
ap aZyz an avz 0 
az+n-:r+WW- -ar " 

Finite difference equations: 
o 

(-a2+1yV:1,n - "2VZ2 ,n + (82+1) VZ3 ,n - a2 (:~) = 0 
n 

o 
;( " 

vZ1 + 4VZ2 + 2Vz3 + / ,n ,n ,0. 

where 

8' - flY 
m - 2 n 

~ m,n 

2 

(C.22) 

(C.23) 

': ... '. -' 
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Energy Equation 

H 2 

(rr.) 
o 

2 V 2 2 2 
as a 6 11 b [(avx) + (avz) ] 

Vz -a z = -3 y2- + ;::~--;;;T=-me-1-t 3 Y , ay 

Finite difference equations: 

where 

, 
8sc 

-6
1
/ + (fl+2) 

/ ,n 82 ,.n - 63 ,n = E2',n_1 + Y2 

--<l 1, + (fl+2) 8 - 9 = E' + y m- ,n !II,n m+1,n m,n...,1 m 

, 8 
, .., b 

-8M 1 + (fl+2) - ,n e - 8/' = R_ + Y 
M,n / M+1,n 14,n-1 M 

~,n-1 = 8m-1,n_l + (fl-2) 8m;n_l + 6m+l:n_1 

2 H 2 
fl' = 2(~Y) (ex) Vz 

!J.. ~ avg,n 
0' 

11 V 2 
Y = 2(!J.y)2 m,n b 

m ~Tme1t 

2 2 
[(3VX) + (3VZ) ] 

ay m,n 3Y m,n 

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

, (C.25) 

. "'\ 
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APPENDIX 0 

DERIVATION OF TANNER'S ElITRUDATE SWELL EQUAl'ION 

In 1970 Tanner (115)' published a paper on extrtxiate sWell and 

showed that for an extrudate anerging fran a eapillary of diameter Dthe 

extrudate swell dID is given by: 

N 2 1/6 
% = [1 + i (2;'w) 1 

w' 
(0.1) 

where N1 ,w = ('11 - '22)w 

= first normal stress difference.at the Wall • 
'w = shear stress at the wall. 

--
Versions of Tanner's theory have been pre~ted by White et al.' 

(42,125,126) and Pearson ang., Trottnow (91). A recent review by 

Vlachopoulos (121) S\lIIIlarizes many other v.orks on this subject as well 

as the experimental results up to 1980. -
In this appendix a' detailed derivation of" Tanner's equation 7s 

presenteci •. , While Tanner started fran the elastic recovery of a KBKZ, 

fluid,l a Maxwellian type constitutive equation along with simple 

assumptions are used here. The results are shown to be identical to 

those of ~er. 

1 Kaye-Bernstein~KearsleY-Zapasfluid (50); _ 

0-375 

,. , 

; ;-: 
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Basic-Assumptions . 

. We have a. long Capillary as shown in Fig: n.i. 'lb.e flow is of 

Poiseuille type (pressure flow) in. the eapillary. 'I.'h= we have s:1.IDr>le 

shear flow. ~t the exit all constraints are suddenly rano~ and the 
.' F' 

. -
stress is .brought instantaneously to zero. 

instantaneous recovery will -be idetennined. 

• Constitutive Equation 

. "' . 
. _..; =' - pI + f m{s)-s"'lcis 

o 

= 
where a = stress tensor 

p = pressure 

m(s) = suitable memo~ function 
= 
.C = CaUchy strain tensor 

. ( 

c-1 = Finger strain tensor 
.= 

'lb.e swelling due to 
""'!) 

• .,. 

• 

.-. ". 

\ 

-"'to 

, , 
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~. 

vz(r) o d 

Fig. D.l, Rlysical systEm for Poiseuille flow at the exit of a 

capillary die. 
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xt = present configuration (at time 1: = t) 

. x = past configuration 

s = 1: - t 

(Mathanatical note: the repeated index m m signifies S\JIJIlB.tion 

over m = 1,2,3.) 

The following Maxwellian memory ;function is used: 

G -sf). 
m(s) = A e, 

where G= modulus of elasticity 

A = relaxation time 

Inside the capillary' 

(D.3) 

Inside the capillary we have simple shear flow. The coordinates of 

a material ~icle in axial flow must satisfy: 

t ' ' ~ 
z = z + s vCr) = z + yrs' (D. 48.) 

(D.4b) 

or in rectangular coordinates: 

(D.5a) 

(D.5b) 

(9.-5c) 
.-'.' . 

. - .m: 

,- ' 

.. 
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. 

Therefore, 

Thus: 

-1' • 
C

21 
= ys 

-1 -1 
C22 := C33 = 1 

1 + y2, s2 
" . ' 

-1 . 
£ = YS 

0 

• 

D-379 

(0.6) 

. 
ys 0 

1 0 (0.7) 

0 1 

. -1' CI)_f 
::''ubsti tute £ inEq. 0.7 into ! mes) £ dS and expand term-by-tenn: 

o 

~ 

G -s(>.· •. 
! I" e ,Ys ds ,= G Y.>' 
o 

(D,Sa) 
I 

(D.8b) 

\ 

.1 

, 
,.' .. 

! . 
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~ 

G -s/>"· I "I,e cis = G (D.Se) 
o 

.-
Thus: 

. [' + ~2,2 y>.. 

:] , ~ 

I 
-1 • 

J.. m(s) S cis~ G :>.. 
0 

0 

(D.9) 

, . . 
For the material under consideration it is well known that: 

, 

2 
2'12 2 '2 

'11 - '22 = N1 = cr- = 2 G >.. Y (D.lO) 

Therefore, we may write: 

~ ["+N1 '12 

:] I -1 
G m(s) S cis = '12 

0 
0 0 

(D.ll) 

This means that viscometric stress conditions exist inside the 

" capillary. (It should be noted that for this ma.teria1 the second normal 

stress difference '22 - '33' equals 0.) 

SuPPOsition 

The fluid has a viscanetric history up to time' t -. Then a sudden 

strain ~ui-s, fo~loWed by rigid body mtion at time t +. If we apply 

. the material constitutive equatio~ for the instant just after the jump, 

then we should have: 

i 
I, 

I , 

·'·,r, 



/ '-

= =.. 1 
o = - pI + f m(s) ~~ cis 

o 

where 

o 0 

l
ax. ax. ,. 

C- = ~ -----l . 
( 0 )ij ax~ ~ 

r 
D-381 

(D.12) 

• 

The'subscript/superscript 0 refers to t+ = 0 ou~ide of the capillary. 

The only st~ss' that might exist here would be 0zz (?r. 0u in tenns of 

the present notation). Thus we have: . 

.. 
. -1 

o· . + P O .. = f m(s) (Co );J' cis 
~J ~J 0 • 

o· 0 ax. ax. 
='~~(S) a~ ax; cis 

Then, using the chain rule of differentiation, we obtain: 

= f 

. ax~ a~ .ax': a{ , 
m(s) __ --1.._ cis 

a t ax a t ax \ Xk m lr:o. m 

! 
J 

ax~ a0 aX.t axt 
~'Ll' K n (t \t"j,m(s) ax ax cis 

o a~ axn m m 

(D.13) 

., 
I 

(D.14) 



,. 

0-382 

Since the jump to a new state is sudden, the quantity (a~/a~.axj/aX~) 

'should be independent of tinE and can be taken outside of the integral: 

or 

a 0 a 0 .. x. x. 
a .. +po =-.!.---1 
~J ij a~ aX~ 

ax~ 
+ po .. ) -

~J QX~ 
J 

.. a~ ax~ 
= ~ m(s) axtn aXm ds 

Earlier it was stated that, just outside ,the capillary we have: 

0 

:] 
., 

~ -' ["" + p a + pI = 0 p 

0 0 

ThuS . 

or 

, .. 
t tt t 

aXi aX1 aXk aXn 
a --+p--

11 0 o· 0 0 - aX1 aX1 ax. ax. 
. J J 

.... a~ ax~ 
= f m(s) --ds 

o aXm aXm 

(0.15) 

(0.16) 

4 

(0.17) 

(0.18) 

(0.19) 

Heire it should be noted that .the right-hand side of Fq. 0.19 represents 

the viscanetric stress inside the capillary which has been already 

' ... 

~ ,. 
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calculated (see Eqs. D.2 and D.11). Thus we have: 

axi axi 'a~ a{ [G + Nl "[12 0] 
a -- + p--- => "[012 Go GO 

11 ax? axo
l 

... - . ax'? ax'? 
1 . J J 

(D.20) 

Next, we must obtain a relationship for the left-band side of Eq. D.20 • 

. According to Truesdell (118), the most general axisymmetrical 

(non-twisting) deformation possible in· an incompressible solid rod is of 

the form (for volune' preservation): . 

t o' . z 
z ="2 + g(r) . 

a 

at = eO 

where l/a = S\vell ratio of cylindrical rOd 

g(r) =. shearing defo~tion. 

(D.2la) 

(D.2lb) 

(D.2lc)· 

In Eqs. D.2la to D.2lc, the left-band side represents the solid 

configuration at time t - (still. inside the capillary whereas the 

+ right-band side represents the solid configuration at time t (just 

outside of the capillary). Equations D.2la to D.2lc may be written in, 

rectangular coox:dinates as follows: 

(D.22a) 

(D. 22b) 

' . 

.. . , ,.' .... 
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Calculate 
a~ 
ax<? 

a~ 
--=u o aX3 

a~ 
--= g' 

o aX2 

J 
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(D.22c) 

./ 

(D.23) , 

... 
to· The ranaining terms of a~/axj are equal to zero. Therefore, we may 

write: 

(D. 24) 

~+ . 4 (g' )2 ag' 0 

a~ ax~ 
a 

. ag' .2 0 --=> a 00 aXj aXj 
0 0 

2 
a 

(D.25) 

, 

~ f 

, 
t 

j 
;, 
• 
~ , , 
; 
I 

1 
1 , 
\ 
i 

, . 
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Substituting Eq. Q .• 25 into Eq. D.20, we obtain: 

1 
4 all 0 0 [\ ~ 'nn2 ag' 0 G + N1 '12 a u 

0 0 0 +p. ag' 
• 2 

0 a = 
'l2 G 

0 0 0 0 .0 
2 0 0 a 

Fran Eq. D.26, we may write the f0D:0wing scalar equations: 

1 + (1 + ( ,)2) -_ G + N 4 all p 4. g 1 
a a 

. pu2 = G 

Fran Eqs. D.28 and D.29, We obtain: 

p = G
2 

u 

~bstituting Eqs. D.30 and D.31 tnto Eq. D.27, .we may write: 

", . 

1 G 
- all +
~4 • .".6 

"" 

, 

0 

0 

G 

(D;26) 

-i. 

(D.27) 

(D.28) 

(0.29) 

(D. SO) 

(D.31) • 

(D.32a.) 

, 
(D.32b) 

:".,.' 

. . 
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2 
1 G' '12 
"4 °11 + 6 = G + N1 - G 
a a 

0-386 

(D. 32c) 

Integrating over the capillary cross-section (fran r = 0 to r = R = 

D/2) , we have: 

and 

2 
R '12 
f (N +G--)rdr 
o 1 G 

R 
f G r dr 
o 

(D.33) 

1/6 

(D.34) 

Note in Eq. D.34, thit N1, G and '12 are variables expressed in terms of 

the variables inside the capillary. Using: 

(D.35) 

(D.36) 

. we write Eq. D.34 as follows: 

. N. 2 1/6 
extrudate diameter = s! = [1 +.1. ( 1,w) ] 
capillary di~ter D 2 2,w 

(D.37) 

Q.E.D. 

/ 

'. 
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APPENDIX E 

EXPERIMENTAL RESULTS 

1.' Union Carbide DillY 4400 LDPE 

Barrel tanperature profile: 163/179/196/196/196
o

C 

Screw speed, rpn P1 , kPa P2 , kPa P3' kPa 

40 13697 . 8274 3447 

60 16777 9997 4183 

80 18869 11376 4711 

; ...... 
Screw speed, rpn G, kg/s diD 

40 1. 911xl0-3 1.558 

60 2. 948x10-3 1.584 

80 3. 968x10-3 1.621 

(a) Location of pressure;md tanperature measuranents: 

(i) P1 at 17.2tY'screw turns 

(ii) P2 at 22.59 screw t= 

. (iii) "P3 at 7.563 em fran adapter entrance 

(iv)T at 11.~73 ail fran adapter entrance 

T °c , 
c 

197.8 

201.1 

202.2 

( 

d*/D 

1.646 

1.674 

1.713 

(b) d*/D represents tanperaturecorrected swell ratio (see'Sec. 1,0.2.3, 

Fq. 10.7). 

E-387 
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2. DuPont SCJ.AIR 19A IIDPE 

, 

Barrel tanperature profile: 188/196/204/204/204oC 

Screw speed, rpn P1, kPa. . P2 , kPa. . - P3 , kPa.. 

40 21374 Jr 13789 6136 

60 25809 16203 7136 .. 

80 29142 17926 7963 

Screw speed, rpn G, kg/s ' diD 

40 1. 755x10-3 1.568 

60 2.707x10-3 1.610 

80 
. -3 

3.705xlO 1.647 
'f 

(a) lDcation of pressure and tanperature measuranents 

(i) P1 at 17.26 screw turns 

-
(ii) .P2 at 22.59 screw turns 

(i,H) P3 ad; 7.563 cm fran adapter entrance 

(iv) T at 11.373 em fran adapter entrance 

\ 
"-

T,oC· 

208.1 

214.4 

219.1 

-d*/D 

·1.682 

1.728 

1.767 

(b) d*/D represents temperature corrected swell ratio (see Sec. 10~2.3, 

Eq. '10.7). 

. 

1 

. '; 
I 

l' 
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APPENDIX F. 
. . 

SENSITIVITY STUDY ON roLYMER MATERIAL PROPERl'IES 

The results of the sensitivity study on the polymer material 
~ 

properties as they influence the pi:-edictions 9f the ertruder IOOdel are 

given in this appendix. For a given polye~ylene resin and processing 

-3 
conditionS (IDPE, screw speed = 60 rp:n, mass flow rate = 2.929x10 

kg/S)," each of the ~roperties shown belON were increased by eI: c~t 
in the extruder IOOdel. The following are the resulting pi:- and 

6 ~ 
bulk temperatures as 'compared to Pexit = .• 0 kPa and Tbulk,exit 

= 200.72 °c which were obtained using the polymer properties given' in 

Sec. 11.1, Table 11.1 and shown in brackets (maxinrum pressures in the 
. ~ ~ 

ertruder screw channel are of the order 10,000 to 30,000 kPa): 

Polymer property Pexit' kPa Tbulk,exit' 
o· 

C 

~ = 0.30? (0.30) -5 200.72 

<I = 34.3740 (33.7) 5 200.72 

fb = 0.408 (0.40) 951 200.72 

f s = 0.255 .(0.25) -514 200.72 

Cpm =2646.90 J/(kg·K)(2595) -13 200.64 

Cps = 2818.26 J/(kg·K) (2763) 29 200.72 

. Pbulk = 606.90 kg/m3 (595) 123 200.72 

P .= 794.58 kg/m3 (779) 1359 200.67 .. 
m 3 

-4 200.72 Ps = 937.38'kg/m (919) 

km = O.l8564W(m·K) (0.182). -12 200.69 

A = 132380.7 J/kg (129785) 
I' 

17 200.72 
T - 0 206 200.73· melt -112.2 C{llO) 

~ 

F-389 
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APPENDIX'G 

SCREW ClIANNEL DIMENSIOOS. POLYMER PROPERTIES 

AND HlOCESSING cx)NDITIONS 

G.1 Feed Hower 

Feed hower dimensions 

H1 = 215 11m . 
II:2 = 272 11m' 

lis = 130 11m 

W1 = 460 11m 

W3 = 72 11m 
~; 

ho = 50 11m • 

Ho = 322 om ~ 
a = 35.50 

G.2 Solids Conveying Zone (Figs. 4.5· and 4.6) 

Screw channel dimensions 

~ = 38.1 11m 

L = 38.1 om 

H = 6.1 11m ... 
e- = 6.35 om 

Feed hopper base: 1.59 scl"\3w turns 

.. 

Distance between feed hopper opening and first heater band: 1.41.screw 

turns. 

.------- " 
,".: . 
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Polymer properties 

595 kg/m3 

0.40 

0.25 

Processing conditions 

I 

= . 40, 60) 80 ~ 

' . 
. . . 

, 

.N 
G = 0.001965, 0.002929, 0.003886 kg/s 

= . 1.0 kPa. 

G.3 Melting zone (Figs. 5;4, 5.5, 5.6 and 5.7) 

Screw filiaDnel dimensions 

~ = 38.1 nm I· 

L = 38.1 nm 
/ 

H1 = 6.1 nm 

e = 6.35 nm 

Constant depth channel: e = 20.80 
j-=" 

Vi = 29.3 nm 

. ".~; 

. Tapered~DDel: e = 19:~ 
- . ~. 

-w = 29.5 nm 

A = 6.038x10.,.3 

) • 

•• 

, .,..! 

) , 
i ;. 
i 

I 
i , 

, . 



Polymer properties 

~ 

Cps 

k m 

= 

= 

= 

= 

Tmelt = 

! 
779 kg/m

3 

919 kg/m
3 

- 2595 J/(kg.K) 

. 2763 J/(kg·K) 

0.182 W/(m·K) 

129785 J/kg 

llOoC 
f 

G-392 

., 

,. 

Newtonian viS60si ty:. \l = "1000 Pa· s 

Non-Newtonian viscosity: 

- . 

. ',,·:.2 2 -. 
log n = ao +.a1 log y + ~(log y) t ~T + a4T +-a5T log y 

. . . 

Processing conditions 

N = 40, 60, 80 rpn 

G = 0.001965, 0.002929-,0.003886 kg/s 

• 

'" 

; ., , , 
j 
~. 

, 
I 
I 
I 

i 
I 
I 

I 
I 

I 
I , 
I, , 

• 

""'I, . 

. , 



• 

" 

G-393 

= 

= 

G,4 Melt Conveying Zone I (Figs. 6.p, 6.7, 6.8, 6.11, 6.12, 6.13, 6.1~> 
" 6.17, 6.18, B.2, B,3, B.4) 

Screw channel di trensions 

·e 

Feed ,section: 

-" 
= 38.1 IIID 

= 38.1 lIJI\ 

= 6.35 IIID 

6 screw turns 
. 

H = 6.1 IIID 

6 = 20.80 

Vi = 29.3 lIJI\ 

Canpression section: 6 screw turns 

Metering.section: 

H = 6.1 to 2.0 IIID 

e = 19.~ 
\.," 

Vi • 29.5 lIJI\ 
~~ = 

6 screw turns ' 

H = 2.0 IIID 

/,6 = '18.60 

Vi = 29.8 IIID 

" 



<l 
Polymer properties 

=. 

= 

779 kg/m
3 

2595 kg/m3 

0.182 W/ (m-·K) 

j 

G-394 

( 

Newtonian viscosity: \I = 1043, 856, .722 Pa·s 

Processing conditionS 

" 

N = '40, ~O, SOrpn 

G = 0.001826, 0.002742, 0.003652 kg/s 

To =. ,HOoC " 
Tb = lSOoC 

, l 
G.5 Melt Conveying Zone II' (Figs. 6.22, 6.23, 6.24, 6.25) 

f 

Screw channel dimensions 

e 

Feed section: 

= 38.1 IIm 

= 38.1 IIm 

= 6.35 IIm 

12 screw turns 

H = 6.1 IIm 

e = 20.8° 

·W = 29 .• 3 IIm 

._E'··_O __ _ 

/ 

? 

I 
1 

, , 
\ . 
f 
I 

" ~' . 

• 'r;, 



G-395 

Canpression section: 6 screw turns 

.I 
l 

H = 6.1 to 2.0 mm 

e = 19.-f 

Vi = 29.5 mn 

Metering section: 6 screw turns 

Polymer properties 

P = bulk 

fb = 

fs = 

Pm = 

P . = s 

Cpm = 

Cps = 

~ = 

). = 

Tmelt = 

H = 2.0 mn 

e = 18.60 

Vi = 29.8 mn 

3 595 kg/m 

0.40 

0.25 

779 kg/m3 

3 919 kg/m . 

2595 J/(kg·K) 

2763 J/(kg·K) 

0.182 W/(m·K) 

129785 J/kg 

'. ilOoe 

Newtonian viscosity: II = 1043, 856, 722 Pa·s 

'. 

I 

-. 



, 

0-396 

Processing conditions 

N = 40, 60, 80 rpn 

G = 0.001826, 0.002742, 0.003652 kg/s 

To = HOoC 

Tb = 163/179/196/196/196
o

C 

Po = 0.890 kPa 

G.6 Melt Conveying Zone III (Figs. 6.28; 6.29, 6.30) 

Screw channel d; mensi.ons 

I\, 
L 

e 

Feed section: 

= 

= 

= 

38.1 lIIIl 

38.1 lIIIl 

6.35 lIIIl 

12 screw turns 

H = 6.1 IIm 

e = 20.8° ' 

Vi = 29.3 lIIIl 

Canpression section: 6 screw turns 

Metering section: 
". 

H = 6.1 to 2.0 lIIIl 

e = 19.~ 

Vi = 29.5 lIIIl 

6 screw, turns 

H = 2.0 lIIIl 

"6 = 18.6° 

<. 

\ 



G-397 

W = 29.8 am 

Polymer properties 

Pbulk = 
. 3' 

595 kg/m . 

fb = 0.40 

f = 0.25 s 
779 kg/m3 

. Pm = 

Ps = 919 kg/m
3 

Cpm = 2595 J/(kg·K) 

Cps = 2763 J/(kg·K) 

/ ~. - 0.182 W/(m·K) 
-A ,= 129785 J/kg 

TlOOlt = 110°C 

Non-Newtonian viscosity: 

where ao = 11.7838 

~ = -0.639104 

~ = -0.0112744 

~ = -0.0183449 

a4 = 8.78448x10-Q 

a5 = 9. 66512x10-4 

n = [Pa.s]. T = [oC] • .y = [s-l] 

Processing conditions , - ~ 

;. ... 

N = 40. 60. 80 rpn 

D 



G-398 

G = ,0.001965, 0.002929, 0.003886 kg/s 

To = 110°C 

Tb = 163/179/196/196/1960C 

Po = 0.890 kPa 
• 

G.7 Die Section (Fig. 7.9) 

Flow channel dimensions 

Breaker plate: Ns 
113 

,213 

Adapter: HA = 

WA = 

zA = 

Die: !In' = 

'ZO = 

POlymer properties 

Pm = 

Cpm = 

~ = 

= 65 

= 1'.29 l!IIl 

= l2.2 l!IIl' 

9.53 l!IIl 

19.05 l!IIl 

138.03 l!IIl 

2.39 l!IIl 

50.07 l!IIl 

779 kg/m3 

2595 J/(kg·K) 

0.182 '!I/ (m·K) 

Non.,.Newtonian viscosity: 

where' ao = 11.,7838 

a1 = -0.639104 

a2 = -0.0112744 

r' 



·, 

r 

, , 

G-399 

~ = -0.0183449 

a4 = 8.78448x10-6 

a5 = 9. 66512x10-4 

[Pa.'s], T = [oC] , 
. [s-l] n = y= 

Processing coodi tioDs 

G = 0.001965, 0.002929, 0.003886 kg/s 

° TB =; TA = TD = 196 C 

Po = 4916, 5813, 6529kPa. 
, ° To = 198.4, 199.7, 200.5 C 

" ,.' 

" 




