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Abstract

The m elting of polym ers In a tw n-screw (T S) extruder
is an In portant operation M m any ndustrial processes. Re-
cent research by Shih, G ogos, G eng and others has identi-
fied the physical phenomena that tgke place during the
phase tmnsiton. This paper describbes an experim ental
study of Low D ensity Polyethylene (LD PE) meltng n a co-
otatng, ntem eching T A extruder using on-line visualiza-
ton and axial scanning of pressure and tem perature tech-
nigues. The LDPE meldng sequence observed inclided
solid trangport n a partially filled screw channel w ith con-
ductive heating, com paction, pellet deform ation, and vis-
cous enegy dissipation in the melt with un-m elted solids.
The effects of throughput Q) and screw rotational speed
V) are exam ned. Low and high Q N matios have signifi-
cantly different axial pressure profiles.

Introduction

Tw h-screw extruders are used In the plastics, food and
allied industries t© perform a variety of critical unit opera-
tons. Unit steps on a m odular screw configuration inchide
solid transport, melting, m xing, reaction, degassing and
melpumping. The melting fimction can consum e the ma-
Jority of mechanical energy input by the mtating screw s.
Untl recently, little was known about the m elting process.
Shih [1] described four fuindam ental steps In the m elting of
gem icrysalline polym ers during com pounding In a batch
m Xerusing on-lne visualization. Recently, G ogosand K in

2, 3, 4] dentified sin ilar steps n the m elting sequence 1
the TS extruder using carcass analysis from samples ex-
tacted fiom the screws. These key st=ps, from an energy
nputperspective are:

1. oconductive heating In a partially-filled screw channel,

2. oompaction and frictional heating I a fully-filled zone,

3. buk plastic defomation (PED ) and lubrication by the
first form ation of the m eltphase

4. visoous energy dissipation (VED ) in the liquid phase in
the presence of un-m elted solids w ith heat transfer into
the s01id phase, and

5. enewgy dissipation In the m el after the com pletion of
the phase transform ation (viscous heating) .

Cuny [5] exam Ined the mle of heat transfer from the banel
during melting In the compaction, PED and VED stEps.
O ther researchers, ncluding Potente [6] and Vergnes [7],
have modeled melting using the VED and heat tansfer
mechanisms. T the cunent work, an experim ental study
was oonducted n a T S exttuder mnning Low D ensity Poly-

ethylene LDPE) t© quantfy the axial m elting profile and
r=lative contributions of each step in the sequence.

Experin ent

M cCullough [8] and Christdano [9] used a sliding barrel
mechanism to generate dynam ic axial and 1adil pressure
scans In the filled Iiquid mixing zone of a T /S extruder.
Geng and Zhu [10] used a set of banels fitted w ith glass
whdow s contoured to the apex region t© visualize solid
trangportand m eldng of HDPE ina T A extuder.

T this study, a Coperion W & P ZSK40mm T/S ex-
tmder was fitted w ith a barel slide device to enable axial
m ovem ent of the barrels over the screw s during a polym er
com pounding operation. The entire m elting zone was ex-
am ined w ith an on-lne scanning m ethod using fourpressure
transducers, a flush-wall nfrared melt tem perature probe
(IR TC) and one glhssw indow asshown m Fig.1l. Pressure
probes and the IR -TC were mounted In a spacer plate up-
stream  of the barrel containing the glass w indow . Probes
were Jocated at several radial locations w ith tips m ounted
pewendicular and flush to the banel surface. Two pressure
probes were Jocated near the apex region on the up-tuming
and down-tuming screw s. The glassw Indow w as contoured
o the banel shape In the apex r=gion, w ith a slight ncrease
n clearance to prevent the screw s from contacting the sur-
face. The window provided a 30mm axial ditection by
40mm w ide view portinto the extruder.

A sandard m elting zone screw configuration was used
as shown In Fig 1. A solid conveying region used 60mm
followed by 40mm lead forward pumping elements. Two
forward 45°sagger kneading blocks backed by a 40mm
lead reverse pum ping elem ent consttuted the working sec-
ton. A shortm el conveying zone w as placed near the end
of the screw . The system was sstup t© wn In an open-
discharge mode. For each operating state, the slide was
sarted In the retracted X =0mm ) positon. A setof steady
state and dynam ic m easurem ents w ere recorded along w ith
video Inages. Probe signals were recorded at 200 sam -
plkskec (though an elliptic ant-aliasing filter with 80hz
cutoff frequency) for a 60 second duration. ATl pressure
probe signals were averaged to produce a single valie at
each axial location. Video was recorded a 30 frames per
second using sandard equipm ent. The barel slide w as then
moved 10 or 20mm toward the discharge. The system was
albwed to s@bilize and data were recorded agamn. The
measurem ents were repeated untl the probes were posi-
tioned beyond the reverse pum ping element. The testcycle
was nn for the operating conditions listed in Table 1. Low



throughput Q) and screw speed N) sates were selected <0
that the video equipm ent could capture the motion of the
m aterial in the w indow .

The polym erused In the experim ents was Low D ensity
Polyethylene @LDPE) Petrothene NA fiom Quantum
Chem ical. Them eltng pomntisbetween 104 and 115°C, the
M elt Tndex M I) is 7.0 and the m elt density is 0.918 gm /c.
Pellets w ere half-spheres w ith a diam eter of approxin ately
40©45mm.

D iscussion ofR esults
Steady-State M easurem ents

Five m elting states w ere nun at several throughputs and
screw gpeeds as shown In Table 1. Steady state energy in-
put, feed tempemtire and extrudate melt tem peratures are
listed. M elt tem peratures were obtained wih a hand-held
them ocouple Inm ersed nto the m olten polym erand a non-
ocontact mfrared sensor. A s throughput is Increased at con-
santscrew speed (120RPM ), specific energy inputand m elt
tEmpemtures are decreased as expected. At consent
throughput and increasing screw speed, the specific energy
decreases at 90RPM before increasing at 120RPM . M elt
TC measuram ents and IR surface tem peratures m ove In op-
posite directions. The steady-state data is not sufficient t©
quantify changes n m elting perform ance w ith em all changes
T operating conditons.

Visualizng M elting Sequence

Figs 2a and 2b show the meltng sequence observed
through the glass w indow at27kghr €0bhr) FO0RPM . Tn
the partially filled solid conveyng zone, the predom nant
flow mechaniam was axial digplacement. Som e pellets did
move from screw to screw In the figure8 channel path. A
am all am ountof liquid film was form ed on the surface of the
glass indicating that som e m elting occurred by conductive
heating from the banelwalls. Atthe X=20mm slide posi-
tion window location W =110mm ) the screw channel was
fully filled and solids flow shiffed to the figure-8 channel
direction. This state represented a highly filled m ode where
the screw channel filled well upstream of the first kneading
block disk. AtX=40mm the fully filled solid agglom eration
is underw ent deform ation. AtX=60mm deform ation con-
tinued and a m elt phase appeared in the m atrix, ndicating
the Jubrication step. Islands of un-meled solids n m olten
polym er appeared by X=100mm . The VED melting m ode
dom nated and continued for the r=m aining meltng zone
Iength. There was evidence of localized deform ation and
squeezing flow In the nip region as the kneading block vol-
um e w as com pressed, but pellets slipped axially to the adj-
cent channels In the downstream and upstream disks. Over
the reverse pumping elementat X =160mm there was a sig-
nificant am ount of un-m eltred solids. The downstzeam por-
ton of the rverse element was not filled at the nterface
w ith the forw ard conveying bushing. Un-m eltw as observed
atthe screw tp.

The visualization for a low -fill state, 27kghr 60 /hr)
at90RPM show ed thata slight change in screw goeed had a
lage effect on the filled length of the melting zone. The
degree of fillatX =0mm and 20mm was decreased from the
60RPM sate as expected. M elt seaking was cbserved
Indicating surface melting wih heat conduction fiom the
barel. AtX=60mm , the conveying channel filled w ith pel-
kets. Defom ation and the onset of the m elt phase were ob-
served over the first kneading block at X=80mm . The
transiton to VED melting occurred between X =100 and
120mm . The VED melting m echanism progressed through
the entire m elting zone. A lthough a significant am ount of
un-n el r=m aned, there was slightly less than the 60RPM
sate.

The 55kg/hr (120b/hr) at 120RPM represented a high
degree of fill wih the sme QAN mto as the
27kghr/60RPM conditon. Solid conveying atX =0mm and
filled length cbserved at X=20mm are smibr to the
27kghr/60RPM sate. Lessm elt soeaking on the glass sur-
face occurred due to reduced residence time at the higher
screw speed decreasing heat transfer from  the banel. Com -
paction and deformation were seen at X =40 and 60mm .
Lubrication and VED melting began m the first kneading
block atX=80mm . The VED mode continued w ith a reduc-
tion 1 pellet size. The un-m elted s0lid volum e w as greater
than thatcbserved In the Iow mte RPM state.

Axial Pressure and Tem perature Profiles

The meltng steps observed I the visualization were
used o Iterpret the average axial pressure Ppye) and IR
Emperature (Tgr) profiles. Fig 2c shows the high-fill
27kghrat 60RPM sate w ith the m elting steps indicated. A
large 300Psig pressure peak was observed at X =140mm
followed by a r@pid reduction to 210Psig. This is nter-
preted as the high-stress deform ation region, ollowed by
the lubrication of the melt phase. The remander of the
kneading block length and reverse pum ping elem ent follow
a pressure profile consistentw ith Iiquid flow theory [7].

The Ty profile had a r@pid decrease © am inum at
X =130mm , the Jocation where the com paction began. This
ndicated that the pellets filling the channel had ntim ate
contact w ith the banel and drew more heat. A s the defor-
m ation, librication and VED m elting steps occun=d, the TR
tem peratire ncreased significantly. This transition is con-
sistentw ith the heat fliix phenom ena observed by Cunry 51,
where there is a high heat transfer rate from the barel ©
oold pellets during com paction and from themeltfilm to the
barnel during VED m elting.

The Jow fill slate, 27kg/hrat 120RPM , pressure profile
is shown In Fig 3. The plt illustates the r=duced filled
Jength and m ovem ent of the com paction region t© the first
kneading block nterface. A lthough the melting steps are
the sam e as other sates, the large pressure pesk is greatly
r=duced. This may ndicate that librication occurs very



early, significantly decreasing the energy Input from the
deform ation m ode.

The Root M ean Square RM S) valies of the mean-
centered dynam ic pressure signals were com puted for each
sate. ThisRM S calculation Py g) Epresents the dynam ic
peak-to-peak pressure or stress as the screw otates. Figs 4
and 6 show the Py ¢ profiles for all sates. The large Pry g
ncrease conesponds to the compaction rgion and the
maxinum value n the defom ation zone. The changes oc-
cur over very short axial lengths. The subtle effects of
changes In geom etry are evident as well. For example, a
am all peak is observed at the double-length disk at the Inter-
face betw een kneading blocks.

E ffects of Throughputand Screw Speed

Figs 3 and 4 show the Ppyg and Pryg at 120RPM for
different throughputs. The deform ation P,y peak isnearly
absent In the ow QN gate. Ik hcreases and moves up-
sream wih hcreasing mate reflecting the filled length
change. The inital Pyy ¢ rse and peaksm ove upstzeam w ith
throughput. Forall mates, the Pyy ¢ values overlap sarting at
the second kneading block. This ndicates that lubrication
and VED meltng dom nate and that flow is n the Iiquid
r=gine. The screw spead effects are {llustrated n Figs 5 and
6. Asscrew speed is ncreased, peak Prye decreases and
moves downstream . The Ppyg Inital rise and pesk also
move downstream . Thus, the transition from low fillto high
fill states is captured.

C onclusions

An on-line m ethod t© quantfy m elting during extrusion
using visualization and axial dynam ic pressure and tem pera-
ture m easurem ents has been dem onstrated. The key m elting
steps observed for the LD PE system through the glass w n-
dows mchided solid transport wih conductive heating,
com paction, deform ation, lubrication and VED 1n the melt
w ith heat transfer to the un-meled so0lids. Avermge axial
pressure, RM S pressure and tem pemture profiles showed
two distinct m elting m odes. For large a Q N atio, com pac-
tion and defomm ation are nitated In the conveyng region.
A large, nanow pressure peak is observed I the high-stess
deform ation region that ncreases at higher throughputs.
The RM S pressure Increases prior to the pressure peak. For
ow QN sates, the pressure pesk is absent, ndicating the
onset of librication in the first kneading block. hfiared
probe scans show a significant drop In tem pemture i the
com paction region due to efficient heat conduction from the
banel to the cold pellets I full contact w ith the m etal sur-
face. This is ollowed by a tem perature rise w ith pelletto-
banel and pelletto-pellet friction and as the m elt phase is
form ed by VED heating.

V dsualization and axial scan data are useful for charac-
terizing m elting perform ance as a fimction of m aterial prop-
erties, screw geom etry and operating conditions. By linking

the visualization w ith the axial pressure and tem pemature and
profiles n a model system , quantiative data for m elting
zone evaluation is possible for operating states orm aterials
w here glass w indow s cannotbe used.

Nom enclature

N = Screw Speed
Q =Flow Rate
P = Pressure
RM S = Rootm ean square
T = Tem perature
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Tables

State| Rate [Screw [ Q N |Sp Energy |Feed T M eltT [IR Surf|dP M ax| PRM S
# |kghr| RPM kw hrkg | DegC [ DegC | DegC Psig M ax
1 277 60 0462 0110 19 127 135 327 152
2 275 90 |0306 0105 19 125 129 312 190
3 276 | 120 (0230 0115 19 127 127 282 146
4 414 | 120 |0345 0106 20 123 122 348 231
5 550 120 |0459 0.097 20 117 118 655 196

Table 1 .Experin entalO perating C onditons and Steady-state M easurem ents
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