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Abstract

Tn the study and m odeling of the resin tem perature
n exttuder channels, the screw is commonly assumed
adidbatic. How ever, the resin begins as a cold solid and is
m elted and heated as it flow s, which requires that the screw
also be cold at the entrance and hot at the exit. Heat m ust,
therefore, be conducted in the screw m etal from  the hot end
of the screw to the cold end, which requires heat transfer
w ih the melt. A 1o, the heat capacity, especially of laxger
extiuders, can require significant tim e to attain steady-state
operation. A m odel of transient heat conduction in the screw
ooupled to heat transfer w ih the resin feed, m elting, and
pum ping isused to nvestgate these tw o phenom ena.

M odel

Screw Body

The conduction model is formed by dividing the
screw body (screw w ithout flights) into dom ans according
to shape of the oot diam eter, eithera cylinder ora tuncated
oone (gensition section). The use of spherical coordmates
(see A ppendix 1) provides precise m odeling of the surface of
the screw channel whether the section be cylindrical or
conical.

R esin Tem peratuire

The resin tem perature must be calculated for the
entire length of the screw t© provide the tem perature
boundary condition for the screw body conduction m odel.
Previously developed feed [1], meltng [R], and pumpihg
models BA] are used © calculte the resin tem perature
along the length of the screw 1 the channel.

Flights

The heat generated in the flight clearance w ill be
conducted to the screw through the flights. The heat
conduction In the screw flight s modeled as a fin ] wih
heat transfer n the radial direction as shown I Appendix 2.
Heat is transfered w ith the flight on either side and 1n the
flight clearance. The m elt in the flight clearance ism odeled
T detail ] © nclide the heat genemation there. An
analytical solution for heat conduction In the flights for
cylindrical coordinates is obtaned.

O verallScrew H eatBalance

The resulting energy balance for the screw ismade
by coupling the feed, m elting, pum ping, and flight m odels

w ith the heat conduction m odel for the screw body proper
gin ilar to that previously done [7] for just the pumpihg
section. Heatw illbe transfered w ith the screw such that the
sum of all heat transfernred equals the energy change of the
screw . For steady-state operation the sum  is zewo, or the

screw  Is operating autogenetically.

Extruder Scaling E ffect

The model will now be used to calculate how
extruder size @iam eter) affects tem perature. Four extruder
diametersof 381 mm ,635mm, 1143 mm ,and 2032 mm
are chosen. ATl screw s are square picthed wih a single
flightand a30:1 LD mto. D ivision of the length is 5D 3D -
22D for feed, com pression, and pum ping sections. Pum ping
channel depths are 19, 254, 406, and 508 mm . Flight
clearances are 0.0508, 0.0508, 0203, and 0508 mm . The
com pression ato is4 5:1 forall fourscrew s.

The themal conductivity of the metal is 176
Jefn K, and the specific heat is 1000 Jkg/K . The resin is
HDPE, and is viscosity is m odeled by the Carreau-Y asuda
Equation. Ttisalso assum ed that the drive end of the screw
requires that its tem perature be held constantat 30°C .

The banel zone temperature profiles are made
nearly the sam e. The exception is the last tw o zones forthe
381 and 635 mm exttuders, which needed to be 325°C
nstead of 315°C to obain the same product mel
tem perature as the wo lamger extruders. ndividual screw
geds were then st © obteih the sme exit melt
tem perature of 325°C foreach extruder.

Figures 14 show the modeled tem perature results
for the four extruders at steady state. Values versus length
are given forthe

1) screw oottem perature,
2) channel “m el tem peature,
3) banelzone m etal-tem perature,
4) flighttp tem perature,
5) flightclearance m elttem perature,
6) percentof solids, and
7) the rootradiipercentof banel radius.

The screw 100t tem pemature follow s the oot surface
of the screw iIn the axial direction. At the location of a
flight, the tem perature is that at the base of the flight w here
it joins the screw and notatthe tip of the flight.

Thterpretation of the “m elt” tem perature depends on
the location In the exttuder. Tn the feed portion, it is the
solid feed resin tem perature next to the banel wall. I the
m elting portion, it is the average tem peratire I the channel



of the m elted phase of the resin. T the pum ping portion
(fully m elted), it is the average tem peratire of all of the resin
In the channel.

Banel zone tempemtures refer © the metal at the
surface of the bore. They are assum ed to be held consantby
controllers w ith heating or cooling as required.

The flighttip and flight m elt tem peratures result from
visoous heat generation in the flight clearance. The flight
m elttem perature is the maximum tem peratire In the flight
clearance, and it often is at the banelwall tem pemture.
Flight tip and m elt tem peratures are show n as discrete points
because they are not continuous In the axial direction. Ie.,
they follow a helicalpath and notan axialpath.

The solids perentage is shown t© Mdicate the
beginning and ending of m elting. The screw rootpercentage
isbased on the diam eter of the extruderbore, and it serves to
Indicate the three sections of the screw .

Extruder Scaling R esults

The screw s are at a different tem perature than the melt
or the barel) as shown In Figures 14. Heat tansfer
betw een the resin and the screw generally occurs along m ost
of the length of the exttuder.

Temperature of the melt phase durihg melting is
calculated o have a localmaxinum for all extruders. This
maxinum is lowestforthe 381 mm extmuder. The disance
betw een m elting and cooled drive end is less than 02 m for
the 381 mm extruder, whereas it is progressively much
TIonger for the largerextiuders ip t© 1 0 m forthe 2032 mm
extiuder). The short distance to the drive end for the 38 1
mm extuder requires a lower tempemture difference to
1em ove the heat fiom the m eling process.

O £ special nterest is the action of the flights. They are
shown t© cause “gpikes’ in the screw ot tem perature. This
is a resultof the heatgeneration in the flight clearance. This
heat is conducted 1adially t© the screw oot to locally mise
is tem perature.

How ever, the goikes can be pointed dow nw ard, which
ndicates that the flights are actually cooling the screw . Tn
the m elting portion of Figure 3, for nstance, the banel zone
ismuch cooler than the m elzphase tem perature so that the
barrel is cooling the screw through them elt film In the flight
clearance.

The flight m elttem peratire and flight-tp tem perature
are nearly equal for the entire 381 mm 635 mm extmders
Figures 1 and 2). However, for the lamger extruders
Figures 3 and 4), a difference between the flight mel=
Emperature and flighttp tEmpemturr occurs. This is
atrbuted to the lamger flight clearance for the lamger
machines creating more resisance to heat flow. The
clearances for the Jargerm achines are 0 508 mm and 0 203
mm versus 0.0508 mm forthe two an allerextruders.

Flight tip, flight mel, and avermge channel mel:
tem peratures all converge near the end of each extuder.
How ever, the two larger exttuders have an exit tem perature
about 10°C higher than the barelm etal, and the two am aller
extruders have insignificant difference. This ndicates that
the am aller exttuders produce the m ore unifom tem perature
profile at the exit.

TransientR esults

The largest exttuder Q032 mm) is analyzed for the
tim e needed for equilbrim after a gpeed change from 40
mm to 80 1pm . Figure 6 show s the screw surface at% -hour
tim e mterwals for the speed change. The m odel predicted
that steady-state tem peratures required about 2 hours for the
goeed change.

The m odelw as used predict the tim e for steady sate for the
other three extruders. Tn general, the tin e w as proportional
o the square of the extruder diam eter (n proportion to screw
m assAinit length of extruder) . Tin e in hours for steady state
conditons is then approxin ated by

Timehr)=50D M)l . @

Experim entalV erification

A 1143 mm,28:1 LD extruder screw was used o
obtaln m easured m e@l tem peratures near the center of the
screw . The screw had double flights w ith a lead of 1397
mm . Them etering depthwas 317 mm and the com pression
ratowas5. The screw configuration was 7D 4D -17D .

The screw w asbored t© abouthalf of its length w ith
a 25 mm dimeter bore. A ocontact therm ocouple was
attached t© a pmwbe and then used t© obtain merl
tem peratures of the bore surface at 6 equally gpaced axial
positions. Screw speed was 125 1pm and the polym er w as
LDPE. Figure 6 shows the results of the m easured bore
surface tEmpermtures and the calculbted results for the
centerline of the screw . The data generally verify the m odel

pexrform ance.

A lso, the tim e for steady sate o be reached during
the experments was measured, and this showed that
equation 1 is an accurate conservative value of tine for
steady state to be reached.

Conclusions

1. Them odelof extmsion w ith heat conduction In the screw
chow s that the screw exchanges heatw ith the polym erunder
seady-state conditions. The screw  is not genemlly
2. The size of the extruder is calculated t© be an in portant
factor in the axial tem perature distribution 1 the screw .



3. Them al tansient tines for speed changes depend on
extiuder size and are proportional t© the square of the
extruderdiam eter.

Nom enclature

a Them aldiffusivity of screw m etal
Acy Areafmitscrew length atscrew oot
Ci Tntegration constant

C, Tntegration constant

C, Flight surface therm al constant

D Extmderdiam eter

h, H eat transfer coefficient, flightw all
hy H eat transfer coefficient, flightw all
Ly Besel fimction ofm v

LMy Bessel function of mr

k Screw therm al conductivity

kn Resin them al conductivity

Kofmy Besselfinctonofmr

K;fmy Besselfinctonofmr

m Besseloonstant

ez H eat flux at the flight oot

Qcz Heatflow atthe flightroot

t Tine

T Tem perature I the solid

T, Resin tem perature, keft side of flight
T, Resin tem perature, right side of flight
Ty Banelm etal tem perature

Te Flight tem perature at oot radiis

T Flight tip tem perature

Ts Reshn tem perature in flight clearance
r Spherical coordiate

L Cylindrical coordiate

R Extmiderbore radiis

Rc Screw rootmradius

Ry Flight adius

w Flightw idth

z Axial coordiate

o Flightclearance

Az Axialincrem ent

Ay Rotational increm ent

0 Spherical coordinate

Or Helix angle of the flight

X R otational coordinate
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Appendix 1

Energy Equation for C onduction in the Screw
For conical screw sections (see Figure 7), the enemgy
equation for spherical coordinates In two din ensions as a
fimction of tim e isgiven as

10t 19 ot
adt renfdf of o
10° (eT)

r or

Forcylindrical sections all$ are zero, and

rsmf=rx, G)
Wf =0x, ,and @)
dr=0z. 6)

The spherical conduction eguation becomes that for
cylindrical coordinates as given by
10T 19 , dT  9°T
S = )t
adt rdr Jdr 0z
A RungeKutta finie difference scheme is used t© solve
equations 2 and 6 for screw tem perature as fimction of tine

and couple (equate) the solutions at the com m on boundaries
betw een the sections.

®)

The boundary conditions on the screw oot are the
tem peratures given by the feed [1], m elting 2], and pum ping
BA] models. However, at each flight oot a heat flux
boundary conditon nstead of teEmpemture boundary
condition isused. This is calculated by the follow ing flight
model n A ppendix 2.



Appendix 2

H eatConduction in a Flight

The equation for heat conduction for a fin in cylindrical
coordinates [5] is used for the tem perature of the flights as
shown In Figure 7. The approxin ation is used that the area
and perin eter of the flight fper unit length of screw ) are
proportional o the radial direction. The conduction In the
flight is then given by

d dT
a| " ax
/ (7)
—E(I‘—Tl)—% r-T,)=0
wk wk
subject to boundary conditbions of
TR.)=T. and @)
dr dT
k—= T at ©)
dr K dr
R=R,. o)
The solution t© equation 7 is
T=C, I tmx)+C,K, my)+C,+T,, 1)
w here
m=,h+h)/wk) , @12)
and
3:L<I‘2_T1)' @s3)
h +h,

The Integration constants, C; and C,, are defined by the
boundary conditions of equations 8 and 9 and the solution,
equation 11 as

T.=C.I, (mRC)+C2K0 (mRC)+C3+T1, 14)
and

) 9T

dx

=CmI MR, )-C,mK, mR,). 15)

The tempermture disrbution of the melt In the flight
clearance is numerically calculated [6] as a function of
adius for the viscosity as a function of tem pemture and
chear rate. The tem pemture solution is dependent on the
boundary conditions of

T, R, )=T,, ae)
w here

T, =C,I, mR,)+C,K, mR,)+C,+T, a7
and

T, R)=T, . @18)

The m odel provides the continuous tem perature of the flight.
H eat transferat the flight oot is then given by

oT,
_k c ACZ = QCZ =
or, , a9)
[cmI mR.)-C,mK, mR,)]A,
w here flight rootarea isgiven as
A., =wR.Az/R, sn(f,)). o)

The heat flux from the flight is calculated for the
Tncrem ental surface area (see Figure 7) associated w ith the
finite length of the finite difference solution as
QCZ

= @1)
*2 T AR Ac
where
A
RAC=—— £2)
an (£, )

Equations 19-22 are com bined to give the heat flux
o the Increm entof screw length, w hich contains the flightas

_kaTC WR.

Jor. R,Azcos(f, )
The assum ption is m ade that the crem ental length, Az is
larger than the axial flightdin ension, w /0s () .

%, = : 23)
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Figure 1. Steady-state tem pemture results fora 38 1 mm extmder.



400

350

w
o
o

N
U1
o

[
Ul
o

T em perature, “C
S
o

=
o
o

Ul
o

635mm ,200 rpom

— Screw Root
M elt
—=BarrelZone
— — % Solds

—— % RootRadii

o FlightTi
e FlightM el

0

05 1 15
Length,m eters

Figure 2. Steady-state tem pemature results fora 63 5mm extmder.
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Figure 3. Steady-state tem pemature results fora 114 3 mm extmuder.




2032mm , 80 rpm
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Figure 4. Steady-state tem pemature results fora 203 2 mm extmuder.
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Figure 5. Extuder screw surface ve tim e. The screw gpoeed atthe start is 40 1pm . It is changed t© 80
om and the surface tam perature at 80 yom isplotted at 0 5 hr ntervals.
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Figure 6. Centerline tem perattire ofa 114 3mm screw . D ata are obtained fiom the surface ofa 25 mm
diam eterbore m the screw . Screw configuration is 7D 4D -17D . CR is 5 w ith double flights.
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Figure 7. The dom ains forthe sim ulation of therm al conduction 1 the screw body and the geom etry for
the flightm odel.



