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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 fluids 
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. lNTRODUCllON 
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 [ 11. 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 111. 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 Rowe11 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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CP specific heat at constant pressure T, inlet temperature 
Db diameter of the barrel t screw pitch 
e width of the screw flight tip u velocity component in the x direction 
9 gap between the screw flight tip and V, barrel velocity 

the barrel surface V bx barrel velocity component in the x 
H maximum depth of the screw channef direction 
h heat transfer coefilcient Vt?: barre1 velocity component in the z 
k thermal conductivity direction 
LDPE low-density-poly-ethylene V velocity vector 
1, 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 
P pressure Y y coordinate 
P pressure in down channel direction Z z coordinate. 
Pr Prandtl number, Pr = ,uC,/k 
Q volume flow rate Greek symbols 
4 heat flux ? shear rate 
q” normalized volume flow rate p viscosity 
e heat source P density 
T temperature z extra Cauchy stress components 
Tb barrel temperature 4 screw pitch angle. 

temperature profile. Rauwendaal [S] 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 mechanica power consumption for 
two-dimensional flow of non-Newtonian fluids in 
single-screw extruders. 

&tsoulis et al. [7] presented a two-dimensional 
f%te element analysis of non-isothermal flow through 
dies and extruder channels for purely viscous and 
viscoelastic materials. Elbirii and Lindt fs] proposed 
a solution for the problem of ther?naRy developing 
fiow in a single-screw extruder where appr&ab% back 
flow exists due to the pressure gradient. Later, Lindt 
[a] discussed the fully developed flow of temperature 
dependent power-law ffuid between parallel plates. 
An exact solution was developed for this ffow in the 
absence of pressure gradients. Lin& El@] has presenM 
a critical review on the work done by researchers in 
modeling the mdting of poty&rs in a sing%-screw 
extruder. Tadmor and Gogos [l] and Fenner ii 13 have 
solved the flow of a polymer in the feed, compression 
and metering sections of an extruder. Fenner ff23 also 
suliired fhe case of the temperature proBe developing 
along the length of the screw channel. Agnr and Via- 
chopoulos [I 3) have studied the flow of polymeric 
mdeiials, which inch&d a m&et for the && of 
sotids fir the feed hopper, a model for the s&d cbn- 
vefriag ione and a model for the melt conveying zone. 
LX&& and Kalyon pMj i+W&iE at& s&i iti the 
ii&rr&iiai simu?ation. 

Gnpta et al. [15] have developed a three-Wren- 

sional f&e element modef for incompressibte flows 
of non-Newtonian fluids which can be applied to the 
simulation of single-screw extruders under isothermal 
conditions. Karwe and Jahiria [16j and Sastrohartono 
et al. [ 171 have devdoyed two-dimensional models for 
the simulation of transport processes in single as well 
as twin-screw extruders, for non-NevW3nian fluids. 
Esseghir and Sernas [ 1 g] have carried out an extensive 
experimental Work on the sing1e-screw extrusion pro- 
cess u&g a fully irrstrnmenmd single-screw exttider 
apparatus. Detailed nWsuremen@ of the temperature 
pro@.? across the extnxfer ctframref were carried out 
using a cam driven traversing thet’moeo&@le. Some 
results obtained from this work are used to W&ate 
the present finite e#err&rt me&$ as discussed Iii&. 

If is se&r that even though the b&sic trarrq&t in the 
extruder channel is three-dimentsioin%i (3Dy, ifbi Meh 
work has been done bn si&daf&‘# t&e SD ffow. &so, 
detailtd experimental n?easureme&s bf the tem- 
perature field are needed for vaBdntion of numerical 
models. In this pap&, the 3D sinf&-screw e&u&n 
process is simulated using the mo9ing bdrrel forrfru- 
ration. This method of forrx&lation has been adopted 
by many investig&tors referr&l to eaMer. in t&a ease, 
the screw is r&&em&&aRy tr&ed as urkw&& a&l 
being held staiioni%ry *fh a Carrie&n cobrdinate sys- 
tem attached to it, wh’ile the barrel is moved in a 
direetion opposite to the actual screvv motion. Using 
this rffetlibd, t&e flow is @#dl eaJkr to i4s&a& aid 
Sin&ate, &4&’ &e tii&&&#j if& l%Mvi6t WOW be 
the same as & a%&uA f?&#. The &iddo &me& @&R&l 
ha~~~~~~~~~.~~ 

is used to sim#$ify th& 3D citfmzlations &id 
.%!Megy 

&5 &t&ibn 
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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. ANAtYM M& WMHW%k 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 screw channel in a direction 
opposite to that of the screw rotation and along the 
helix angle 4 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 1121, Elbirli and Lindt [8], Agur 
and Vlachopoulos [13] and Karwe atid &luria [16]. 
Figure 1 (b) shows a sketch of the experimental 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 tith respect 
to z are much smaller than those with respect to x or 
y coordinates and may be neglected. In this case, with 
the coordinate system chosen above, the velocity f&d 
may be represented as : 

V = u(x, y)i + v(x, y)j + w(x, y)k. (1) 

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 solutlofi by Cupta et&. [ 151, that these amxi- 
mations are applicable for a wide range of t@ical 
operating conditions and that the inch&n of v&city 
gradients in the z direction does not sigi&Mntly a&t 
the results. 

dy neglecting the bbdy Force terms, the governing 
equations are then represented as : 

(3) 

(3) see ref. [19]. The stress components can be rep- 
resented as : 

T x1 

au aw aw 
zy,. = 2fi- r, = p-- z,, = p--. 

ay ax a4‘ (6) 

The local shear rate, which is the invariant of the 
rate of deformation tensor, can then be written as : 

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

The Aow in the screw channel is solved in terms of 
the cross-channel and down-channel flows. The cross- 
channel flow is defined by u and v velocity components 
on the x-y plane and represenmd by equ&ions (2) 
(3) and (5) while the down-channel flow is defined by 
w velocity component in the z-direction and gover$ed 
by equation (4). The cross- and down-channel flow 
are coupled through equations (6)-(i) 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 
fiow situation is : 

(8) 

&re, convection terms are retained since the fluids 
considered have a very high Pr&dd nu&&er~ Pr. ‘@ is 
the heat source due to viscous dissipation and is given 
as: 

Q = &. (9) 

The above equations govern the thetmomecbanical 
process ~fbxhtsion. All these assim@io&s were vali- 
dated by com@arisons with results from a full; e%ptic, 
30 &umeriea! WiWt!ation [15]. it was shcti by Sas- 
trohartono [19] that the @sent sirn@h%ed model 
yields accurate results for the problem under con- 
sideration with much smaller @U time and much 
sm$* ,&uiut& st&@.e W*imlits. 
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(b) 

Barrel surface 

I +\ el2 

4. Cam and cam shaft 10. Bar coded wheel 

5. Steel channel support 11. Timing belt 

6. Measuring sites 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 fimc- 
tion, and the weighted residuals, i.e. the integral over 
the domain of the error multiplied by the weighting 
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functions, must vanish. Further details on this method 
are given in, for example, refs. [22-241. 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 (z) 
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 DKXUSSION 

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 [I] : 

where p is the viscosity in Pa s, A = 2000 Pa s is the 
reference viscosity at 200°C 3 is the shear rate, & = 1 
S-I is the reference shear rate, n = 0.48 is the power- 
law index, b = O.Ol”C’ is the temperature coefficient, 
T is temperature in “C and To is the reference tem- 

perature, taken as 200°C. Other properties of LDPE 
are: p = 7.50 kg rnm3, k = 0.30 W m--’ K-’ and 
C, = 2500 J kg-’ K--’ [ll]. 

Like LDPE, Viscasil is also a non-Newtonian fluid. 
The viscosity model for Viscasil 300-M is given as 
[25] : 

Aexp t 
0 

‘=LC[Aexp($)$-J- (‘l) 

where ,u is viscosity in poise, T is temperature in 
K, and 3 is shear rate in s-‘. The values of the con- 
stants are : A = 0.7249023 poise, B = 2560.804 K, 
C = 7.42082 x lO’(N md2)“-‘, power-law index n = 
0.2671, and density p = 979 kg m-j. The thermal 
conductivity and the specific heat are: k = 0.155758 
W m-’ K-‘, C, = 1507.16 J kg-’ 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] : 

p = 1052.58exp[-O.O95(T-20)] (12) 

where /.I is in poise and T is in “C. The thermal proper- 
ties for corn syrup are: k = 0.317 W m-’ K-‘, 
C, = 2015 J kg-’ K-‘, and the density p = 1381 kg 
m-‘. 

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. l(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, 271 and by Hwang [28]. This 
screw element has the following dimensions: pitch 
t = 28.0 mm, helix angle 4 = 16.1888”, maximum 
channel depth H = 4.7 mm, maximum channel width 
W = 11.52 mm, screw tip width e = 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 1251 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 Tb,/Tb2/Tb3 is 
used throughout the discussion to represent a com- 
bination of barrel temperatures Tb,, Tb2 and Tb3 at 
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sections 1, 2 and 3 of the water jaeket, respectively. 
The lengths of the water jackets are 120, 90 and 120 
mm, respectively, giving a total length of the sirigle- 
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 conjugate heat transfer 
problem must be solved. The thermal boundary con- 
dition at the barrel surface 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 extruder design ahd working fluid, 
the input parameters for the program are: screw 
rotational speed (RPlVi), inlet temperature, barrel 
temperature distribution along the extruder and the 
desired volumetric flow rate. The flow and tem- 
perature field along the extruder can 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 tem- 
perature field over the cross-section at any down chan- 
nel position. The dimensionless parameters used in 
the following figures are defined as follows : 

z* = z/H y* = y/H (13) 

T* = (T- Ti)/(Tb - Ti) and w* = w/Vbr. 

The volumetric flow rate can be non- 
dimensionaliEed as : 

Volume flow rate 
” = (Serew area) VbL (14) 

where the screw area is WH for a rectangular profile. 
Figures 2 and 3 show the results of the simulation 

for the case when the three pdrtions of the barrel are 
set at temfieratures r, = 40,&U, &“C, over the lehgth 
of 12b, 90 and 120 mm, respectively. The highest tem- 
pdr&tttre at the barrel is tised to deflhe the dimen- 
sionless temperature T*. The screw speed is 60 ipm, 
the ihlet tem@eratdre T, = 2rt”i3, &id the riorinaiized 
flow rate qv = 0.32. Pigure 2 SHOWS the develti@ment of 
the fiow and the temperattire &long the down channel 
directioh. The teihfjeiature and w velocity ebntours 
are shown at the midplane of the chMUiii while the 
correspohditig ptbfiks are shown at four ldEati&is 
along the channel. The first Id&tian reflfesents the 
inlet, or hopper, of the extrhddr fur this fhiid, while 
the i&St mcatibn &bri;esponds to tlie die. The second 
and thtkd k&ttii&~ de sittiW b&k&it t& fitst &id 
~wiid tsrcitaf: j&ats aiid ijmwi thti w~4 aid i&w 
water jackets, reshedtitely, of the siiiifla-ar6w 

extruder apparatus. At the second and third tocations, 
sudden changes in the barrel temperature take place. 
The effect of the barrel temperatures on the tem- 
perature and w velocity fields are shown in this figure 
by the disturbed temperature and w velucity contours 
and changes in their profiles. Due to the heat input at 
the barrel, the fluid temperature rises along the dhan- 
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 and viscous dissipation. 
The local viscosity of the fluid decreases as the local 
temperature rises. The viscosity changes result in 
changes in the w velocity Reid since the flow rate, or 
throughput, is maintained constant in the extt-uder for 
steady state condhions. 

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 dbwn channel velocity com- 
ponent, results in a spiral motion of the material along 
the channel. The center of this recirculation flow is 
located about l/3 of the screw channel depth from 
the moving barrel, which is in agreement with the 
analytical solution. The effect of the recirculating flow 
is seen in the temperature profile as the heating up of 
the fluid near the screw root. The pressure contours 
show a more uniform pressure level across the channel 
as the fluid flows farther downstream. 

As the material flows, it rises in temperature due 
to the heat input from the barrel and from viscous 
dissipation. Thus it becomes less ahd less viscous. The 
resulting down channel pressure gradient, therefore, 
decreases downstream, since the fiow rate is constant. 
The corresponding pressure, pressure gradient, the 
bulk temperature and the heat transfer characteristics 
along the screw channel are shown in Fig. 4. It is seen 
that the pressure gradient decreases monotonically 
along the channel except at the points where a sudden 
change in temperature takes place. Of caurse, in actual 
practice the change in temperature will be more gradual 
and this effect is not expected to arise. The buik tem- 
perature rise along the channel also shows the e&et 
of the application of difTerent barrel temperatures. It 
is seen that the bulk temperature rises quickly to reach 
the barrel temperature level. It was found that the 
recirculation flow in the screw channel promotes a 
faster temperature rise in the fluid due to the heating 
from the barrel and thus enhances uniformity uf the 
fluid temperature across the cross:section. 

During extruder ofleration, the direction of the heat 
transfer proeess depends on the temperature dihbrence 
between the barrel and the fhtid. l[n the present study, 
the heat fihx from/to the Barrei is defined as : 
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Fluid: Viscasil, screw speed = 60.0 rpm 

Temperature contours at the center of a self@ping screw channel 

Ti = 24.OU”C screw root: adiabatic 

z* = 0.0 z* = 90.1 z* = 157.1 z* = 241.1 

0 0:s I .o 0 0.5 0 0.5 1.0 

T* T* T* 

1.0 

+ 
A 0.5 iJ4 

0 0.5 1.0 
T* 

W* velocity contours at the center of a $elfWiping screw channel 

Barrel: Tb = 40.0U”W40.00”W80.0U°C 

W* W* w* W* 

Fig. 2. Flow and temperature fields aIon$ the screw chanitel of a single screw extruder with a 2916-30 self- 
wiping &r&v profile. Fluid : Viscdsif-305lk& Z = 24°C Tb = 40/60/8O”C. q, = 0.32, N = 60 rpm. 
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At z* = 90.05 

Mesh discretization u-v velocity field 

w velocity contours 

Pressure contours 

1.0 

“h 0.5 

0 

Temperature contours 
Sl 

Sl = barrel = 6O.OO’C 
S2 = screw = adiabatic 
Material = Viscasil 
qv = 0.3200 
Screw speed = 60.0 rpm 
Maximum temperature = 6O.OO”C 
Miimum temperature = 32.74”C 
Bulk temperature = 38.48”C 
Inlet temperature = 24.OO”C 

u velocity profile w velocity profile Temperature profile 
1.0 

T-f- 
0 LL 

-0.5 0 0.5 

w* 

\ 
0 0.5 -0.5 -0.25 0 0 

u* T* 

Fig. 3. Cross-sectional flow and temperature field at z* = 90.05. Fluid: ViscasiL300M, T, = 24°C 
Tb = 40/60/8O”C, 4” = 0.32, N = 60 rpm. 

“x0.5-1 t 

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 : 

q(z) = $ s w/2 

q(x, 4 dx (16) 
-IV,2 

where W is the channel width. The local heat transfer 
coefficient h(z) and the Nusselt number A&(z) are 
defined as : 

WH NUH(Z) = 7 

(17) 

(18) 

where N+(z) is the local Nusselt number based on 
the screw channel height H, Tbrc, is the reference barrel 

0 

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

h = ; c 'h(z) dz (19) 
L Jo 

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

Nu,=; 
s 

L - 
N&z) dz. (20) 

0 

For the present case, the variation of the heat trans- 
fer coefficient h and the Nusselt number along the 
channel is shown in Fig. 4(c), where Tb,, = 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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number Nu, at the barrel along the screw channel. Fluid: ViscasiL300M, T, = 24”C, Tb = 40/60/8O”C, 

4” = 0.32, N = 60 rpm. 

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 
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channel locations. Fluid : Viscasil-3OOM, r, = 24”C, Tb = 40/60/80%, qv = 0.32, N = 60 rpm. 
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wiping screw profile. Fluid : Viscasil-300h4, T, = 25°C Tb = 25/40/4o”C, q_ = 0.32, N = 10 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 
coefficient was calculated using a reference barrel tem- 
perature T,,,, = WC. Similar trends were observed at 
other speed and barrel temperature settings. 

3.4. Effect offlow 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 qv for three different screw speeds, with the barrel 
at a uniform temperature Tb = 8o”C!, inlet tem- 
perature Ti = 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 qv, 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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Fig. 8. Variation of the (a) die pressure (b) die temperature 
with the normalized flow rate qv for different screw speeds. 

It is seen that the die temperature is higher for a 
lower flow rate at a given screw speed. Keeping the 
normalized flow rate qv 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 chamrel 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 channe1 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], 

Cross-sectional temperature profile 
plotted at the end of a single screw extrader 

with a selfwiping screw profile: 
fluid = Viscasil, n = 0.2671, N = 60 rpm 

Fig. 9. Temperature profile at the mid-plane of the channel, 
as affected by the flow rate, at a constant screw speed of 60 

‘pm. 

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. 
IO(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. IO(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 IO(c) shows the comparison of the finite 
element model with the experimental results obtained 
by Sabol 129, 301 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 meas?imments was +0.30 bars [29--301. 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 problem, 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. 1 l(a), while 1 l(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% and N = 20 rpm. As can be seen, the 3D 
model predicts the temperature to within 0.5X 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 ZD-FDM) and experimental results in terms of T,,,, P,,, and r, 

Test 
Die pressure Phe 

Exp.’ 
Bulk temperature at Die 7’,, 

FDM* FEM Exp. ’ FDM* FEM 
Temperature at screw root T, 
Exp.’ FDM’ FEM 

Case I 21.0 18.2 16.4 13.0 13.05 12.4 12.6 16.89 12.6 
Case II 20.4 23.1 18.2 12.9 12.77 12.6 12.8 14.25 12.7 
Case III 11.34 10.5 7.50 22.0) 22.3 22.6 22.2 21.42 22.6 

’ Experimental work [25, 181. 
*Computed results. 
’ Tn,, ranged from 21.7 to 22.8”C due to variations in Ti.,St. 

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, 181 temperature profiles for 

Case I. (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 experimenta and numerical 
results from 3D (FEM) and 2D (FDM), respectively, 
for Case II (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 orte. 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 Ti = 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 each data 
point. Nevertheless, the 3D model still predicts the 
temperature profile within 0S”C accuracy. The 2D 
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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 exierimental 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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