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Fig. 4-24. A erosshead holds b wine-coating dic and the apersd gusder, |Cmomesy (ummium Chemice] G b

changed while the line continues to produce
wire at high speeds, (See Fig. 4-27.)

When the coated wire 0.0 is measured for
quality control, which iz quite normal in io-
day's wire coating plants, a gauge is placed
after the conling trough to “'look™ at the 0.1,
in bodh X and ¥ oxes. Microprocessers allow
data gathering for statistical analysis and con-
ol and allow accurate “real time' produoc)
knowledge for control of the line, The extruder
speed and the line speed can be alicred auto-
motically by a controller that maintiins the wire
coating 0.1,

Wire Payolt Stasd
Wire Preheater  Crosshead Die
':‘ \ fsilated
Tumnal

Some wine production does not immedianeby
cool the coated wire but involves further hemw-
ing to a point that causes the specil plastic
coating to achieve crosslinking of maolecules,
Thiz crosslinking chunges the propertics so that
reheating to temperatures that normally would
melt the thermoplastic wire coating does not
soften the matenal. The main usage of these
erosslinked products is in power cables, wherne
high voltage electrical transmission creates high
heat levels that the wire must withstand, Some
wiring uscd in gutomobale engine compart-
mends must be crosslinked to handle the high

- Water Cooled Trough

Lt

2

Flg. 4-25,  Schematie of few line frwire coaring, sthawing prehenter hetwecs papoll and die. {Connesy Sstuay Aineriva)
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Fig. 416, Bel i capetan. (Lopnleir Davis-Siangor )

heat levels, The major materials used in these
cable products are crosslinkable polyethviens
[XLPE) and various crosslinkable rubber com-
pounds. These XPLEs amd rubber materials
sontain peroxides (typically) that permanently
alter the material s molecular structure from a
thermoplastic (or nomncurcd mebber) w0 3 ther
mosed type material, after sufficient heating and
residence lime, The heat for curing typically b
supplicd by a steam tube that the freshly coated
cable passes through, The tube 15 split into the
heating portion (steam} and the cooling portion
(watcr}. The tube is sealed ot both ends for the
steam selup, because of the pressurization of
high-temperature steam (250-300°Fr. An al-
Lermuatiee to the use of high presswme steam s o
utilize high tempersture gas curing (nitrogen
typically),

A oprocess getting mone attention over the
past several years involves producing ceoss-
linked cable withowr the peroxide and  heat

Fig. 4-27.

Wire accumulatir. (Comrdery Davie Srandend)
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method, A special additive s introduced w the
pelyethylens in the extreder hopper (& silane
material anc & catalyst developed by the Union
Carbide Corp.}. and the cable insulation 15 ax-
truded and cooled as nomally done for ther-
moplastic wire coating. The Gnished cable 1z
placed in a high-humidity atmosphers for a
timee, which reacts the silame and crosslinks the
couting material

Coextrusion 1= popular in wirg and cable pro-
duction o allow the efficient production of
iy wire constructions. (See Fig. 4-28_) Pre-
viously, many multilayered coatings were made
by passing the cahle through an independent
crosshead for cach layer. The development of
coextresion crossheads allowed the cximision
of several insulation loyers at one time and
coing of the “‘assembly’” on omne extrusion
line. The production of many different colors
on a single extrusion sefup often uses special
coextrusion dies o allow switching of the lay-
crs, to bring & given layer to the outside of the
msulation and hide the previews color inside the
wire copfting, The altermative for a color change
% 1o change the material in the coating extru-
der, which takes longer and wastes wire aowd
coating rnaterial.

Some of the many materials seen in the coat-
ing of wire and cahbles include rubber. polyeih-
yhene, polypropylene, nylon, flucropolymens,
and PV,

Fiher

Fibers have been produced from thenmoplastics
for some fume. The materials wsed in mormal
fiber spinning operations are of lower viscosity
than their Blow molding, profile, or Blown Alm
counterparis. The polymers are extruded a
fairdy high melt temperatures inio a piping
manifeld with a series of mell pumps. Each
melt pump feeds a spinnerette, which 15 a die
with many small circular orfices, The Gne meli
strands produced are pulled from the die and
ool raprdly. As the fibers are pulled fanther
downstrcam, they are onented n the machine
direction o impan good tensile strength. The
arientution is performed by o seres of rolls that
are wrapped by the fibers and have succes-
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A

Fﬁl. 418 Wire and cable conBpusmmisns, (Ceuirtesy
Ihrira-Sramcdard

sively faster speeds, The increase in speed pulls
the fiber and elongates the strunds, smpaning
orieniation in the machine dircction. The many
strands then are spouled on a rack of many ro-
tating cores. Were the sume higher-viscosity
materials as seen in biown film and Blow mold-
ing wsed in the traditional fiber operations, the
pressure resuliing from the small-diameter die
openings would be prohibitive, and the draw-
down ability of the fibers would be reduced,
Soume fiber nperations use a wide slit die (13
1o 30 inches) and cut the strip into numernous
narron ribbens, which subsequently are drawn
down and ormented inte 4 coarse fiber (tape
yum). This method uses somewhat higher vis-
cosity materials than the spinneretie process and
operates at lower tempemtures—more like a
sheet operation than a traditional filer process.
Materials commonly vaed for making bers
include polypropylene, nylon, and polyesters.

EXTRUDER SCEREWS
Extruder Screws (General)

This section will present some ideas about se-
lecting screws for specilic situations and the
design considerations that lead to a sorew's se-
lection. (See Fip, 4-29.) Screw design is a
blend of some basic engineenng, some theary,
and a good amount of experience with the ma-
terial and process in question. Many factors are
invalved in design selection o define a screw’s
overall performance, and most of these factors
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Fig, 29, Thiee emmrusson serews, (Dimefia Dovis-
Srcwmeleara’)

must be defined to set the goals of the screw
design selection progess.

The main performuance poals ane listed be-
Fe T

1. Onipus rafe regrivestends: The amount of
material a screw must deliver usually is
defined as the maximum that the process
can handle when sizing and cooling the
melt into the Onal product, This is de-
fined in well-known terms of ibs/hr.
ft / min of product, s ‘hr )/ rpm, ete. The
use of Ibs /hr /rpm is the least precise be-
couse of the nonlineanty of this number
as screw spesd changes or as die pressure
levels change. The other twi measure-
ments of output are well defined by com-
TN A,

2. Chipur stability (screw pumping consis-
fency): This parameter often is assumed
by the parchaser of a screw o be ensured
by the screw designer. The product di-
mensionl consistency required leads
the levels of pumping consistency nec-
essary. This parameter is cnsily measured
through the use of a pressure transducer
ar the end of the barrel or in the die adap-
tor system. A chan recorder or data ac-
quisitian system can be wiilized to allow
long-temm stability 1o be recorded., A good
measure of pressure variation at the screw
g or in the die system for most processes
would be 0-2.0% (+ 1% orless). A pres-
sure variation level in the range of 2.5-
3.5% would be judped as fair, with some
measurable product variation expected.,

and @ vunation of 4% or hgher 1z above
the acceptable limits for most product
variation allowances. The omput var-
ation can be up to three times as loree a5
the pressure variation, depending on the
degree that the matenal acts hike a New-
tonian Auid in the meli phase, b oypi-
cally the above ranges are acceptad. based
on much accemulated extrusion exper-
choe, An exception to low outpat vari-
ations would include some pelletizng op-
crations, where a 20-40% vanation of
pellel dimension may be toally accepi-
able.

. Melr remperanire level! Mell temperature

15 often the limiting factor 1o an extru-
der’s output performance. The limit usu-
ally iz due to 2 meli-handling limitation,
as the viscosity is reduced by increasing
the meclt temperature or when g tempera-
wire i reached that will stan o degrade
the extreded material. The method by
which this parameter is measured is cril-
tcul to ity usefulmess in defining o screw's
limivations of comparing ke Screw o an-
other. (More information on the measure-
ment of mell temperature is given be-
liwa, )

. Melt remperaiuwre consistency: This pa-

rameter is best measured on a chart re-
corder or with a data aeguisition system
a0 that long-term variation can be accu-
rately defined, The variaiion measured is
a good indicator of the homogencity of
the screw's melr and the degree of dis-
inbutive mixing that has occurmed, A
good melt remperature variation level for
maosl siuations would be 2°F or lower
{£1°F). This would be measured with 2
prihe  protruding an adequate  distance
inde the melt soream.

. Melr guealivy level: The appearance of the

final product usuatly is defined for the
screw designer. This can be based on a
product  smoothness  specification,  the
surface finish (elosz vz, dull), or seme
other gesthetic concem.

. Miving efficiency: Sometimes colors or

the blending of other additives is neces-
sary: =0 some minimum mixing level



must be reached. IF the mixing specili-
cilion i visible, the cvaluation can be
simple. If a nonvisible ingredient must be
emded, product properties may need to
be evaluated to detenmine if the screw s
performed sufficiem mixmg

The szlection of the final screw design wso-
ally must fulfill specifications defined in (emms
of moat of all of the above parameters. A good
understanding of their measurement and eval-
dalion 5 necessary W good screw definition.
One of the most elusive guantitics (o define is
the meelt temperature, The use of o thenmogou-
pe placed in the die adaptor system is & nea-
spanble method, but if the up of (he themma-
couple 15 nod protreding at least one-thied of the
way inlo the melt stream, an iInconsistent bem-
perature is recorded, Flugh thermosouples, as
saen with pressure transducer’melt thermocou-
ple combination devices, thus are nob tnse in-
dacators of melt emperature, Just like mele
temperature, the other screw design parameters
st be well understond w emsure that any val-
ues el (o compare one serew s perfomanes
Io another’s are measured consistently

Serew Types

Many screw designs have been utilized over the
years [or 1he various extrusion processes and
materials. A few of these dessgns are seen in
Fig. 4-30, The best-known screws can be
loosely separated into two categones—oonven-
(o] screws and barner screws. Convendional
sorews usually are single flighted designs with
the flight lead {or flaght pitch) equal o the
serew's nominal diwmeter. This Lype 15 termed
a squarc-pitched screw, and when no mixing
devices are present, it usually is referred 1o as
a metenng screw. Barmer screws arc seen in
many design configurations used in the extrui-
sion pedustry, depending wpon the designer,
These screws have a seeond Aight, which acls
as a meltfaolid separator designied 1o enhance
putput stability and allow higher usable output
performance levels, Like conventionul screws,
barmer serews must be well designed o ensure
that optimized performance i reached and ths
screw design pamwmeters are successfully met.
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Barrler-Maddock Mixing Screw

Fig, 4-Mk Sixn serew confipenatives. (Caarfesy Drins

Sreandirrd Cre )

A poorly designed barmier screw can viekd
worse performance than a well-designed con-
ventional screw. Either screw can give im-
proved performance with the addition of a mix
ing section of minimized shear levels for the
particular matenal and processing conditions
being utilized. (Such mixing devices will be
discussed in a later par of this section.) The
tvpe of screw selected will depend on the per-
formance required and the extruder size se-
lecied, When the extruder is large for o ne-
quired output level, a simple screw usually is
adeguate {conventional metenng or mixing de
sign). Most extruders are not large for the pro-
cess imvolved, so maximum ouipul rates and/
or minimum melt temperatures are regquined
from the screw. This means maximizing scrow
depths [0 penerte a high outpul e al low
screw speeds and low melt femperatures. Max-
imizing screw depths while maintaining good
outpat stability and melt quality 15 typically best
dofe on barrier semews because of their better
melting perfonmance, Ome exceplion o the
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general practice of minimizing melt Empesa-
tures at miderate or high screw speeds ocours
when eatrusion coating or cast film is being
produced, These cases require high melt tem-
peratures to allow adherence of the meli o
some sebstrale being passed through the cool-
ing rall nip poing o just W preduce a low vis-
cority mell o allow very thin sheet gauges, In
general, in the mejority of cases the extruder
should minimize the melt temperature,

Conventional Screws (Metering and Mix-
ingl. These screws wsually inclede a con-
stant-depth feed section. 8 constant-depth me-
ferng section at the output end of the screw.
amd 2 varying-depth transition section connect-
ing the feed and metering sections (see Fig.
4-31). The lengths and depths of the sections
are varied to alter the perform@anee of the serew
to mest given performance goals, There are nu-
merows s¢hools of thought about the optinwum
serew for a given processing sifuation, but
measuring the different screws” performance
parameters indicates the strengths and weak-
nesses of ench design. There has been much
extrusion expericnce With metering and mixing
seTews with most materials, due o the lomg his-
tory of their usage; so a pood design staning
point usually is determined when conventional
sergw designs are desired. Low or moderate
output performance usually is cemain with these
designs; but as the cxtruder is asked to yizld
hugher and higher owipur mtes, work is needed
o select a design that will ensure the output
rate, the output stability, an acceptable melt
temperature, and good melt quality (and pos-
sthly other impomant design pammeters). As

Consiant Depih

screw speeds are increased, the meliing perfor-
mance along the screw becomes quite chaotic
compared to that defined in the earlier section
on melting, and the conventional screw wpi-
cally presents problems in ourput stability and
perhaps melt guality parsmeters. The years of
opiimizations performed with these designs
have led to an armay of screw designs for var
ious situations, with the higher output screws
usually vonmaining mixing devices and fairy
long metering sections 10 control as much as
possible, the melting siteations that cawse qual-
ity and instability problems, This long meter-
ing section design can only be taken to the poin
where the shonened feed section and transition
will edequately convey the solids and carly mely
and ensure completely filled metering Rights.
Some materials (polyethylenes, Aexible PYCs,
cte.) will process successfully with a 3-5-di-
ameter feed section length and a 3-5-diameter
transition section length, thus allowing a long
metenng section (12-17 diameters). The longer
metenng section gives higher shear in the chun-
nels, but that facior 15 offset by deepening the
channel for maximized outpul rates. Screw
channel depths also vary widely, depending on
the material extruded, the length of screw soc-
ticm, and the culpul performance reguired from
@ given extmuder size. Usually. metering sec-
tion depth is based on the screw's output re-
quirersent. This can be roughly caleulated by
the melt pumping equations (drag and pressume
flow equations) given previously. The feed sec-
tion depth then is chosen, based on a factor
called the compression mtio, typically in the
range 2: 1 to 4: 1. The specific value has been
determined for most matenals from the expe-

1\.— L —Y —'.j'—'u'_'\.""— '\."'l,

Fig. 4-31.
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Metering screw desipn. | Cramery Savrs-Smwadand €,




nence of podvmer manufacturers andior screw
Enanufacturers.

True metenng screws {no mixing elements)
usually are used where low or moderate carpue
mics are required from an extruder; mixing
screws are used in high output situations, or
where added mixing 15 desired at lower culput
lewels. A Fairly shallow design (shallow chan-
nel depths) can be made to perform well up w
the screw speed where o melt lemperature limit
is reached. Deepening this design 1 improve
output rtes usoally Jepds o detorioration in
outpat stability {and wswally mell guality) as
serew speeds are incrensed for incrensed catput
requirements. There are some rare cxcepions
i this phenomenon in processing areas wherg
the material = unusually casy o fuse indo ex-
trudable form, such as most tue mbher com-
perienels and some highly Glled polymers.

(¥fering specific screw designs for a given
materml 15 always of questionable valee be-
capse several screws will process a material
spccessfully over a range of conditions, Ogpiti-
mum screw design depends upon the condi-
s on 3 given extrusion line and the perfor-
mance goals {extrsder stee and length, extruder
cooling'heating  available, die pressurcs
resched, materials exiruded, mell empersiore
lewels allowable, etc.).

Table 4-1 shows some designs that may be
obtwined from warous screw supphers for a
given material. These are four screws that
might be specified by various suppliers for pro-
cessing LDPE. depending on the conditions re-
quired on the 2.5 2d4:1 extouder. The first
screw 5 a simple metening serew with reason-
able results ot low o moderate screw spocds
(20-50 rpmi). The second screw will operate at

Tahle 4-1.
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higher screw speeds {(75-150 rpm) with ac-
ceptable quality and wsually reasonable ourput
stability. up to the point where the melt tem-
peraturg limir is reached. The thied screw,
which may or may no be specificd with a
mizer, would also be a modest owput per-
fommer and would have a slightly higher bt less
stable output than screw A, The BD-E-80
length setup i= o typical design offered by nuo-
merous material suppliers and screw suppliems
a3 3 generic'” screw of modest ouiput perfor-
mance fior small extruders (2.5" and smaller)
but is not an exceptional performer comparcd
o the other three serews under most condi-
tions. As die pressures increase (processes with
restrictive dics, such as Blown Alm amd some
small wire coating applications), the simpler
sorews usually exhibil improved outpat stabil-
ity. I die pressures are quite high (6O00—R000
psi), melt temperature limitations often are
reached at Jow screw speeds { 10-40 pm), de-
pending on the materials utilized, and a simple
meterng screw may do an acceptable job.

Barrier Screws.  |n applications where extru-
ders must improve oufput rele, maximize ol
put stability, and minimize melt temperature
levels while mainzining scceptable melt gual-
ity, barrier screw designe are enjoving in-
crensed usage (s2e Fig, 4-32). Barrier screws
arg more difficult o design and are mome ex-
pensive than conventional serews, but potential
performance benefits in production wnder most
conditions wsually justify their use. When
properly understood and properly designed,
these screws make it possible wo maimain good
output stability over wide screw speed ranges
and thus allow deeper channels and better out-

Four possible screw desipns for o material (extroder: 2.5" (63,5 mm)

24:1 L/ D; material: LDPE, 2.0 melt index).

Screw A Serew B Serew C Ferew I
Peod section
lengih (idkas, b 40 S0 e 50
Feal degrth- J33o" 4507 L vy AHDT
Tramsiison: B} n ALy LD [Barmer
secl.)
izt sectbon: 128 1643 Ay &0
Meier depth: Lo _150* 1o~ 180"
Mising 501, Mo Vs Yes Yes
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Fig. 43, Example of harmier serew. (Cowaesy Davks- Seanderd’)

pur rtes ot @ given screw speed. When the out-
pui rate for & given screw speed s maximized,
the screw speed necessary 1o deliver the output
rate requirement 15 reduced, thus redecing melt
temperaiure levels, Altemately, the higher out-
pul rate at o given speed can be achieved at
similar melt iemperamres o those of the lower-
output design. Thercfore the barrier screw typ-
ically offers lower melt femperaiures or higher
ouEpa rates or @ comnbinagtion of the two parm-
eters. Barrier screws have a feed section and a
metering section, as with conventional screws,
but there 15 also a barrier section made up of &
second flight designed 1o separte the solad bed
from the melt pool and maintain this confgu-
ration until all (or most) of the material has
melted. The placement of the barmer fight,
barrier section design (width of solids and mel
chanmels), depth and length of feed and meter-
ing sections, solids channel depth, mele clan-
el depth, wind clearance of barrer Dight all af-
fect the screw’s performance. Whether a mixer
will be present and how io design the mixer's
cleamances {shear levels) are also important de-
sign considerations.

There are many barrier screws. on the markes
that are available to the extrusion planis, The
Barrier screw 15 g more complex design 1o man-
ufacture, and i requires o better undersanding
of polymer melting performance to achieve op-

timum results. The extrusion operator needs o
be fully assured of successful operation when
contemplating the purchase of a relatively ex-
pensive barrier screw in an eflon o improve
performunce. Unless the screw is reasonghly
well optimized prior o delivery, thene is some
chamee that a rework for improved performance
will not be possible because of the barmer de-
sign; for example, if the barrer flight is nat
properly located on the screw. Also, a poor de-
sign cannol be casily analyred on most produc-
tion lines because of a lack of proper instne-
memtation. A randosm attempd al extrusion with
it ““stundard”™ barrier screw can lead o disap-
pointment and wasted production fime,

Two Stapge (Venting) Screws.  When it is de-
fermined that a vented extreder is required., the
serew design requines some special considera
tiones, whether o conventional screw or a harrier
screw design is selected. A vented sorew usu-
ally is defined by the number of stages on the
screw. A two-stage screw (see Fig, 4-H0 has
imitial feed, transition {or barrier section), and
meter sections that define the screw's firs
stage, There then 15 a rapid decpening of the
screw Hights 1o form a secondary foed section,
also called the vent section. This is the arnca
where the barrel has an opening to the atmo-
sphere or (0 a wacuum source for removing



modsture, air, andior other volatiles. The screw
then has & second transition and a final meger-
ing section. The vend section, second transi-
tizn, and second meicring section make up the
second stage, The screw operates like tero sin-
gle-stage scrows connected in tandem, which
operate at the same screw speed. The first stage
must operate like n tvpical single-stage screw,
abthough full meliing 0 an exirudable mel
guality wsually need not be reached. The first
stape typically must perform S0-90 % of the figll
melting, depending on the material involved
and the extent of the volatile removal. For ex-
ample, most of the powder fed marerials, which
oaly reguire air remaval at the vent, do not necd
mauch more than 30-70% melung al the vent
for the air removal W be swcoessfully per-
formed. This air removal often can he done
with no need 1o use @ vacuum sysiem on the
verd, On the other hand, when moisiure or
some intemal wolatiles must be removed, a
fulber mell usvally 15 necessary to ensure that
the majority of the volatiles will be removed by
the went vacuum system. These volatiles will
bail out of the melted material more casily at
lower pressures {under vacuwm}, b if @ sub-
stantizl amount of the material passing by the
vent is nod adequately meled, the volatiles will
nod be removed and may show in the final prod-
uct as woids.

A goal of mcressing output rates and de-
creasing melt temperature would lead w deep-
ening the first stage as much as possible and
allowing as much partial melt 1o pass the ven
opening as the venting efficicncy (and fimal melt
quality) of the process permmutied. Should the
screw be designed for full melting at the vem
sectiom, the shear contributed by the second
singe would generate a sizable meli fewpera-
re increase, The parwular matenal being
processed will determine how complete the
melting must be at the end of the firs siage for
a successful extrusion {ie., void-free and of
sufficient melt quality). A screw with two bar-
rel vent openings would be u threg-stuge serew.
The single-vent setup is the mos: popular chokce
by & wide margin, but the second vent of the
three-stage design sometimes is believed desir-
able for more complete volatiles remowal in
sogme compounding operations. Single-screw
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processing would be limited for practical rea-
s0ns o a double-vent sefup, but some special-
1eed twinsscrew compounding extruders can be
designed to have four or five barrel openings,
wsed for venting or additive introduction 1o the
SCIEW.

Ome of the most difficult screw designs, used
to provide pood oulpot stability, is the vented
design. The “two screws™ placed together in
tanderm o make up o two-stage screw design
must nperate at a reasonable oulput balance o
ensure output stabality, On the other hand, one
could see vent Aow from a poor screw “hal-
ance,”" The first stage iz doing the maporily of
the melting and is setting the outpat rate of the
process. The second stage must fake away the
material from the first stage and produce
crnough pressure pumping capability g0 push the
material through the die system and avoid the
cocurrence of vent Aow. Should the second
stage have oo much pressure pumping ability
under an avempled extrusion condition, the
aecond stage would operate with a low channel
fill percentage, which usually resulis in o serg-
mg condition {product dimension variation).
Twirstage screws typically can be designed 1o
operate with 1.5 to 3% pressure vanation at the
end of the screw under a specific condition, that
15, wspectfic mutenal, a given serew speed, and
a given die system resistance (pressurzh. Many
DWo-slage SCrews must operate with some vari-
atton of conditions caused by product mnges
{different dic pressures) and altemative mate-
fials, and must operale over a screw speed
range. These vanations cause the screw design
i b difficult hecause, inherently, there is lim-
wted versanlity in twoestage screws, The use of
an adjustable valve in the die adaptor system
cun offer some die pressure correction if the
second stage is designed with too much pres-
sure pumping ability; the valve can increase the
pressure to improve the screw's balance. This
is limited 1o cases where the die pressure is low
or modest and where non-degrding materials
are being extmded. When dic pressures ane
high, due o thin product dimenzions of restric-
five diz systems for some other reazons, the
vent must be located as far from the screw Tip
as possible o allow a long sccond stage for
pumping. High-pressune die systems (3000-
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5000 psi) require & |2-15-diameter second
stage length, whereas low-pressure dics (S00-
2000 psi) may require only an 8- 10-diameter
second stage. IF there is an easily justifiable
place for a melt pump in extrusion to enhance
stability and recuce extrusion pressure from the
screw, it 15 with vented screws. Most single-
Stage screws (especially Barmier screws) can be
designed 1o produce good extrgion pumping
stability, but rwo-stage screws are nod ensily
guarmniced 10 yield pood extrusion consis-
lency. Three-stage screws are even more diffi-
cult to design for good extrusion stability and
to avoid vent Aow over any modest mnge of
processing conditions.

The need for adequate pressure pumping ca-
pacity against moderate or high dic resistance
causes the typical vented screw 1o be longer
than 24: 1 L/D. The typical length of a vented
extruder of reasonable output capacity is 30: 1
minimum, with 341 or longer also typically
utilized.

Screw Cooling

Mlost serews have @ core hole drilled from the
rear (gearcase shank) end for some distance.
Soie cores are full, that is, they extend 1o
within about | inch of the screw’s tip, whereas
other core holes are drilled 1o some shorer
length. Today"s screws are typically designed
to operate “neutral,” that is, with no cooling
circulation, because that situation ensures mix-
imum output rate with mest polymer materials.
Cooling reduces the screw’s ability 1o convey
enaterial, and the colder the cooling fluid is, the
lower the resultant owtpuer rate. Some older me-
tering screw designs require screw eooling to
allow acceptable melt quality on a screw that is
oo deep or one thal has too shor o metering
section. Most conventional screw designs now
COOLAIN s0me miking section amdior a loag
enough metering section 1o provide adequate
melting without retarding the output rate by
serew coaling. Properly designed barricr screws
also ensure adequate melting and 5o can avoid
the full screw cooling mode, Most serews 1o-
day are cored for a shom distance, which
resches the exit side of the feed throat plus per-
hups ome oo vwo dismeters Tarther. This drilling

ilows conling of the feed area, which is neg:
casary umier some comditions where the mate-
nial tends to stick to the root of the screw fe.g.,
adhesives or nylon materials).

When a screw is fully cored today, thai is
done gither because the screw will process a
degradable material (such a3 some FYs)
where stagnation at the screw tip is avoided by
copling. The tip cooling setup typically utilizes
il rather than water as the medium to avodd
freezing melted material 10 the end of the
screw, where the slowest-moving material re-
sides. A double cooling pipe 15 popular, where
the outer pipe threads into the rear of 3 remoy-
able screw tip (which has a smaller core than
the main serew with @ pipe tap), and the feed
tube mins inside the pner pipe. The returm fow
does not directly touch the screw core and
therefore will not adversely affect the output
rale. Oil cooling usually is performed at fem-
peratures in the 200 0 300°F range,

Mixing Considerations and Mixing Devices

Mixing devices ure used for several reasons on
single-serew extruders and come in numenus
designs. {See Fips. 4-33 and 4-34) The X img
contributed by these devices can ensure im-
provecd melt guality and mel remperatore oni-
formily and/or can perform some distributive
mixing for color bBlending, polymer blending,
and additive blending. The typical goal is to
achigve the desired mixing quality level while
inducing the minimum amount of shear and
thus minimizing the rise in melt temperature,
These devices can be placed on the screw, ai-
teched 10 the serew tip, or placed after the sopew
(in the die adapior), The most common mixers
utilized on the screw include fluted misers
(credited to Maddock of the Union Carbide
Carp.: see Fig. 4-33) and mixing pins. Mixing
pins are prranged in Angs around the screw and
can be of vanous sizes and shapes o break
down and hold back anv solids thal have
veached the ring pusition. This sction reduces
the possibility of unmelted polymer reaching
the die system. The rings typically are placed
along the melering section of the screw (o offer
sugcessive blocks o solids moving along the
serew channel, Placing mulliple rings in close
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Fig. 431 Maddock mizing device, {(Corresy Davis-
Trnskerd |

ApproRimalion to one another creates o more
restrictive situation. Multiple rings are used oc-
casionally in |low-viscosity-material  applica-
. where blocking and breaking down the
sofi solids is difficult unless fairly tight restric-
tians exist. The futed (Maddock) mixing sec-
tiom crentes several dam sections as the male-
rial enters the fuies on the feed end of the
device, and the matenal then is forced over the
dam, caters the exit fiutes, and is forced into
the following screw section, The dams of this
mixer create a blockage 1o the remaining snl-
ids, breaking them down [0 ensume improved
meltunifortily . Altering the shear input of this
design 15 accomplished by changing the dam
clearance or aliering the dam widths. There are
many other vanations of these mixing devices,
but the performances are similar to the basic
designs discussed,

When simple mixers on the screw cannot
give & high enough degree of distributive mix-
ing (& with low amounts of a color additive,
0.25-1.5%), there are some advanced dynamic
mixer designs thot attach o e serew tip and
foticeably improve mixing. An example of this
type of mixer s the cavity transler mixer or

= -.
T

EXTRUSIHIN PROCESSES 127

Fig. 4-35, Cwtrovay af cavily transfer mixer. (Courery
Ehevis-Stvemdard b

CTM (sce Figs, 4-35 and 4-36). The spherical
“pockets" on the stator amd rofor are mis-
aligned by hall’ a pocket length 1o allow mate-
rial 10 pass from the stator o the rotor and back
wiille moving toward the die system. The melt
is aplit a5 it moves from stator fo rotor, and
with the rotation of the screw, the number of
“uplits”" grows rapidly (exponentially) with in-
creasing rows of pockets. Even a CTM with
four or five rows does a noticeably better dis-
tributive mixing job, compared with mixers on
the screw.

Mixers installed in the die adaptor system arc
ol the static wariery, Several manufacturers
produce these miners and the amount of mixing
depends on the length of the mixing clements
selected. These devices split the stream, like
dynamic mixers, but without rotation they re-
quire longer devices to do o comparable job,
The pressure drop across any of thess mixers
obviously increases with element length and
must be taken into account in the design of the
device because messure affects melt tempera-
ture levels, The biggest volume usage of the
static mixers has occurred where long adapior
pipes are necessury between the exiruder and
the final dic. This condition leads to empen.

Fig. 3. Pin mixing device. (Comrtesy Davie-Seanderd)
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Fig. 436 Cavicy transfer mixer—antieipaed mixing.
{Cewertesy Dhmvs-Summedard |

ture gradicnts forming along the long pipe sys-
tem, which are comrected with statie mixers at
the cxit end of the piping, just before the dic.
The mell emering the die thus is assared of
having o uniform melt temperaten: throughout,
Systems with shon wdaptor pipes {2 or 3 feet or
less) are nod tvpically fued with static mixers
becausc the screw-lype mixers can ensure 3
uniform melt imto the die system,

Scaling Screw Design and Extruder
Performance

When the performance is known fora given ex-
truder size, it is soametimes necessany W predict
the performance on a different-size machine
using the same materal. Some mathematical
relationships have been developed w perfonm
this function, as summanzed in Table 4-2. The
Output rate is scaled by using the squame of the
diameder ratio, which relates to the barrel sur-
firce aren and. hence, the melting capacity. The
goal of a scaleup or scaledown exercise is
predict the equivilem extrusion performance af
similar melt temperature conditions, The shear
created on different-divmeter extruders at sim-
ilar screw spesds @5 different; thus for equal
melt temperatures, a laeger extruder must run
al slower screw speeds. The scaled output rate
is therefore delivered at a different screw speed

Drive power usuge is scaled similady to the

Table 4-2,
Pririsetes Sy Sraling Law
E " R
Medering depib i L = [=1
e * I'.I?_..:I
N ‘0 e o
e 1 N 1= _-}
e e |:.J'.l_.
[ R
Ot L1 R e}
- : o~ \5)
Pivwen " Call = [ﬂ}
F. X
& Md, (R YVT
Tl Mt -
Sreie v rn ]

OUIp rafe because it is assumed that the scaled
condition uses equal [h/hr/hp. In scaling from
a smaller o a larger extruder, it is difficult o
achieve accurate resulis because of the melt
temperature difference vsually seen. A good
practice when wsing the scaling equations is
keep the distance of scale as small as possible,
The scale from a 3.5-inch-Uiameter extmuder 16
a 4.5-inch muchine is reasomably accurate,
while a 1.5-inch scaled 10 a 4.5-inch extruder
iz quite risky and will not give good confidence
thar the scaled numbers will elosely match real-
ity. The use of & very small lab extruder (] or
1 inch} thus will nor allow good dara o be used
o predict production-sized extruder results. As
long as the scaling laws are used with this lim-
itation in mind. a reasonable fesull can be
achieved.

Simplified eatreder scaling laws are illos-
trated in Table 4-2 for comparing the basic pa-
rameiers of extmudens of diameters 0y and 0.,

GLOSSARY OF EXTRUSION TERMS

extruder—HBasically, a machine thal sccepts
solid particles (pellets or powder) or liguid
(malten) foed., conveys it through a sur-
rounding barmel by means of a rotaring screw,
and pumps it. under pressure, through an on-
fce. Nomenclatore wsed applics o the har-
rel, the screw, and other extruder elements.

hs



Momencluure applicable o the barrel in-
cludes:

Barrel—A cylindrical housing in which the
screw rotates, including & replaceable liner,
if wszd, or an imtegrally formed special sur-
face material. Momenclatire covers:

feed openings— A hole through the feed
section for Introdection of the feed
material into the barrel. Variations (sce
Fig. 4-37} include vertical, tangential,
side feed openings

feed section—A scparuie section, |o-
cated at the upsiream end of the barnel,
that comains the feed opening into the
burrel.

groaved liner (or barrel)—A liner whose
bore is provided with longitedinal
LIOOVES.

barrel heaters—The electrical resistance or in-

EXTRUSION PROCESSES 128

duction heaters mounted on or around the
barrel.

barrel jacket—M jacket surmounding the out-
side of the harmel for circulation of a heat
transfer medium,

harrel heating zone—A porion of barel
length having independent temperature con-
tral,

barrel vent—An opening through the barrel
wall, intermediate in the extmsion process,
10 permit the removal of 2ir and volatile mast-
ter from the material being processed.

decreasing lead screw—A serew in which the
Might lead, or pitch, decreases over the full
flighied length {usually of constant deprh).

metering type serew (Fig, 4-38—A simple
scnew design with a feed section, a transition
section, amd a metering section.

multiple-Highted screw— A screw having more

Nk Side Fimd v
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Tarqpirdinl Fusd

Fig. 4=37. Feed variailons.

A —Foed Seckon Flighl Degit

B —Nrterg Soction Flighi Bepth
C —Linid

& —Fitka Rrle (Pt

0 —Sgiw Dulaxds [oeier

L —Efictam Scirw Length
o —Scriw Dweradl Lesgth
R —Eiiem Rl Diamabic
W —Scrier Flgh Weeth

Fig. 4-38,  Sinple Might, single-siage exiruskn seew,
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& —Fund Sachee FRERI Depm

B —Nrlwing Section Faght Depth
E —Feed Sertian Fhphl Depth

1 —MEheing Seclion Fight Bepth
E —Llen

i =Helic Angie (Pchl

F —Zoew (utuds Dangis
L —Effectsn Soors Leppih
A —Scrre [herall Leegth
A —Scoew Boot Diameis:
W —Icwre Fight Widls

Feg. -3, Sanple Mipht, tso-slage exirusion screw with mizing section.

than ome helical fAight such as: dowble
flighted, double lead, double thread, or teo
stanis, and triple fighted, etc.

miultiple-stage screw (Fig, £-39—A two- or
more-stage screw with introduction of spe-
cial mixing sections, choke rings, or forpe-
does for vented extrusion.

single-flighted serew (Fig. 4-38)—A screw
having a single helical fMight.

two-stage screw {(Fig. 4-40)—A screwm con-
structed with an initial feed section followed
by & restriction section, and then an increase
in the flight channel volume to release the
pressure on the material while carrving it for-
ward, such as a screw used for venting at an
intermediats point in the extouder.

water-conled screw—A cored sorew suilable
for the circulation of cooling water.

Momenclature applicable to serew design and
construction imneludes:
gerew chanmel—With the screw in the harmel,

F—Sorew Quiside DVgmieier
L —=Efeckst Sooee Lespk
O —Ecrem Dweradl Lesgth
& —Eoew Root Daimcied
W ~—EoreR Feght ‘Wit

—Faed Saclion Flight Bwgth
—Biszeming Sactien Flighl Dephn
—Fmesd Sction Flight Dapth
—Wgsering Seclion Pigai Teg
[ —iewd

& Wl Ragle (Fiich)

the space bounded by the surfaces of Mights,
the root of the screw, and the bore of the bar-
rel. This 15 the spuce through which the ma-
terial is conveyed and puimped,

fieed section of screw—The porion of a senew
that picks up the material at the feed opening
(throat) plus an additional portion down-
stream. Many screws have an initial constant
lead and depth section, all of which 15 con-
sidered the feed section.

screw Right—The helical metal thread of the
SCIEW,

Hight land—The surface at the radial extremity
of the flight constituting the periphery or owt-
side dinmeter of the screw,

hardened flight tamd—A screw flight having
its periphery harder than the base metal by
flame hardening, induction hardening, de-
positing of hard facing metal, etc., for in-
creased screw life.

helix amgle—The angle of the fight at its pe-

I__uﬂ-h . __]__H.. Sacken

| I Sarew
Seckon ¥ mm Pt Serhion mmfufpne Hﬂj Alnik
Sevond Siage First Sage I
L
o il

Fig. 4-80. Single figh, pwo-stage cxlfusion wrw
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Tl Dy

Danel L (B

Hdling ai Cagbng

Lha & for |71 radie amed o bairel lengih
L B ko LT ralin ased am sciew M ighoed leailh

Fig. 4-41.

riphery relative 1o 4 planc perpendicular w
the screw axis.

screw hub—The portion immediately behind
the flight which prevents the cscape of the
material

length-to-diameter ratbo (L0 o) (Fig
4-41)—The length to diameter ratio (L /D)
can be expressed in two ways: (a) L/ ratio
based on the barel-length—the distance from
the forward edge of the feed opening w the
forward end of the barrel bore divided by the
bore diameter and expressed as & ratio
wherzin the diameter i3 reduced to | such as
2001 or 24:1; and (b} LD ratio based on
the screw flighted length—the distance from
the rear edge of the feed opening o the for-
ward end of the barrel bore divided by the
bore diameter amd expressed as a ratio

A —Fited Zectivn Flghl Dep

B —MHEisg Secher Faght Ouply
L

g —Helim pagle Rl

P —Epurw Qurisie Eiameser

& —0Feciive Bonew Langeh
A —Berww Qrergd Lengih
A —Ecirw Root Digrie
W —Zoew Flght 'Wicth

Harmel cros-section,

wherzin the dizmeter is reduced o L, such as
20: 1 o 24 1, MNate: Either defimtion of the
L./ D mutio can be considered correct, but ma-
chinery manufacturess should stute which ap-
plies 1o n particular extruder.

mietering section of screw—aA relatively shal-
low portion of the screw at the discharge end
with a constant depth and lead, and having a
length of a least one or more toms of the
Hight.

restriction section or choke ring—An ner
mediate portion of a screw offering o resis-
tance 1o the forward flow of matenal, with
the intent to improve extredate quality and/
or oulput stabilicy,

torpeds (Fig, 4-423—An unflighied cylindrical
portion of the screw wsually |locawed at the
discharge end, but which can be located in

_Fip. 441, Single flight, siegle-stage, with lrpodn, extrusion screw.
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other sections, particularly in multuple-stage
screws, The torpedo is a simple form of a
mixing section.

transition section of screw (compression sec-
tion} (Fig. 4-38)—The portion of o screw be-
twizen the feed section and metering section
in which the Aight depth decreazes in the di-
rection of discharge.

Momenclature applicable to other extruder
prarts includes:

breaker plate—A metal plme insialled be-
tween the cnd of the screw and the die with
openings Brough it such as holes or slots.
Ulsually used to support a screen pack.

drive—The entire electrical and mechanical
system wsed o supply mechanical energy (o
the input shaft of pear reducer. This includes
the modor, constant or variable speed belt
sysiem, flexible couplings, staning equip-
ment, efc.

reduction gear (gear reduceri—The gear de-
vice used to reduce specd between the drive
motor and the extruder screw. Supplemen-

tary speed reduction means also may be used,
such as belts umd sheaves, le,

melt extrusion—An extrusion process in which
a melt is fed to the cxiruder.

sereens—A woven metal screen or equivalem
device that is installed across the flow of ma-
ierial between the tip of the screw and the die
and supported by a breaker plate 10 strain ol
contaminants or o increase the back pressun:
or bath,

stock or melt temperature—The temperatun:
of the stock or mell as sensed by a stock or
melt thermocouple and indicated on a com-
patible meter. The location of the measure-
ment must be specified for i w be meaning-
ful.

surging—A pronounced Auctuation i oaipul
over & shon pericd of time without deliberate
change in operating comditions.

thrus bearing—The bearmg uzed 10 absorh the
thrust force exered by the screw.

throst—The tdal axial force exened by the
screw on the thrust bearing (for practical pur-
poses equal to the extrusion pressure timeas
the cross-section anca of the bone).



