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Abstract—A numerical study of the three-dimensional flow and heat transfer in a single-screw extruder for
polymeric materials such as plastics is carried out. The mathematical model is considerably simplified by
conceptually unwrapping the channel and fixing the coordinate system to the rotating screw. Despite this
simplification, strong property variations, particularly in the viscosity, complicated cross-sections employed
in practical systems, large viscous dissipation effects and non-Newtonian nature of typical extruded
materials make the problem a very difficult one to model numerically. Therefore, the transport processes
in the extruder channel are simulated by means of a finite-element scheme which employs marching in the
down-channel direction. The cross-section of the channel is taken as the commonly used rectangular or
self-wiping profiles. An experimental study is also carried out using Newtonian and non-Newtonian fiuids
in order to provide data for the validation of the numerical model and also to quantify possible recirculation
in the channel. Numerical results are presented on the temperature and velocity fields, resulting shear
effects, pressure rise, heat transfer rates and viscous heating. The comparisons with experimental results
indicate good agreement. A strong recirculating flow is found to arise over the cross-section of the
channel. It is shown that a three-dimensional modeling of the process is necessary to capture the effects of
recirculation in the channel. However, the marching procedure considerably simplifies the model as well
as the inclusion of property changes and chemical reactions.

1. INTRODUCTION

Extrusion is one of the most important manufacturing
methods in many industries. This process is par-
ticularly useful when thermal and/or mechanical
means are required to obtain a uniformly processed
product in a continuous operation. The extrusion pro-
cess for plastic materials usually includes the following
stages : feeding, conveying, plasticizing, homogenizing
and pressurizing [1]. These processes take place within
a special reactor consisting of one or more screws
rotating inside a barrel, usually referred to as single,
twin or multiscrew extruders. The  cross-sectional
shape of the product is obtained by pushing the molten
material through a die. In order to obtain desired
product quality and characteristics, a given set of
operating parameters has to be maintained at certain
values, for a particular design of the extruder. The
main operating parameters are the screw rotational
speed and the barrel temperature, while the extruder
design parameters are screw diameter, screw profile
and length [1]. The desired temperature level at the
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barrel is maintained by electrical heating, by using a
hot fluid, and/or by cooling of the barrel.

The extrusion technique has been increasingly used
in many industries, such as those related to phar-
maceuticals, food and polymers. Extensive exper-
imental and numerical studies have been carried out
for the purpose of understanding the transport
phenomena in the extrusion process, resulting in much
scientific knowledge, primarily for single-screw
extruders. Nevertheless, the design and operation of
the extruder are still more art than science. The first
published analysis for simulation of the flow in a
single-screw extruder is attributed to Rowell and Fin-
layson [2]. In this analysis, the screw channel is held
stationary while the barrel is considered to move in a
direction opposite to that of the actual screw rotation.
In one of the pioneering studies on the flow in a
single-screw extruder, Griffith [3] solved for the fully
developed flow of an incompressible, power-law, fluid
in a screw extruder. The velocity and the temperature
profiles are essentially the same as those in a channel
of infinite width and length. The effects of curvature
and leakage, across the flights, were also ignored.
Zamodits and Pearson [4] obtained numerical solu-
tions for a fully developed, two-dimensional non-
Newtonian flow of polymer melts in infinitely wide
rectangular screw channels, taking into account the
effect of transverse flow and of a superimposed steady
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C, specific heat at constant pressure T inlet temperature
D, diameter of the barrel t screw pitch
e width of the screw flight tip u velocity component in the x direction
g gap bétween the screw flight tip and Vs barrel velocity
the barrel surface V..  barrel velocity component in the x
H maximum depth of the screw channet direction
h heat transfer coefficient Vi barrel velocity component in the z
k thermal conductivity direction
LDPE  low-density-poly-ethylene v velocity vector
I axial distance v velocity component in the y direction
N screw rotational speed w maximum width of the screw channel
Nu Nusselt number w velocity component in the z direction
n power-law index x x coordinate
)4 pressure y y coordinate
p pressure in down channet direction z z coordinate.
Pr Prandtl number, Pr = uC,/k
Q volume flow rate Greek symbols
q heat flux ¥y shear rate
ay normalized volume flow rate u viscosity
0 heat source P density
T temperature T extra Cauchy stress components
Ty barrel temperature ¢ screw pitch angle.

temperature profile. Rauwendaal [5] developed an
analytical expression for the throughput, i.e. the volu-
metric flow rate of the material through the extruder,
and pressure rise for power-law fluids in single-screw
extruders. Karian [6] developed an analytical
expression for the mechanical power consumption for
two-dimensional flow of non-Newtonian fluids in
single-screw extruders.

Mitsoulis et al. [7] presented a two-dimensional
finite element analysis of non-isothermal fiow through
dies and extruder channels for purely viscous and
viscoelastic materials. Elbirli and Lindt [8] ‘proposed
a sofution for the probfem of therimally developing
flow in a single-screw extruder whére appreciable back
flow exists due to the pressure gradient. Later, Lindt
[9] discussed the fully developed flow of tenperature
deperident power-law fluid between paraltel plates.
An exact solution was developed for this flow in the
absence of pressure gradients. Lindt [10] has presented
a ctitical review on the work done by researchers in
modelifig the melting of polymers in a single-screw
extruder. Tadmor and Gogos f1] and Fenner [11] have
solved the flow of a polymer in the feed, compression
and metering sections of an extruder. Feniner [12] also
solved the case of the temiperatare profile developing
along the length of the sctew chatniel. Agaf and Via-
chopoutos [13] have studied the flow of pofymeric
miatetials, which inchuded a model for the flow of
solids ini the feed hopper, a model for the sofid con-
veying zone and a model for the melt conveying zone.
Lawal dnd Kalyon [14] iichided wall shp it the
Hahiérital sintdlation.

Giipta ef al. [I5] have developed a thrée-diinen-

sional finite element model for incompressible flows
of non-Newtonian fluids which can be applied to the
simulation of single-screw extruders under isothermal
conditions. Karwe and Jaltiria [16] and Sastrohattono
et al. [17] have developed two-dimensiofial models for
the simulation of transport processes it single as well
as twin-screw extruders, for non-Newtonian fluids.
Esseghir and Sernas [18] have cartied out at extensive
expetimental work on the single-screw extrusion pro-
cess using a fully instramented single-screw extruder
apparatus. Detdifed nieasurements of the tempetsture
profile across the extruder chiannel were cartied out
using a cam dtiven traversing thetmocouple. Some
results obtained from this work are used to validate
the present ﬁmte elemient model, as discussed later.
It is seen that even though the basic transport ifi the
extruder chiannel is three-dimerisional (3133 16t ttich
work Has been done on simulating the 3D flow. Also,
detailed experimental measuremenits of the tem-
perature field are needed for validation of nmerical
models. In this papet, the 3D single-screw extrusion
process is simuldted using the moving barrel fornru-
fation. This method of formulation has been adcpted
by many investigators referred to eatlier. ki this case,
the screw is matﬁern&tzeaﬂy tredted as unwouhd and
being held stationary with a Catfesian coordinate sys-
tem attached to it, while the barrel is moved in a
direction opposite to the actual scréw motion. Using
this method, the flow is muich easier to visualize and
simufate, while the fesultig flow betvior wotlld be
the sarnie as the actual flow. The fimte clement iethod
has been used ifi the dmulation. A marching sthategy
is used to simphify the 3D calculations and the adéﬁﬁon
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of property variations and chemical reactions in the
process. The numerical results obtained are compared
with those from the experimental study, indicating
fairly good agreement between the two.

2. ANALYSIS AND NUMERICAL SCHEME

In the present work, the flow inside the single-screw
extruder is assumed to be a steady-state creeping flow
of an incompressible generalized Newtonian fluid. The
unwound screw channel, shown in Fig. 1(a), becomes
a straight channel with the barrel approximated as an
infinite plane. The screw is held stationary, while the
barrel is moved above the serew channel in a direction
opposite to that of the scréw rotation and along the
helix angle ¢ of the screw. The velocity components
of the barrel are shown in Fig. 1(a) together with the
coordinate system. This method of formulation has
been adopted by many investigators, see for example
Griffith {3], Fenner {12], Elbirli and Lindt (8], Agur
and Viachopoulos [13] and Karwe and Jaluria [16).
Figure 1(b) shows a sketch of the experitnental system
employed here. The various components of this
facility are discussed later.

Furthermore, it is reasonable to assume that the
velocity field does not vary significantly along the
channel direction, i.e. the z direction. In other words,
the derivatives of the velocity components with respect
to z are much staller than those with respect to x or
y coordinates and may be neglected. In this case, with
the coordinate system chosen above, the velocity field
may be represented as:

V = u(x, p)i+o(x, i+ w(x, yk. (H

The z component serves as a parameter and brings
in the variation along this direction, as seen later. It
has been shown, by comparing the results obtained
here with those obtained from the full three-dimen-
sional solution by Gupta et al. [15], that these approxi:
mations are applicable for a wide range of typical
opérating conditions and that the iniclusion of vetoeity
gradients in the z direction does not significantly affect
the results.

By néglecting the body force térms, the governing
equations are thén represented as:

2T ®
P @
r- “
a0 ©

where the pressure gradient in equation (4) i5 pre-
scribed o obtain the given flow rate and is thus dis-
tinguished from the pressure in the equations (2) and
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(3), see ref. {19]. The stress components can be rep-
resented as:

_> gli 3u ov
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The local shear rate, which is the invariant of the
rate of deformation tensor, can thén be written as:

[y (2, @Y
=25+ G R)
ov ow ow\*1?
25 +E -G o

In the present study, several viscosity models, rep-
resenting the shear rate and temperature dépendénce
of the materials, are used and will be given during the
discussion of the results obtained.

The flow in the screw channel is solved in terms of
the cross-channel and down-channel flows. The cross-
channel flow is defined by » and v velocity componénts
on the x—y plane and represented by equations (2),
(3) and (5), while the down-channel flow is defined by
w velocity component in the z-direction and governed
by equation (4). The cross- and ‘down-channel flow
are coupled through equations (6)~(7) for a non-New-
tonian case, but in the Newtonian case, they are inde-
pendent of each other.

The corresponding energy equation for the given
flow situation is:

oT T 0 0 0
pC< x +U‘ZE+W“5::)"‘_<]€‘?Q

8 ( oT
+5§(k'a_§)+Q' )

Here, convection terms are retained since the fluids
considered have a very high Prandtl number, Pr. @ is
the heat source due to viscous dissipation and is; given
as:

(6)

0 = up’. ©

The above equations govern the thermomechanical
process of éxtrusion. All these assumptions were vali-
dated by comparisons with résults from a full, elfiptic,
3D fiumerieal formulation [15]. It was shown by Sas-
trohartono [19] that the present simplified model
yields accurate results for the probltem under con-
sideration with much smaller CPU timie and muich
smalter cofpiter storage tequiréntents.

The finite eterirent fethod for solvifig the x and y
morentuth equations, together with the contihvity
equation, was formulated on the basis of the pribciple
of virtual velocity [20]. Detailt of the schexé are given
by Sastrohartono [19] In the piesent study, a guad-
ratic six-node triangular elerent has Been used, Where
thrée nodal points are loeated at the vértices and the



1960

(a) 1 y

T. SASTROHARTONO et al.

/ Barrel surface

Screw root

1. Heating jackets

2. Chain coupling

3. Thrust bearing

4. Cam and cam shaft
5. Steel channel support 11. Timing belt

6. Measuring sites

7. Torque arm and force cell
8. Die system
9. Hopper

10. Bar coded wheel

12. Forced-feed tube (one of two)

Fig. 1. (a) Unwound screw channel with the coordinate system for the moving-barrel formulation. (b)
Schematic view of the single-screw experimental facility.

other three nodal points are at the middle of the sides.
The velocity and pressure are approximated within an
element in terms of the velocity and pressure nodal
point values. Quadratic and linear approximations for
the velocity and pressure points, respectively, have
been used.

The finite element formulation for the z-momentum
equation is obtained by using the Galerkin method,

where the weighting functions are the shape functions
for the velocity field [21]. The Galerkin method is
based on the method of weighted residuals, a method
which can be used to obtain approximate solutions
to linear and nonlinear differential equations. In this
method, the exact solution is approximated by a func-
tion, and the weighted residuals, i.e. the integral over
the domain of the error muitiplied by the weighting
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functions, must vanish. Further details on this method
are given in, for example, refs. [22-24]. The finite
element formulation for the energy equation is also
based on the Galerkin method, where the weighting
functions are the shape functions for the temperature
field.

The heat transfer process is governed by the energy
equation which is parabolic in the z direction. There-
fore, a marching scheme in the down-channel ()
direction, with an iteration process being employed at
every z location, is needed for solving these non-linear
equations. The advantage of such a marching scheme,
as compared to the solution of the full 3D, elliptic,
problem lies in much smaller CPU times and much
less computer storage needed. It is also much easier to
incorporate property changes and chemical reaction
effects in this scheme. In fact, the ease with which
changes in the material characteristics can be included
in the scheme for a marching procedure was the main
reason for using this approach.

3. NUMERICAL RESULTS AND DISCUSSION

The computational domain is represented by the
screw channel, with its cross-section as the desired
screw profile. The three-dimensional flow is modeled
by marching in the down channel direction, as rep-
resented by the parabolic nature of the energy equa-
tion in the z or down channel direction. The numerical
computation is carried out on a slice by slice basis, in
which the cross-section of the screw channel is used
for solving the energy and momentum equations and
a marching scheme for the down channel direction.
Therefore, the model is not a fully three-dimensional
elliptic one, but may be termed as quasi-three-dimen-
sional. For the sake of brevity, however, the current
FEM model will be referred to as a three~dimensional
model. The mass conservation in the x and y plane is
assured by the continuity equation, equation (5),
while mass conservation in the z direction is obtained
through the prescribed mass flow rate. The marching
term is contained in the energy equation. Therefore,
the energy equation is solved first at every new cross-
section after marching, followed by the momentum
equations.

3.1. Fluids considered

Three different fluids are employed in the numerical
simulation. These are low-density polyethylene
(LDPE), viscasil 300-M and heavy corn syrup. The
viscosity model of LDPE is given as [1]:

5 \n—1
s ({—) exp[—b(T—T)]  (10)

where u is the viscosity in Pa s, yy = 2000 Pa s is the
reference viscosity at 200°C, 7 is the shear rate, 7, = 1
s~ is the reference shear rate, n = 0.48 is the power-

law index, b = 0.01°C~! is the temperature coefficient,
T is temperature in °C and T is the reference tem-
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perature, taken as 200°C. Other properties of LDPE
are: p=750 kg m™’, k=030 W m~' K~' and
C,=2500T kg ' K ' [11].

Like LDPE, Viscasil is also a non-Newtonian fluid.
The viscosity model for Viscasil 300-M is given as

[25]:
B
Aexp (7,)

1+C [A exp (g,)v']l‘"

where p is viscosity in poise, T is temperature in
K, and 7 is shear rate in s~'. The values of the con-
stants are: A4 = 0.7249023 poise, B = 2560.804 K,
C = 742082 x 10°(N m~)""', power-law index n =
0.2671, and density p = 979 kg m~>. The thermal
conductivity and the specific heat are: k = 0.155758
Wm™ 'K, C, =1507.16 Tkg~' K ~'. Both equations
(10) and (11) are valid over the range of temperatures
and shear rates considered here, these being for typical
extruder operating conditions.

In contrast to the previous fluids, corn syrup is a
Newtonian fluid. The viscosity model for corn syrup
is given as [25]:

u = 1052.58 exp [—0.095(T—20)} (12)
where u is in poise and T'is in °C. The thermal proper-
ties for corn syrup are: k=0.317 W m~! K7,

C,=2015J kg™' K~', and the density p = 1381 kg
m™,

= (1)

3.2. Flow and heat transfer

A study of the flow and heat transfer was carried
out for a single-screw extruder with the commonly
used self-wiping profile of Werner-Pfleiderer ZSK-30
screw element shown in Fig. 1(a). The velocity and
temperature fields were studied in detail for various
operating conditions. The profile of the self-wiping
screw channel was obtained from the expression
derived by Booy {26, 27] and by Hwang [28]. This
screw element has the following dimensions: pitch
t = 28.0 mm, helix angle ¢ = 16.1888°, maximum
channel depth H = 4.7 mm, maximum channel width
W = 11.52 mm, screw tip width ¢ = 1.924 mm, and
gap between screw tip and barrel g = 0.075 mm.

The same screw elements were used in constructing
a single-screw experimental apparatus devised by
Esseghir [25] for his experimental work [see Fig. 1(b))].
Later, some of the results of this experimental work
will be used for validation of the present FEM model.
The results presented here are for a single-screw
extruder having exactly the same dimensions as the
experimental apparatus. The single-screw exper-
imental apparatus had three sections of water jacket
which are used for cooling or heating the barrel and
can be adjusted individually to maintain a desired
water temperature level. The notation 7,,/T.,/Ts; is
used throughout the discussion to represent a com-
bination of barrel temperatures 7, Ty; and Ty, at
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sections 1, 2 and 3 of the water jacket, respectively.
The lengths of the watet jackets are 120, 90 and 120
mim, respectively, giving a total length of the single-
screw extruder apparatus of 330 mm. This axial length
corresponds to a 1180 mm long unwound screw chan-
nel used in the simulation.

The thermal boundary conditions at the screw sur-
face may be taken as isothermal. However, a more
practical circumstance is represented by the adiabatic
condition at the screw surface, which is employed in
the present study. A more accurate approach is to
take into account the conduction within the screw and
the barrel, in which case a conjtigateé heat transfer
problem must be solved. The thermial boundary con-
dition at the barrel surfaceé is taken as a prescribed
temperature.

3.3. Heat input at the barrel

For the first circumstance presented here, the barrel
is set at a temperature higher than the inlet tempera-
ture. For a given extrudér design and working fluid,
the input parameters for the progtam are: screw
rotational speed (RPM), inlet temperature, bairel
temperature distribution along the extruder and the
desired volumetric flow rate. The flow and tem-
perature field along the extruder cdn be plotted from
the results of the simulation as the longitudinal flow
and temperature distribution along the mid-width of
the channel. We can also study the flow and tém-
perature field over the cross-section at any down chian-
nel position. The dimensiotiless parameters used in
the following figures are defined as follows:

*=z/H y*=y/H (13)
=(T-TY)(T,—T;) and w*=w/V,..
The volumetric flow rate can be non-
dimensionalized as :
Volumie flow rate .
g, = (19

(Serew drea) V..

whiere the sctew area is WH fot a rectangiilar profile.

Figures 2 and 3 show the results of the simulation
for the case wheti the three portiotis of the batrel are
set at temperatiires T, = 40, 60, 80°C, over the length
of 120, 90 and 120 mm, respectively. The highest tetn-
pérdtire at the barrel is tised to defitie the dimen-
sionless temperature T*. The screw speed is 60 rpim,
the itilet tetperature T, = 24°C, and the nottnalized
flow rdte g, = 0.32. Flgure 2 shows thie development of
the fow atid the températire aloig the down chatiiel
direction. The teftiperatiite and w veloeity contours
are showtl at the midplane of the chaiitiel while the
correspohdlhg profiles are showti at fotir locatitis
dlong the chafinel. The first location represents the
itilet, or hopper, of the extruder for this fitiid, while
the ldst location cortesponds to the die: The seeotitd
anid third loeations dte situdted betwéen the Hist and
seond watet jackets atid between the seeont and third
water jackets, respectivély, of the singlé-sersw
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extruder apparatus, At the second and third lecations,
sudden charges in the barrel témperature take place.
The efféct of the barrel temperatures on the tem-
perature and w velocity figlds aré shown in this figure
by the disturbed temperature and w velotcity contours
and changes in their profiles. Due to the heat input at
the barrel, the fluid temperature rises along theé chan-
nel. The isotherms show that the fluid at the mid-
width of the channel gets hotter as it flows towards
the die due to heat transfer ahd viscous dissipation.
The local viscosity of the fluid decreases as the local
temperature tises. The viscosity chianges resiilt in
changes in the w velocity field since the flow rate, or
throughput, is tnaintained constatit in the extruder for
steady state conditions.

The flow and temperature fields across the channel
cross-section are shown in Fig. 3 at a downstream
location. The velocity profile shows a counter clock-
wise recirculating flow across the screw channel,
which, together with the down chanriel velocity com-
ponent, results in a spiral motion of the material along
the channel. The center of this recirculation flow is
located about 1/3 of the screw channel depth from
the moving barrel, which is in agreethent with the
analytical solution. The effect of thie recireulating flow
is seeti in the temperature profile as the heating up of
the fluid riear the screw root. The pressure contours
show 4 more uniforti pressure level across the channel
as the fluid flows farther downstream.

As the materidl flows, it rises in temperature due
to the heat input frotn the barrel and from viscous
dissipation. Thus it becomes less and léss viscous. The
resulting down channel pressure gradient, therefore,
decreases downstream, since thie flow rate is constant.
The corresponding pressure, pressure gradient; the
bulk temperature and the heat transfer chiaracteristics
along the screw channel are shown in Fig. 4. It is seen
that the pressuré gradient decreases monctonically
along the chahhel éxcept at the points wherte a sudden
change i tetriperature takes place. Of coiitse, in actual
practice the charige in témpéerature will be more gradual
and this effect is not expected to arise. The bulk tem-
peratire tise alotig the chiannel also shows the effect
of the application of différent barrel temperatures. It
is seen that the bulk temperature rises quickly to reach
the barrél temiperature level. It was fourd that the
recirculation flow in the screw channel promotes a
faster temperature rise in the fiiid due to the heating
from the barrel and thus enhdrnces uniformity of the
fluid temperdture across the etoss-section.

During extruder operation;, the direction of the heat
transfer process depends on the temperature differenice
Between the bérrel and the fluid: in the preseit study,
the heat fliix from/to the Barrél is defified as:

q(xa Z) = k(dT/dy)\h‘arrEI (15)
where g(x, z) is the lgeal heat flux as a futietion of the

x dfid 7 loediiotis, and dT/dyl,.. is the tetiperature
gradignt eviiluiated i the Huid at the Batrel Suifaes. A

positive tieat flux imiplies héat is being trahsferred
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Fluid: Viscasil, screw speed = 60.0 rpm

Temperature contours at the center of a self wiping screw channel

q,=03200  Barrel: T, = 40.00°C/60.00°C/80.00°C
g ———2 g g R -1

T; = 24.00°C Screw root: adliabatic

z*=0.0 z* = 90.1
1.0 ‘ 1.0 i
%, 05 % 05 %, 054 % 054
0 05 10 0 0.5 0‘ 05 1.0 o- 0.5 1.0
T* T* T* T*
w* velocity contours at the center of a selfwiping sciew channel
Barrel: Ty = 40.00°C/60.00°C/80.00°C
Screw root: adiabatic
z* = 0.0 z* = 90.1
1.0 SRR 1.0 = '
L 05

0 05 10 0 05 10
w# w*

Fig, 2. Flow and temperature fields along the screw chatifiel of a single screw extruder with a 28K -30 self-
wiping serew profile. Fluid : Viscasil-300M, T, = 24°C, T, = 40/60/80°C, g, = 0.32, N = 60 rpm.
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At z* = 90.05

Mesh discretization

w velocity contours

Pressure contours

N

u velocity profile

w velocity profile

u-v velocity field

ey
;,fha-----n-.--.";‘b
4 u"r’o..---..‘.\\,}‘
N I R AR A T3
Wtietra e mnwvorersss Y,
\‘\u~~~...-——vr—vvt,ll,
)

S2

S1 = barrel = 60.00°C

S2 = screw = adiabatic

Material = Viscasil

qy = 0.3200

Screw speed = 60.0 rpm
Maximum temperature = 60.00°C
Minimum temperature = 32.74°C
Bulk temperature = 38.48°C
Inlet temperature = 24.00°C

Temperature profile

1.0

N

% 054 % 0.54

1.0 5

054

>

035 0
u*

v
-0.5 025 -0.5 0

L hd T

0.5 1.0 0

w¥*

Fig. 3. Cross-sectional flow and temperature field at z* = 90.05. Fluid: Viscasil-300M, T, = 24°C,
T, = 40/60/80°C, ¢, = 0.32, N = 60 rpm.

from the barrel to the fluid, while a negative value
means heat is being transferred from the fluid to the
barrel. The channel-width-averaged local heat flux
q(z) is calculated as:

1 Wiz
7l
where W is the channel width. The local heat transfer

coefficient h(z) and the Nusselt number Nuy(z) are
defined as:

q(2) = q(x,z) dx (16)

o) = 722 a7
Nuy(z) = h(;)H (18)

where Nuy(z) is the local Nusselt number based on
the screw channel height H, T, _is the reference barrel

temperature, and T; is the inlet temperature. The over-
all average heat transfer coefficient for the extruder
can be calculated as:

_ 1 (t
h=ZJMﬂ® (19)

0
where L is the screw channel length. Similarly, the
overall average Nusselt number is given as

Nuy, =% J ’ Nuy(z) dz. (20)

0

For the present case, the variation of the heat trans-
fer coefficient # and the Nusselt number along the
channelis shownin Fig. 4(c), where T, = 80°C. Since
the fluid temperature is always lower than the barrel
temperature, in this case, the heat flux is positive
everywhere, representing heat being transferred from
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the barrel to the fluid. The jumps in the curve occur
at the positions where step changes in the barrel tem-
perature take place.

The shear rate in the flow is shown in Fig. 5. The
shear rate contours along the channel show the effect
of the barrel temperatures on the flow. The shear rate
contours across the channel are symmetric about the
mid-plane of the channel, as expected. The maximum
shear rate arises in the gap between the screw tip and
the barrel where there is a large velocity difference
between the moving barrel and the stationary screw
within a small gap, while the minimum is found at the
screw root where the velocity gradient is smallest.

Figure 6 shows the flow and temperature fields
along the mid-plane of the screw channel in terms of
the isotherms, velocity contour lines, and profiles for
the temperature and w velocity component. In this
simulation, the temperature of the first section of the
barrel was kept at the same level as the inlet tempera-
ture. The effect of the slightly higher temperature at
the second and third sections of the barrel on the
fluid temperature is clearly seen in the temperature
contours along the center of the channel. The changes
in the w velocity field are also seen in the w* contours
at a downstream location, located about one third of

the screw length from the inlet, at the interface
between the first and the second water jackets.

Similar trends, as seen in the previous results, are
observed in the current case. The variation of the
pressure, bulk temperature, and heat transfer
coefficient of the fluid along the channel are shown in
Fig. 7. The pressure is seen to increase linearly along
the screw channel with a change in the gradient evident
at the location where the barrel temperature is
increased. Since the temperature of the first section
of the barrel was set at the same level as the inlet
temperature, the increase of the bulk temperature of
the fluid in this section above the inlet temperature is
due to the viscous dissipation. It is also seen in the
plot that the temperature across the channel cross-
section is uniform over much of the channel length
and that the bulk temperature of the fluid increases
from about 25°C to about 40°C over a distance of
about 30 mm. It was found that, as the screw rotational
speed (rpm) is increased, the effect of heating from
the barrel on the fluid temperature is smaller, since
the fluid spends less time in the extruder. It was also
found that, in general, the viscous dissipation effect is
relatively small for small speeds, as expected.

It was found that some heat is transferred from the



1966 T. SASTROHARTONO e/ al.

Fluid: Viscasil, screw speed = 60.0 rpm

Shear rate caontours at the center of a selfwiping screw channel

T; = 24.00°C Screw root: adiabatic z*=z/H
z* = (0.0 z* = 90.1
) F— 1.0 et
%, 0.5 A, 0.5+
o 25 50 o 3 % o 25 50
Shear rate {s*'] Shear rate [s*!] Shear rate (5] Shear rate [5™')
Shear rate contours Shear rate contours
atz*=0 at z¥ = 90.05

Shear rate contours Shear rate contours
at z* = 157.07 at z* = 247.12
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channel locations. Fluid : Viscasil-300M, T, = 24°C, T, = 40/60/80°C, g, = 0.32, N = 60 rpm.
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fluid to the barrel along the first barrel section. The
increase in fluid temperature above the barrel tem-
perature is due to the viscous dissipation. In the
second barrel section, however, where the barrel tem-
perature is set at a higher temperature, heat is trans-
ferred from the barrel to the fluid. Finally, due to
the viscous dissipation effect, the fluid temperature
becomes higher than the barrel temperature so that
some heat is transferred from the fluid to the barrel
in the last portion of the barrel. The heat transfer
coeflicient was calculated using a reference barrel tem-
perature T, = 40°C. Similar trends were observed at
other speed and barrel temperature settings.

3.4. Effect of flow rate

The effect of flow rate on the pressure and tem-
perature at the die for a given screw rotational speed
was investigated. Figure 8 shows the variation of the
die pressure and temperature with the normalized flow

rate g, for three different screw speeds, with the barrel
at a uniform temperature 7T, = 80°C, inlet tem-
perature T; = 24°C and Viscasil as the working fluid.
As can be seen in this figure, the die pressure decreases
as the flow rate increases for a given screw speed. The
pressure eventually becomes negative as the flow rate
increases, since the extruder cannot pump out the
required flow rate by itself. In other words, the
material needs to be pressurized at the hopper in order
for the extruder to deliver the required flow rate. The
condition when the die pressure is zero corresponds
to the no-die situation. The common operating range
of the extruder in practice is the one which produces
a positive die pressure. It can also be seen that, for a
given g¢,, the pressure difference between the hopper
and the die is larger when the screw speed is higher,
due to the higher flow rate. It is also shown that for
the no-die situation, one can pump more fluid by
increasing the screw speed.
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It is seen that the die temperature is higher for a
lower flow rate at a given screw speed. Keeping the
normalized flow rate g, the same, a higher screw speed
results in a lower die temperature, since the higher
flow rate causes the material to stay for a shorter
time in the extruder, thus obtaining less heat from the
barrel. The same reasons explain a lower temperature
at a higher flow rate, for a given screw speed.

The effect of flow rate on the temperature profile at
the center of the channel is shown in Fig. 9 at the end
of the screw channel, for a constant screw speed of 60
RPM and the same barrel and inlet temperatures as
before. As discussed earlier, the temperature profile is
affected by the recirculating flow in the channel. As
the flow rate increases, the fluid flow becomes faster
in the channel and, thus, decreases the residence time
of the fluid inside the channel. This shortens the heat
transfer process between the hotter and cooler fluid.
Thus, the shorter residence time results in more
inhomogeneity of the temperature across the channel.
As shown in this figure for the case of heating from
the barrel, the fluid in the inner part of the channel
has a lower temperature than the fluid in the outer
part of the channel.

3.5. Experimental results and comparisons
The experimental results presented here were
obtained by Esseghir and Sernas [18] and Sabol [29],
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Fig. 9. Temperature profile at the mid-plane of the channel,
as affected by the flow rate, at a constant screw speed of 60

rpm.

using a single-screw apparatus which is constructed
using the self-wiping screw profile described earlier.
The characteristics of a single-screw extruder oper-
ation can be presented as a set of pressure vs flow
rate curves for a given material at various operating
temperatures. The characteristic curves are also called
the pumping characteristics of a single screw extruder
since the curves show the variation of pressure at
the die with the throughput. For a given single-screw
extruder, die, material and operating temperature, the
throughput can be varied by changing screw speed. A
higher throughput will obviously result in a higher die
pressure. The characteristic curves are therefore very
important, since they can be used as a guide for opera-
ting the extruder.

In validating the FEM model, the FEM predictions
of the pumping characteristics of the single-screw
extruder apparatus are compared to the experimental
results obtained by Esseghir [25], using Newtonian as
well as non-Newtonian fluids. Using corn syrup as the
working fluid, the comparisons are shown in Fig.
10(a) for isothermal conditions at 30 and 35°C,
respectively, using a 2.0 mm die. It can be seen from
this figure that the FEM predictions give a very good
agreement with the experimental results. The good
agreement can be attributed in part to the exact profile
and dimensions of the screw channel being used in
the FEM model and establishes the validity of the
numerical model. A similar comparison was obtained
for an isothermal condition at 30°C and a 3.6 mm die.

The comparison of the results of numerical and
experimental studies using a non-Newtonian fluid for
isothermal flow is presented in Fig. 10(b). In this case,
the FEM model assumed an isothermal, fully
developed flow in the down channel direction. The
fluid and the barrel temperatures were taken as 80°C.
A rectangular screw profile with dimensions W and
H,.. was also used in the simulation to show the
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magnitude of the error one would get from using a
rectangular approximation to the actual screw profile.
It can also be seen from this figure that a good agree-
ment between the numerical and experimental results
arises when the real screw profile is used in the simu-
lation. The higher die pressure for the rectangular
screw profile than that for the self-wiping screw
profile, at a given flow rate, is due to the larger cross-
sectional area of the rectangular screw profile.
Further verification of the present FEM model with
the experimental results was carried out in terms of
the pressure distribution along a nonisothermal screw
channel with Viscasil as a non-Newtonian working
fluid. Figure 10(c) shows the comparison of the finite
element model with the experimental resuits obtained
by Sabol [29, 30] for barrel temperatures of 25/
25/25°C, die diameter of 5.5 mm, and screw speed
of 10 rpm. At this speed, the screw is completely filled.
This figure shows that the FEM predictions are in a
good agreement with the experimental results. It
might be mentioned here that the uncertainty in the
pressure measurements was +0.30 bars {29-30]. It
was found and discussed in ref. [31] that there is a

temperature difference which exists between the water
jacket and the inner barrel wall. This difference,
although not accurately known, is not negligible.
Since the present FEM model does not consider the
conjugate probiem, the prescribed barrel temperature
used in the model should be the temperature of the
inner surface of the barrel, which is not measured here,
rather than the water temperature which is measured.

The temperature profiles at the mid-plane of the
channel as computed by the 3D (FEM) model and
measured by the experimental work for Case I (Table
1) are shown in Fig. 11(a), while 11(b) shows the
comparison between the 2D (FDM) predictions [16]
and experimental results. For this experiment, the bar-
rel temperature distribution was 11.9/8/8°C, inlet was
at 22.0°C and N = 20 rpm. As can be seen, the 3D
model predicts the temperature to within 0.5°C accu-
racy and maintains the shape of the temperature dis-
tribution. The 2D model, however, does not obtain
the experimentally measured temperature profile as its
predicted temperature gradually increases towards the
screw root. The two comparisons show-the import-
ance of the recirculating flow inside the channel. In
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Table 1. Comparison between numerical (3D-FEM and 2D-FDM) and experimental results in terms of T, bie» Poic and T,

Die pressure P,

Bulk temperature at Die Tp;,

Temperature at screw root 7,

Test Exp.! FDM’ FEM Exp.' FDM? FEM Exp.' FDM? FEM
Case I 21.0 18.2 16.4 13.0 13.05 12.4 12.6 16.89 12.6
Case 11 20.4 23.1 18.2 12.9 12.77 12.6 12.8 14.25 12.7
Case 111 11.34 10.5 7.50 22.0° 223 22.6 222 21.42 22.6

! Experimental work [25, 18].
2 Computed results.
* T ranged from 21.7 to 22.8°C due to variations in Ty

the case of the 3D model prediction, the recirculating
flow enhances the heat transfer process within the
channel, resulting in cooling of the fluid near the screw
root due to the lower barrel temperature. On the other
hand, the two-dimensional approximation of the
FDM model does not capture this recirculation. The
resulting temperature distribution, therefore, shows
higher temperature of the fluid near the screw root
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Fig. 11. Comparison between numerically calculated and
experimentally measured [25, 18] temperature profiles for
Case 1. (a) 3D (FEM), and (b) 2D (FDM).

than the measured one, since the warmer fluid remains
located near the screw root and the cooling process
takes place only from the fluid to the barrel. It is
also interesting to note that the predicted maximum
temperature by the 3D (FEM) model is located at
2/3 of the channel height from the screw root. This
location corresponds to the center of the recirculation
flow for a Newtonian fluid within a rectangular cavity
with a moving top plate.

The effect of uniform cooling from the barrel was
investigated to see whether or not the fluid tem-
perature would become uniform after traveling a cer-
tain distance. Figure 12(a) and (b) shows the com-
parison between the experimental and numerical
results from 3D (FEM) and 2D (FDM), respectively,
for Case I (Table 1). For this experiment the barrel
temperature distribution was 12.2/12.2/12.2°C, inlet
was at 20.3°C and N = 20 rpm. As can be seen, the
3D model predicts the correct temperature at the
screw root, while the 2D model predicts a higher screw
root temperature than the measured one. The exper-
imental data show more or less a uniform temperature
distribution, as one would expect, from the uniform
cooling due to the barrel. In this case, the 2D model
gives a better accuracy than in the previous case.
Nevertheless, the 2D results still show an increasing
temperature towards the screw root caused by delayed
cooling from the barrel. This discrepancy, again, can
be attributed to the inability of the 2D model to cap-
ture the recirculation flow, since this is a two-dimen-
sional model.

The results for another case, shown in Fig. 12(c)
and (d), give the comparison for Case III (Table 1).
For this experiment the barrel temperature dis-
tribution was 22.3/22.3/22.3°C and N = 35 rpm. The
experimental data for the temperature profile cor-
responded to a given inlet temperature distribution.
The inlet temperature varied from 18.1-19.25°C, from
the bottom point to the top. In this case an average
inlet temperature 7; = 18.8°C was.used in the numeri-
cal simulation using the 3D (FEM) model. As
expected, the results show that the agreement is better
at the upper part of the profile, where the inlet tem-
peratures were around 19°C during the experimental
investigation. A better prediction would be obtained
if one takes the exact inlet temperature for ¢ach data
point. Nevertheless, the 3D model still predicts the
temperature profile within 0.5°C accuracy. The 2D
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of Case III.

model predicts a lower temperature at the screw root
than the experimentally measured temperature, This
is because the heating process takes place only from
the barrel to the fluid, since the fluid near the barrel
is not recirculated towards the bottom of the channel.
In the above examples, the effect of viscous dissipation
on the overall flow field was very small, while the effect
of barrel temperature was large.

The comparisons between the numerically cal-
culated and experimentally obtained die temperature
and pressure are summarized in Table 1. Overall, the
3D (FEM) and 2D (FDM) models give close pre-
dictions of the die temperature and pressure.

4. CONCLUSIONS

A detailed numerical study of the three-dimensional
transport processes associated with plastic extrusion
in a single-screw extruder is carried out using a finite
element scheme. The problem is complicated due to
the non-Newtonian behavior of the fluid, variable

properties and complex geometry of the extruder.
Using the barrel moving formulation, which simplifies
the simulation, the flow and temperature fields are
computed for the self-wiping screw profile which is
commonly used in extrusion systems. A marching
scheme in the down-channel direction is used to sim-
plify the calculations and provide an easy approach
to include material property variations. Shear rate
contours and heat transfer rates are also determined.
It is found that a recirculating flow arises in the screw
channel as fluid moves towards the die. This results in
the hot fluid from near the barrel moving to the screw
root and distorting the temperature profile. Simpler
two-dimensional modeling is shown to be incapable
of capturing this recirculation, indicating the need for
a three-dimensional simulation.

The numerical results are also compared with exper-
imental data obtained on an experimental single-screw
extruder facility. Good agreement between the two is
obtained, lending support to the present model and
validating the various approximations made.
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