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Abstract—Numerical simulation of the transport processes arising in a single screw extruder for non-
Newtonian fluids such as plastics and food is considered. The study is directed mainly at simulating the
heat and mass transfer inside the screw channel, for a power-law fluid. Moisture is taken as the species for
mass transfer, since it is of particular interest in food processing. Finite difference computations are carried
out to solve the governing set of partial differential equations for the velocity, temperature and moisture
fields, over a wide range of governing parameters. The variation of viscosity with temperature and moisture
is taken into account. The basic physical approach for modeling the complicated heat and mass transfer
processes for inelastic non-Newtonian materials is outlined. As an application of this analysis to starch-
based food systems, the reactive nature of the food constituents is incorporated by including the rate of
reaction (gelatinization) between moisture and food. Results are presented in terms of the velocity,
temperature and moisture concentration contours. Strong viscous dissipation effects are found to arise for
typical operating conditions. The moisture contours indicate that starch gelatinization typically occurs first
at the screw root. The effect of the various governing parameters on pressure build-up within the extruder
channel is determined and discussed in terms of the underlying physical processes. Experimental validation
of some of the numerical results has been carried out, and the comparisons are quite good. Results are
also presented for the residence time distribution (RTD), an important design parameter in extrusion.
Though this study considers moisture transport, the basic approach presented may easily be extended to

reactions and mass transfer of other species in polymers and in other non-Newtonian materials.

1. INTRODUCTION

EXTRUSION is one of the most widely used manu-
facturing processes in industries dealing with
materials such as rubber, plastics, polymers and phar-
maceutical products. In screw extrusion, the raw
material is fed into a hopper and is forced through
the passage between a rotating screw and a stationary
barrel. The processed material comes out through a
die of a specific shape. Extrusion cooking has also
become an important food processing operation in
recent years. In this process, the raw food ingredients
are subjected to a high shear and temperature environ-
ment. This results in mixing and leads to chemical
reactions that constitute the cooking process. Single
and twin screw extruders have been used extensively
in the food industry. The relative merits of these two
types of extruders and the state of the art have been
reviewed recently [1]. Several experimental and
numerical studies have been carried out to understand
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the physical phenomena involved in the thermal pro-
cessing of polymeric materials in extrusion [2-4].
However, many areas are still in need of detailed
further investigation, simulation and optimization.

Typically, a single screw extruder can be divided
into three sections, as shown in Fig. 1. (1) The feed
section, which is the region near the hopper; this
section has a deep screw channel where the solid
material is compacted and conveyed to the next
section. (2) The compression section, where the depth
of the screw channel decreases gradually and the press-
ure rises; this section also completes the melting of
the material begun in the previous section. (3) The
metering section or the melt conveying section, where
the material is heated, subjected to high shear rates,
and the pressure increased further. The throughput,
or the volume flow rate of the material out of the die,
is mainly controlled by this section.

In one of the earliest studies on the flow in a single
screw extruder, Griffith [5] solved the governing equa-
tions for the flow of an incompressible fluid through a
screw extruder, with the velocity and the temperature
profiles taken as essentially the same as those in a
channel of infinite width and length. Zamodits and
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NOMENCLATURE
b temperature coefficient of viscosity, v velocity component in the y-direction
equation (4) Ve tangential barrel velocity, D, N/60
b, B (Cni — Cmo) Vix  component of V, along x, V, sin (¢)
B, moisture coeflicient for viscosity Vy. component of ¥y along z, V, cos (¢)
Con moisture concentration w velocity component in the z-direction
Crai initial moisture concentration /4 width of the screw channel
Cmo  ambient moisture concentration X coordinate axis normal to screw flights
c* dimensionless ¢, y coordinate axis normal to the screw root
C specific heat of the fluid z coordinate axis along the screw channel.
D mass diffusivity of moisture into the bulk
material ‘ Greek symbols
D, barrel diameter o thermal diffusivity, k/pC
G Griffith number, gV /k(T,—T;) B dimensionless Ty, T,/ T;
H height of the screw channel B dimensionless b, b/ T,
k thermal conductivity of the fluid ¥ strain rate
L axial screw length Yo reference strain rate, equation (4)
n power law index, equation (4) 7* dimensionless strain rate
N screw speed [rev min~ ') 0 dimensionless temperature,
p  pressure (T—T)/(T,—T)
14 reference pressure, aV,./H Uo reference viscosity, equation (4)
p* dimensionless pressure i average viscosity, po[Vy./Hyol" '
Pe Peclet number, V,_H/« P density of the fluid
q. dimensionless volumetric flow rate T shear stress
(throughput) ¢ screw helix angle.
0 total volumetric flow rate
S dimensionless sink term for moisture Subscripts
S’ rate of reaction b barrel
t time dev  developed
t average residence time s screw
T temperature 0 reference quantity.
T, barrel temperature
T inlet temperature Superscript
u velocity component in the x-direction * dimensionless quantity.
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F1G. 1. Schematic of a single screw extruder.
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Pearson [6] obtained numerical solutions for a fully
developed, two-dimensional, isothermal flow of poly-
mer melts in very wide rectangular screw channels.
Rauwendaal [7] and Lappe and Potente {8] discussed
the relationship between the volume flow rate and the
pressure for single screw extruders.

Several researchers have studied the flow of poly-
mers in the various sections of an extruder, using
different numerical or analytical techniques [9-12].
Fenner [12] considered the case of the temperature
profile developing along the length of the screw chan-
nel. Elbirli and Lindt [13] reported the results from a
model in which the temperature was allowed to
develop along the screw channel. Agur and Vla-
chopoulos [14] included models for the feed hopper,
solid conveying and melt zones of the extruder. They
also predicted the die swell that occurs as the material
exits through a die. In these models, the screw and
the barrel were assumed to be at the same, uniform
temperature. Numerical results on the flow and heat
transfer for polymeric materials in single screw
extruders with an adiabatic boundary condition at the
screw are presented in ref. [15]. This is a more realistic
circumstance, since the screw is generally unheated.
The flow field and the temperature distribution were
shown to be affected significantly by the throughput
in the extruder. Viscous dissipation was shown to be
a very large effect and to result in heat transfer from
the fluid to the barrel wall for certain materials and
operating conditions.

Very few investigators have attempted to solve for
the flow of food materials in a single screw extruder.
Generally, food materials are assumed to have a rheo-
logical behavior similar to that of polymers. In reality,
the material being processed exhibits elastic and time-
dependent rheological properties. The elastic nature
of the material manifests itself in the form of expan-
sion or die swell after the material exits the die. Inside
the extruder, however, the viscous contribution will
be much higher than the elastic component because
of the high shear and pressures that are built up. For
the purposes of this simulation, therefore, a power-
law type viscous material with variable viscosity is
assumed. Bruin er al. [16] have considered the flow of
biopolymers in an extruder. Harper [17] has discussed
various aspects of food extrusion in single screw
extruders. Recently, Mohamed and Morgan [18] have
presented the results for average heat transfer co-
efficients in a single screw extruder, for the flow of
non-Newtonian food materials.

The above, brief, review of the relevant literature
points out the need for a broad-based approach to the
modeling of the combined effects of flow, heat and
mass transfer in extrusion. Our motivation in carrying
out this analysis is to fill the gap in terms of obtaining
useful solutions to engineering problems in the design
of extruders, while trying to gain an understanding of
the fundamental physical mechanisms that underlie
the above phenomena [19]. By making suitable sim-
plifications to the geometry and by making reasonable
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assumptions based on scaling, quantitative results are
obtained for the various quantities of interest in the
coupled problem of flow, heat and mass transfer with
chemical reactions.

A finite difference numerical study has been carried
out for the simulation of the transport processes in
extrusion, to obtain the velocity, temperature and
moisture concentration variation along the length of
the screw channel. The analysis presented here is appli-
cable largely to the metering zone where the cross-
sectional area remains constant. However, the vari-
ation in channel depth due to taper may easily be
accounted for in the model, in order to consider other
regions in the extruder. The effects of viscous dis-
sipation and chemical reaction are included and the
results obtained are discussed in terms of the basic
transport processes. The main governing dimension-
less parameters are the throughput, or volume flow
rate, g,, the Peclet number Pe, which represents the
relative importance of convection along the screw
channel as compared to conduction, the power-law
index n, the dimensionless viscosity coefficients f, 8,
and b,,, which characterize the variation of viscosity
with temperature and moisture concentration, the
dimensionless reaction rate .S, and the Griffith number
G. which represents the level of viscous dissipation
as compared to heat conduction. The effect of these
parameters on the flow, heat transfer and moisture
distribution within the screw channel is studied in
detail. It is found that the pressure developed at the
die is strongly affected by the throughput and the
power-law index. The residence time distribution is
not significantly affected by changes in these par-
ameters for the extruder geometry considered. The
heat transfer at the barrel and the mixing induced in
the flow are also investigated. It is found that the
throughput is the most important parameter in the
problem and affects the flow field very substantially,
resulting in a strong influence on the heat and mois-
ture transport as well.

2. PROBLEM FORMULATION

The simplified geometry of a single screw extruder
and the cross section of a screw channel are shown in
Fig. 2. For ease of visualization and analysis, the
coordinate system is fixed to the screw root and, thus,
the barrel moves in a direction opposite to the screw
rotation. Such a formulation is commonly employed
in the literature [2, 3]. As mentioned earlier, the analy-
sis applies to the metering section of the screw
extruder. Curvature effects are important in sections
with deep channels, such as the solid conveying zone.
However, for the shallow metering section modeled
here, curvature effects are neglected. This allows the
screw channel to be ‘opened out’, resulting in the
rectangular computation domain shown in Fig. 3.
For steady, developing, two-dimensional flow of a
homogeneous fluid in a single screw extruder with
a shallow channel, i.e. for H « W in Fig. 2, after
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FiG. 2. Simplified geometry of a single screw extruder with
a rectangular screw profile.

neglecting the inertia terms (creeping flow approxi-
mation [20]) in the x- and z-directions, the equations
for the conservation of momentum become

p_dr)

ox oy T ody O
op _ t,.)
L= M
s dy

where p is the local pressure and 7 the shear stress.
The creeping flow approximation is valid because the
inertia terms are small in comparison with the viscous

terms for the low Reynolds numbers (typically 0.001)
that arise for the highly viscous flow of polymer and
food materials. The clearance between the screw flight
and the barrel is assumed to be small enough to neglect
the leakage across the flights from one screw channel
to the neighboring one.

In the presence of strong viscous dissipation effects
and/or heat addition from the barrel, the thermal
convection along the channel length can be significant.
Therefore, the temperature field is not fully developed
in this direction. The velocities will also change with
the downstream position as a result of this change in
temperature, if the fluid viscosity is dependent upon
its temperature. Also, the flow field may develop in
the z-direction, depending on the flow entering the
heated zone of the extruder channel. It is assumed that
diffusion in the z-direction is negligible in comparison
with convection. This assumption can be shown to be
valid for L > W, using a simple scaling analysis, and is
also borne out by experimental data. The temperature
gradient in the p-direction is cxpected to be much
higher than that in the down-channel direction. The
diffusion term in the y-direction is, therefore, retained.
Thus, the energy equation becomes [21]

c T 0 k&T + ou + ow )
o= ok |+ T
Pz T\ Moy )T ey T oy

where T'is the temperature, p the density, C the specific
heat at constant pressure and k the thermal con-
ductivity of the fluid.

The above equation is parabolic in the z-direction
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F1G. 3. Boundary conditions for the numerical model, employing a coordinate system fixed to the screw.
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and elliptic in the y-direction. In actual practice, there
is a restriction to the flow in the form of a die
at the end of the extruder. The characteristics of the
flow in the extruder are strongly coupled to that inside
the die. The relationship among the flow quantities
for the flow through dies has been studied, and cor-
relations have been obtained [22]. For small through-
puts, there is back flow, and this'makes the problem
elliptic in the z-direction also. In such circumstances,
the fluid flow and the heat transfer at the die also
need to be simulated and coupled to the extruder
simulation. The present study is, however, restricted
to the simulation of the transport phenomena in the
extruder channel. The results obtained using this
analysis can be used in conjunction with the character-
istics of specific die shapes to obtain the operating
characteristics of real extruders. The parabolic nature
of the governing equation in the z-direction allows the
use of a marching scheme [23], as described in the next
section.
The shear stresses 7., and 7, are given by

3)

‘ny =H5,

ou ow
2
oy

=g,
where u is the molecular viscosity of the material. For
non-Newtonian fluids, g is a function of the strain
rate 7. A power law model is assumed in this study.
An Arrhenius dependence of u on the temperature
T, and an exponential dependence on the moisture
concentration ¢, is also considered. Such a character-
ization of the viscosity variation with temperature
and moisture content has been observed to accurately
predict rheological measurements of typical food
materials, as obtained experimentally by Kokini [24],
among others. The following constitutive equation for
viscosity is used :

7 (n— 1) ‘
u= g <> ehﬂ e—Bm(“m*"mn) (4)
Yo

,_I:(Bu > (owy |V? s
¥ = o +5)j . (5)

Here, u and w are the velocity components in the x-
and z-directions, respectively, b the Arrhenius tem-
perature coefficient of viscosity, B,, the moisture con-
centration coefficient, n the power law index and sub-
script ‘0’ denotes the reference conditions.

The mass diffusion equation also needs to be con-
sidered in addition to the continuity, momentum and
energy equations for food systems because of the pres-
ence of moisture. Moisture plays a very important
role in the extrusion of food materials. Similarly, for
polymers, the species diffusion equation is relevant
for systems with more than one constituent. In food
systems, for example, some of the important effects
of moisture transport are manifested in the form of
gelatinization of the granular starch-based food
material which is fed into the hopper of the screw

where

extruder. This reaction occurs between the starch
granules and the water molecules. Atwell et al. [19]
defined starch gelatinization as the disruption of
molecular orders within the starch granule that mani-
fests itself in irreversible changes in the properties. In
this study, for the modeling of moisture diffusion,
gelatinization is defined as the process by which water
gets bonded to the starch granules in the food material
and thus becomes unavailable for further diffusion
and transport. The mass diffusivity of bound moisture
is reduced by several orders of magnitude and the
food material is said to undergo a form of transition.

It has also been observed [17] that even small
changes in the moisture content can result in large
changes in viscosity. Besides, the moisture transport
can also be affected by the reactions taking place
during extrusion cooking. There is, thus, a need to con-
sider this additional transport process in the modeling.
The convection, diffusion, and absorption of mois-
ture is governed by the following mass transport
equation, valid for small values of the species concen-
tration {21]:

S'=0 for T<T,. (©

Axial diffusion is neglected in comparison with the
diffusion along the channel depth, as in the energy
equation. The presence of vents or ports along the
barrel sections is not taken into account. The coupling
of this equation with the energy and momentum equa-
tions occurs via the dependence of viscosity on mois-
ture content. The last term on the right-hand side of
the equation represents a source/sink for moisture
due to reaction. This term is modeled specifically to
account for the absorption of moisture resulting from
the gelatinization reaction in food systems that include
starch. This term becomes operative only when the
temperature exceeds the temperature needed for the
onset of the gelatinization reaction, T,,.

The complex structural changes that take place dur-
ing gelatinization result in the loss of free moisture
at a rate which depends on the prevailing moisture
concentration, shear rate and temperature. A simple
representation of this process is in the form of a chemi-
cal reaction rate term with reaction order m, as given
above. Based on experimental observations [25], a
first-order reaction (m = 1) is considered in this study.
The proportionality constant is a function of the tem-
perature and the shear rate, but is taken as constant
in this study as a first approximation due to the
paucity of data on the chemical kinetics. Recent ex-
perimental evidence suggests that at low temperatures,
the shear effect is more dominant than the thermal
effect [26]. Simulations using zeroth-order kinetics
were also carried out, but the results are not presented
here. There is some recent work [27] on the thermal
kinetics aspects of starch gelatinization, which can be
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combined with appropriate shear kinetics models in
order to realistically simulate the entire process.

The boundary conditions are prescribed as shown
in Fig. 3. The screw has been taken as isothermal, at
T, in most studies reported in the literature. However,
a more practical circumstance is represented by the
adiabatic condition at the screw surface [15]. Exper-
imental evidence lends support to this assumption.
Otherwise, a conjugate problem needs to be examined
where the conduction in the screw is coupled to the
conduction and convection inside the flow channel.

Two constraints arise on the basis of flow rate con-
servation considerations. If the leakage flow across
the screw flights is taken as negligible, these con-
straints are given, for a total volumetric flow rate Q,

by
H H
0
dy =0, dy = = 7
Jﬂu} J;”) % (7

The governing equations are nondimensionalized in
terms of the following dimensionless variables:

x*=x/H, y*=y/H, z*=:z/H
wt=ulV,., wEr=w/V,.
p . V. T-T,
* =L =fi- 0= ——7
p p—ﬂ p /‘t H k) Tb_ 7"‘
= I B (o)
Cmi — Cmo
B=TT, B,=>5/T
W _JH [Vb:/H]"
/ Vh_.’ Au .uO ’)j()
avi
Pe=V,.H ==
o= Vollln 6=, - 1)
Le = D/aa S = S/HZ(Cmi _L’an),’17 l/a (8)

where « is the thermal diffusivity, T; the temperature
of the flow at the inlet, Pe the Peclet number repre-
senting the effect of convection downstream in
relation to conduction across the channel depth, Le
the Lewis number representing the relative magnitude
of moisture diffusivity to thermal diffusivity, and G the
Griffith number denoting the importance of viscous
dissipation effects. The parameters  and f, represent
the dependence of viscosity on temperature and b,
represents the dependence on moisture concentration.

Our choice of the above dimensionless parameters
is based partly on rigorous normalization of the
governing equations and partly on physical reasoning
derived from experimental knowledge. For instance,
the operating parameters for an extruder include the
flow rate, screw speed, and die geometry (for a given
screw configuration). The parameter g, represents a
combination of the volumetric flow rate, screw speed
and the channel depth (see equation (13) below).
Thus, the flow rate g, and the screw speed are not
independent. This fact is reflected in our study by

making appropriate changes in the parameters Pe and
G for corresponding changes in screw speed.
The resulting dimensionless equations are

2k ) 0%

ép ¢ [du

o EI= 1) @ BB - D 1) oy e
(av*[/ 1 Ve c ©)

ox*  oy*
Op* O ¥
27, — (7 (711 [nj*]("" Iie/il,'{(}(/i~ 1+ 1} e~hm(~* (10)
oz*  ay*\ oy*
Pewt a0 %0
ek < = s
FG*]t D B DB e mha (]
Oc* 0%c*
Pew*ﬁ = Legy*2 +Sc*™; §=0 for 0 <0,.

(12)

Similarly, the boundary conditions are also obtained
in dimensionless form. The constraints on the flow
are obtained, in dimensionless form, as

! i
w
J\ w*dy* =0, J wr¥dy* =g, = QZ, )
0 o

Here, the parameter ¢, represents the dimensionless
volumetric flow rate, generally referred to as the
throughput, emerging from the extruder. It is related
in a complex manner to the presence of a dic at the
end of the extruder.

Thus, for a given screw configuration, the par-
ameters that govern the problem are the Peclet num-
ber Pe, the Griffith number G, the throughput ¢,, the
dimensionless sink term S for moisture, the Lewis
number Le, the dimensionless reaction temperature
0,1, the viscosity parameters f8, 8, b,,, and the power
law index n.

(13)

3. SOLUTION PROCEDURE

The governing equations derived above constitute
a coupled set of non-linear partial differential equa-
tions, the coupling arising mainly through the vis-
cosity which is a function of the temperature and
the moisture concentration. Analytical solutions are
difficult to obtain even for simple cases, and therefore,
a numerical procedure is used here.

The dimensionless equations are solved by means
of finite difference techniques. The computations were
carried out over y x z grid sizes of 41 x 101, 61 x 101
and 81 x 101. The results were essentially unchanged
when the grid was refined to 81 x 121 from 61 x 101
and therefore, a 61 x 101 grid was selected. Since the
energy and moisture transport equations, equations
(11) and (12), are parabolic in z, boundary conditions
are necessary only at z = 0 to allow marching in the
z-direction and, thus, obtain the solution in the entire
domain. It is assumed that there is no significant back
flow. For situations where there is significant back
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flow, the marching procedure is not applicable. The
throughput parameter ¢, determines the limits of
applicability of the marching scheme. As a rough esti-
mate, a value of ¢, less than 0.18 resulted in significant
back flow, for typical values of the other parameters,
limiting the use of marching for the numerical solu-
tion.

A method similar to the one developed by Fenner
[3] was employed for solving the momentum equa-
tions, equations (9) and (10), at a given z location
iteratively. These equations are integrated twice over
y*. The following four non-linear equations are
obtained after applying the boundary conditions for
u and w at the screw root and the barrel :

ozt = (Jo—J ~Joq ) (Jo =T (l4a)
@p*(oz*NE = (), —=J2=J1g)(JoJ:=J1)  (14b)
op*lox* = (Jo—J)tan¢/(JoJ,—JD)  (l4o)
@p*(ox*)yt = (S, =T )tan/(JoJ,—J})  (14d)

where y§ and y¥ are the y locations in the channel
(from the screw root to the barrel) where the shear
stresses are zero.

In the above equations

S =J o F(o) da (15)

with

F(y) =[@p*/0x) (3% — )’
H(Dp*[6%) 2 ()% — y) 2] g BOB = D ghctin,

(16)

Equations (14a)—(14d) need to be solved iteratively
by starting with reasonable guesses for both the press-
ure gradients dp*/cz*, dp*/0x*, and for y¥, y*. The
Newton—Raphson iteration scheme is employed. The
Gauss—-Jordan algorithm is used for solving the system
of equations that are obtained [23]. The iterations are
terminated when the pressure gradients satisfy the
following convergence criterion :

max [A(Gp*/0z%), A(@p*/axH)] < 10-* (17)

where A stands for the absolute value of the fractional
change between two consecutive iterations. This par-
ticular convergence criterion is not useful when the
values of the pressure gradients become very small,
1.¢. close to zero. Under such circumstances, only the
absolute change in the values of the pressure gradient
is considered for convergence. Values of the criterion
smaller than 10~* were also tried, and it was found
that satisfactory convergence was obtained with the
above value within a reasonable number of iterations
(typically 5-10). A different method was used in
ref. [15] to solve the momentum equations. The two
schemes give essentially the same results for pressure
rise along the extruder. However, the scheme in ref.
[15] is restricted to a narrower range of q,.

Using the boundary conditions, in terms of u*, w*,
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0 and c* at any upstream z location, the energy equa-
tion, equation (11), is solved to obtain the temperature
distribution at the next downstream z location. Equa-
tion (11) is solved using the fully implicit scheme [23].
In this scheme, a tridiagonal system of equations is
obtained by using the new, uncalculated, values of the
dependent variable from the differencing operation in
the y-direction at any nodal point in the numerical
scheme. The tridiagonal system is solved using the
well-known Thomas (TDMA) algorithm, which is
very efficient [28]. The moisture transport equation,
equation (12), is solved next using, once again, the
fully implicit scheme to obtain the values of moisture
concentration at the next location in the marching
direction. With the temperature and moisture con-
centration distributions obtained at the next down-
stream location, the momentum equations, equations
(9) and (10), are solved iteratively, as discussed above,
to obtain the velocity distribution there. This pro-
cedure is repeated until the end of the extruder channel
is reached. The integration in equation (15) was car-
ried out numerically using Simpson’s one-third rule
[28].

3.1. Typical parameter values

For typical situations, corresponding to the
extrusion of a polymeric/food material, and for typi-
cal throughputs and screw speeds, the following
values of the dimensionless parameters are chosen
to represent a typical extruder and typical operating
conditions :

Power-law index n 0.5
Throughput g, 03
Peclet number Pe 7000
Griffith number G 1073
Barrel temperature parameter Ji 1.1
Temperature coefficient of u By 10.0
Moisture coefficient of u b, 1.0
Lewis number Le 0.001
Gelatinization temperature O 0.5
Moisture sink term S —10

Ambient moisture concentration 0.0

Cmo

Numerical results are obtained for wide ranges of the
governing parameters, varying them from these typi-
cal values. Some characteristic results are presented
in the next section.

4. RESULTS AND DISCUSSION

Results are presented in terms of distributions of
velocity, temperature and moisture concentration
along the screw channel as well as across the channel
depth. An important measure of the performance of
the extruder is its ability to pump the material through
the die. The variation of pressure along the channel
as a function of the governing parameters is useful in
this regard, and is examined here. Other quantities of
practical interest, such as the bulk temperature and
residence time distribution, are derived from the pro-
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files. Contour plots of constant velocity, temperature
and moisture are also obtained. The coordinate sys-
tem 1s fixed to the screw as described earlier. For ease
of discussion and presentation of results, some of the
parameters are kept constant while the others are
changed to study their effect on the transport
processes. For the results presented here, the following
are kept constant: Pe = 7050, Le = 0.001, 0, = 0.5,
Camo = 0.0, ¢ = 16.54" and f = 1.134. In addition, the
calculations are carried out for f, = 10 and b,, = 1.
These values are typical of the conditions for the
extrusion of starches. Other values of these par-
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ameters were also considered, but those results are
not reported here for brevity.

Figure 4(a) shows the calculated isotherms and the
temperature profiles at four downstream locations for
a non-Newtonian fluid with # = 0.3. The parameter
G, which represents the relative importance of viscous
dissipation as compared to heat conduction in the y-
direction, is quite high and gives rise to fluid tem-
peratures that are higher than the barrel temperature,
i.e. 0 larger than 1. Consequently, heat transfer occurs
from the fluid to the barrel which may, therefore, have
to be cooled in the sections close to the die in order
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to maintain it at a particular temperature. For smaller
values of G, the more common situation of heat trans-
fer from the barrel to the fluid arises. The temperature
gradient, 0T/dy, at the barrel is also higher than that
at the screw root because the heat generated by viscous
dissipation has to be conducted away from the barrel
to the ambient, whereas the screw root is adiabatic.
Uniformity of properties in the product is an impor-
tant attribute in the design of extruders which are used
for the thermal processing of temperature-sensitive
non-Newtonian materials. The presence and location
of hot spots in the material can be judged by the
occurrence of large temperature gradients close to the
source of hot spots. The shape of the isotherms and
the spacing between them can thus provide guidelines
in the design of extruders to avoid such isolated, hot
rcgions.

Figure 4(b) shows constant velocity lines and four
down-channel velocity profiles for the conditions
mentioned above. The dimensionless down-channel
velocity is zero at the screw root and unity at the
barrel for the barrel-moving formulation considered
here. The velocity profile does not change significantly
from one z location to the next. The steamlines are
uniform and parallel to the z coordinate for this case
of negligible back flow. A different set of conditions
is considered in Figs. 5(a) and (b) in order to examine
the development of the flow and thermal fields in
greater detail. The throughput in Fig. 5 is very large
(g. = 0.5) and the material is non-Newtonian with
n = 0.3. The velocity profiles indicate that the flow
develops {rom the initially linear profile as in drag
flow to a more complex one based on the temperature
field. The viscous dissipation contribution is still quite
large, but the temperature values do not reach the
high values seen in Fig. 4 because of the high flow
rate. It may also be noted that the slower fluid near
the screw root gets heated to higher temperatures than
the fluid near the barrel due to viscous heating.

Figure 6 shows the moisture concentration
contours. As shown here, the effect of the sink term,
S, due to the reaction, is manifested in a decrease in
the moisture concentration due to bonding of water
for gel formation as the material reaches the gela-
tinization temperature 0,. This loss of moisture
occurs at a rate specified by the sink term S and is
obviously more rapid for larger S. As the sink term is
increased in magnitude from S = 0, i.e. no reaction,
the sharp decrease in the moisture concentration
occurs first at the screw root. These results may also
be compared with those in Fig. 7 for the case when
§ = —500. The two variables that control the mag-
nitude of viscosity, i.e. the temperature and the moist-
ure concentration, act in opposing directions as the
material gets heated up and loses moisture due to
gelatinization. The temperature profiles indicate that
the screw root gets hotter than the barrel wall for the
set of conditions shown in the figure, and this leads
directly to gelatinization near the screw first. In actual
practice, however, the screw is in motion and the

barrel is stationary. The material at the screw root
and at the barrel is not transported downstream and
is, therefore, exposed to the prevailing temperatures
and shear rates. The sink term must strictly account
for this fact by means of a functional dependence of
S on the prevailing shear rate. This study has exam-
ined the effect of .S parametrically, without assuming
an arbitrary functional dependence. Nevertheless, the
physical reasoning presented here is valid.

Once the moisture concentration decreases sharply
due to the reaction, the viscosity level is controlled
by the relative magnitude of the decrease due to the
temperature rise and the increase due to moisture
removal. The downsteam distribution of moisture
concentration and the pressure development arc now
based on the usual transport processes, but with
altered viscosity and a non-uniform moisture level
along the channel depth. The pressure at the end of
the extruder and the quantity of initial moisture re-
maining after extrusion both depend on the loca-
tion at which the reaction starts. This phenomenon
is discussed below for the pressure rise.

Figure 8 shows the effect of varying the strength of
the sink on the pressure rise along the channel. As
compared to the case of § =0, the dimensionless
pressure at the die is seen to be lower for higher sink
strengths. The variation of the downstream pressure
gradient (not shown here) with the channel length
shows that there is a kink in the profile at the point
where the gelatinization first occurs. However, this
rise in the value of dp/dz is not strong enough to
counter the temperature effect which tends to lower
the viscosity and, thus, makes the material flow more
easily reducing the pressure rise. In fact, for very high
sink strengths (S ~ —10000), the pressure at the die
is higher than the value obtained for S = 0 due to the
resulting smaller moisture levels. These results are not
discussed here because such high values of S are not
of much practical significance.

Figure 9 shows the effect of changing the power-
law index » of the material on the pressure obtained in
the extruder channel. The curves are for G = 0.001,
¢, = 0.3 and S = —1000. Thus, only # is varied keep-
ing the rest of the terms in equation (4) the same. This
implies a higher viscosity for higher » at a given shear
rate. These results indicate the effect of n, though no
actual physical circumstance is stimulated here. The
pressure rises from the hopper to the die along the
screw helix, as expected. The pressure gradient is
higher for increasing #n. For non-Newtonian fluids,
n < 1 and the viscosity decreases with an increase in
shear rate. The Newtonian fluid, n = 1, therefore,
gives rise to larger viscous drag which in turn leads
to larger pressure gradients required to overcome
it.

A bulk temperature Ty, is defined in order to quan-
tify the combined thermal effect of viscous dissipation
and barrel heating. It is based on the prevailing vel-
ocity and temperature fields, and is equivalent to the
commonly used ‘mixing cup’ temperature. In physical
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terms, it represents the rate of convected energy per
unit mass flow. Thus

H H
Toun = J wTdy* /J wdy*.
0 [ Jo

The effect of viscous dissipation is examined in terms
of Ty as defined above. Figure 10 shows the effect
of the Griffith number G on the bulk temperature. As
expected, a larger value of G results in greater bulk
temperature rise. The contribution of the source term
in the energy equation due to viscous dissipation
results in temperatures that are much larger than the
imposed barrel temperature. The bulk temperature

(18)

increases continuously from the hopper to the die
because the barrel is maintained at a uniform tem-
perature while the material heats up due to viscous
dissipation. Material temperatures higher than the
barrel temperature cause heat transfer to take place
from the material to the barrel wall, and consequently,
it becomes necessary to cool the barrel in the sections
close to the die, as mentioned earlier. The dimen-
sionless bulk temperature at the die increases by about
200% for an increase of G from 0 to 0.005. In practical
situations, however, an increase in G is brought about
by a corresponding increase in the screw speed or
other operating conditions. Hence, fixing the oper-
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ating conditions usually fixes the values of parameters
such as G and Pe. The above discussion is valid only
for a parametric variation of G.

When the throughput is changed, keeping the other
parameters constant, the bulk temperature also
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changes as shown in Fig. 11. For increasing through-
puts, the bulk temperature decreases as a function of
the down-channel distance. This is because the aver-
age residence time for the material inside the extruder
is reduced for higher g,, thereby reducing the bulk
temperature that it experiences. This change in Oy, is
about 30% for a change in ¢, from 0.3 to 0.5.

The effect of the throughput g, on the pressure
development at the die is investigated next. As shown
in Fig. 12, a smaller value of ¢,, which corresponds to
greater restriction to the flow at the die, results in
a larger pressure rise as compared to the case with
g, = 0.4, which is close to the open die situation for
the isothermal flow of Newtonian fluids, ¢, = 0.5 [15].
For the particular set of conditions considered here,
a larger value of ¢, results in pressure loss from the
hopper to the die. This is because the balance between
the pressure build-up as the material flows through
the extruder channel, and the easing of pressure due
to the decrease of viscosity, is not maintained. If the
flow rate is increased, the pressure at the die decreases
further. Therefore, there is a limiting value of the
throughput ¢, that can be fed through an extruder
beyond which pressure development and, corre-
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spondingly, the development of desirable material
quality is affected considerably. This limiting value
depends on the particular conditions governing the
flow, for example, the power-law index n and the
viscosity coefficients 8, f, and b,. For isothermal,
Newtonian flow, a simple theoretical analysis shows
that ¢, = 0.5 corresponds to the throughput in the
extruder in the absence of a die. For the non-
isothermal, non-Newtonian flow considered here, this
value for the no-die situation is difficult to estimate,
but is typically around 0.3.

The residence time distribution (RTD) is another
important characteristic of an extruder. An average
residence time can be defined as the ratio of the total
extruder volume to the volumetric flow rate. In
addition, there is a distribution of time spent by the
particles that start at different channel depths because
of the variation in the downstream velocity with the
y location. It is an indication of the amount of time
the material spends within an extruder. If the material
spends an excessive amount of time inside the
extruder, it may have undesirable effects on the
extrudate quality. The nature of the RTD curve can
provide indications regarding blockage in the extruder
channel, for example. An on-line monitoring of such
information is useful in designing control systems that
change the screw speed, throughput or other oper-
ating variables as and when necessary.

A numerical procedure [15] is used to calculate the
RTD using particle traces and following the path of
each particle as it moves from the inlet to the die. A
fixed amount of dye is assumed to be introduced at
the hopper. The time required for a dye particle to
cover the distance L, i.e. axial screw length, is cal-
culated from the axial component of the velocity at
that (y,z) location. The cumulative amount of dye
material that comes out of the extruder is plotted in
Fig. 13 as a function of time. After an initial time
interval, t,, the first dye material starts coming out.
Then, a large amount of material corresponding to
particles in the intermediate depths comes out. Near
the barrel and the screw, the axial component of the
velocity is relatively small and therefore, that material
spends a much larger time inside the extruder. The
curve shown in Fig. 13 is a typical profile for extruders.

The numerical results obtained above were vali-
dated with experimental data. Experiments were car-
ried out on a specially designed single screw extruder
which is well instrumented. Details of the exper-
imental set-up and measurements are given in ref. [29].
Only some of the typical results are presented here for
comparison with the numerical results. Materials such
as Heavy Corn Syrup, which is Newtonian, and Visca-
sil 300-M, which is non-Newtonian with # ~ 0.4 and
whose thermal properties have been characterized
quite accurately [29], are fed into the extruder channel.
These fluids do not undergo a phase change and the
experiments are largely directed at the validation of
the model developed, using these simpler fluids. The
quantities of interest such as throughput, revolutions
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per minute, pressure and temperature profiles are
measured for a specific die at the end of the extruder.
As shown in Fig. 14, the pressure-throughput
characteristics for a 3.6 mm die match quite closely
with the experimental data from the extruder. We
have shown dimensional quantities in the figure for
two reasons. (1) The dimensionless throughput ¢, is a
combination of the actual flow rate and the revolutions
per minute, and each of the experimental data points
corresponds to different values of these two variables.
This leads to difficulty in showing the graph with ¢,
as the only variable. (2) An estimate of the physical
magnitude of the pressure and the flow rate typically
found in extruders can be obtained by examining the
graph.

It is interesting to note that the actual screw channel
profile in the experiments is not rectangular but has
a more complex geometry known as the self-wiping
profile [29]. Nevertheless, the rectangular profile
approximation using the maximum channel depth is
found to be quite sufficient for purposes of overall
prediction. As an example, the computed and exper-
imentally measured die pressure for the flow of corn
syrup at a mass flow rate of 8.43 kg h™', at 35 rev
min~ !, and the barrel maintained at 22.3°C, are 10.75
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and 11.34 bar, respectively. The corresponding bulk
temperatures are 22 and 22.3°C. A different set of
operating conditions (4.53 kg h™', 20 rev min "',
barrel at 12.2°C) again shows excellent agreement
(numerical/experimental die pressures are 22.65 and
20.4 bar, respectively).

Figure 15 demonstrates detailed temperature pro-
file calculations and the comparison with experiments,
using corn syrup. The experimental measurements
were carried out with a uniquely designed cam-driven
thermocouple probe which traverses the extruder
channel from the barrel to the screw root (see ref. [29]
for details). In this example, y* = 0 corresponds to
the screw root and y* = 1 corresponds to the inner
surface of the barrel. At the particular axial location
(about two-thirds the total extruder length), the pre-
dicted profile matches fairly well with the exper-

imentally measured profile. The discrepancy seen in
Fig. 15(b) is explained as follows: the externally
imposed barrel temperature at the given channel
location is used as an input in the numerical calcu-
lations. However, in the experiment, this temperature
at the barrel surface actually varies along the extruder
axial length. A better fit to the experimental data is
obtained if this actual variation of the barrel tem-
perature is employed in the calculations. The use of an
average barrel temperature over the extruder length
under consideration also gives a better agreement. The
maximum variation in temperature from the barrel to
the screw root, however, is typically 1-2°C for these
cases. The adiabatic condition at the screw root is also
demonstrated quite well by the experimental data.
These comparisons show that the numerical model
predicts the trends and the physical phenomena
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reasonably well, despite the simplifying assumptions
made in the analysis. Thus, the results obtained are
physically realistic and of good accuracy, allowing the
use of the model for predicting transport phenomena
within the extruder. Further work on a detailed exper-
imental investigation of the temperature and velocity
profiles in the extruder, for a variety of materials, is
clearly needed. In particular, experimental data on
realistic chemically reacting materials and more exten-
sive inputs on the rheology and on the chemical kin-
etics are needed to improve the mathematical model
discussed here and for a more appropriate validation.
This effort is presently being carried out as part of the
overall research project.

5. CONCLUSIONS

A numerical simulation of the transport phenomena
occurring in the flow of a non-Newtonian fluid
through a single screw extruder has been carried out.
For significant viscous dissipation within the material,
the material temperature rises above the imposed bar-
rel temperature by as much as 100%. The bulk tem-
perature at the die exit increases by almost 200% for
a change in the viscous dissipation parameter G from
0 to 0.005. Moisture removal and bonding due to
reaction takes place earlier and first at the screw root
for higher reaction rates. The bonding takes place
within a very short distance from the inlet, along
the extruder channel, giving rise to sharp changes in
viscosity at that location. Pressure development at the
end of the extruder is significantly affected by the

throughput. For throughputs larger than a limiting
value, typically 0.3, the pressure can actually decrease
from the hopper to the die, which means that the
material has to be pumped through the extruder to
maintain the given flow. Non-Newtonian behavior
reduces the pressure developed at the die. The bulk
temperature, which represents an overall effect of the
thermal and flow history within the extruder, rises
continuously from the hopper to the die. For the
conditions examined here, the dimensionless bulk
temperature becomes larger than 1, and nearly half
the barrel section towards the die needs to be cooled
in order to maintain it at a uniform temperature.
The residence time distribution (RTD) is numerically
simulated in this study using particle traces. The pro-
files show similar trends when compared to exper-
imentally observed RTD data. Experimental vali-
dation of extruder characteristics and typical
temperature profiles in the screw channel for the flow
of a very viscous fluid shows good agreement and
lends support to the model.
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TRANSFERT DE CHALEUR ET DE MASSE DANS UNE VIS D’EXTRUSION POUR DES
MATERIJIAUX NON NEWTONIENS

Résumé—On considére la simulation numérique des mécanismes de transport dans une vis d’extrusion des
fluides non Newtoniens tels que les plastiques et les aliments. L’étude simule les transferts de chaleur et de
masse dans le canal de la vis, pour un fluide a loi-puissance. L humidité est prise en compte. Les calculs
aux différences finies traitent le systéme d’équations aux dérivées partielles pour les champs de vitesse. de
température et d’humidité, dans un large domaine des paramétres. On tient compte de la variation de la
viscosité avec la température et I"humidité. En application de cette analyse, on incorpore la nature réactive
des constituants du produit en incluant la vitesse de réaction (gélatinisation) entre ’humidité et le produit.
Les contours d’humidité montrent que la gélatinisation se produit d’abord a la base de I’hélice. Une
validation expérimentale de quelques résultats numériques a été conduite et les comparaisons sont assez
satisfaisantes. On présente des résultats pour la distribution des temps de résidence (RTD), un paramétre
important dans 'extrusion. A travers le transfert d’humidité, I'approche présentée peut étre étendue
facilement aux réactions et au transfert de masse d’autres espéces dans les polyméres et d’autres matériaux
non Newtoniens.



Heat and mass transfer in a single screw extruder for non-Newtonian materials

WARME- UND STOFFUBERGANG IN EINEM EINSCHRAUBENEXTRUDER FUR
NICHT-NEWTON'SCHE MATERIALIEN

Zusammenfassung— Die Transportvorginge in einem Einschraubenextruder fiir nicht-Newton’sche Fluide
wie Plastik und Lebensmittel werden numerisch untersucht. Die Untersuchung richtet sich hauptsichlich
auf die Simulation des Wirme- und Stoffiibergangs in einem Schraubenkanal fiir ein “Power-law”-
Fluid. Der Stofftransport von Feuchtigkeit wird betrachtet, da er bei der Nahrungsmittelverarbeitung von
besonderem Interesse ist. Der Satz der grundlegenden partiellen Differentialgleichungen fiir Gesch-
windigkeit, Temperatur und Feuchtigkeit wird mit Hilfe eines Finite-Differenzen-Verfahrens in einem
weiten Parameterbereich gelost. Dabei wird die Abhéngigkeit der Viskositdt von Temperatur und Feuch-
tigkeit beriicksichtigt. Das grundlegende physikalische Vorgehen bei der Modellierung der komplizierten
Vorgiinge des Wirme- und Stofftransports bei nicht elastischen nicht-Newton’schen Materialien wird
gezeigt. Die Reaktionsfreudigkeit der Nahrungsmittelbestandteile wird als Anwendung dieser Unter-
suchungen fiir Nahrungsmittelsysteme auf Stdrkebasis durch die Bestimmung des Reaktionsgrades
zwischen Feuchtigkeit und Nahrungsmittel (Gelierung) ermittelt. Als Ergebnisse werden Kurvenverliufe
fiir Geschwindigkeit, Temperatur und Feuchtigkeitskonzentration angegeben. Bei typischen Betriebs-
bedingungen tritt eine starke viskose Dissipation auf. Die Feuchteverteilung zeigt, da3 die Gelierung von
Starke typischerweise zuerst am SchraubenfuB auftritt. Der Einflul unterschiedlicher Parameter auf den
Druckaufbau im Extruderkanal wird bestimmt und auf der Grandlage der physikalischen Vorginge
diskutiert. Einige der numerischen Ergebnisse werden experimentell bestitigt—die Ubereinstimmung ist
recht gut. Zusitzlich werden Ergebnisse fiir die Verweilzeitverteilung vorgestellt, die einen wichtigen
Auslegungsparameter bei der Extrusion darstellt. Obwohl diese Untersuchung sich mit dem Feuchtigkeits-
transport beschiftigt, kann die grundlegende Vorgehensweise leicht auf Reaktion und Stoffiibergang
anderer Stoffe in polymeren und anderen nicht-Newton'schen Materialen ausgedehnt werden.

TEILJIO- U MACCOMNEPEHOC B OJJHOBUHTOBOM 3KCTPYAEPE A4
HEHBIOTOHOBCKHNX MATEPUAJIOB

AnnoTaiusg—YHCIEHHO MOIETHPYIOTCS MPOLIECCHl NEPEHOCA B OJHOBHHTOBOM JKCTpYIEpeE, NpUMEHSe-
MOM IS TAKHX HEHBIOTOHOBCKMX JXKHAKOCTEH KaK MIaCTMAcChl M MHILEBLIE MpoaykThl. Lienbio uecneno-
BaHHA ABJIAETCH MOJEINPOBaHHE TEMJIO- M MAacCONEPEHOCAa INIPH TEYCHHH CTEMEHHOH XXHOKOCTH B
BHHTOBOM KaHaje. B kadecTse cpelbl, Iie POKCXOMHT MaccolepeHoC, pacCMaTPHBAETCA BJlara, MocKo-
JILKY OH4 TIpeCTaBIsET OCOOEHHBIA HHTEpeC NPH nepepaboTKe MHUIIEBBIX MPOAYKTOB. MeTOIOM KOHEY-
HBIX pa3HOCTEHl pellaeTcs ONpeeifAlomas CUcTeMa YPaBHEHMH B HacCTHBEIX NPOW3BOAHEIX,
ONHCHIBAIOLIMX NOJIS CKOPOCTEl, TEMIEPATYP M BJIArocoiepXaHus B IIMPOKOM JHANA30HE ONpPelesio-
IIMX OapaMeTPOB. YUUTHIBACTCA H3MEHEHHE BS3KOCTH ¢ M3MEHEHHEM TEMIEpPATyphl H BJjarocojepika-
AuA. OnucaH OCHOBHOH (PM3MYECKHHi METON MOJETHPOBAHHA B3aHMOCBA3aHHBLIX NPOLECCOB TEMIO- H
MACCOTEpEHOCca B Cilydae HeynpyrMx HEHBIOTOHOBCKMX MaTepnajioB. IlpHMeHeHME INpeis1OXeHHOro
aHanM3a K CHCTEMaM MHILEBBIX MPOOYKTOB Ha OCHOBE KpaxMasla WILTIOCTPHPYETCA Ha IpHMeEpe ydYeTa
XHMHYECKOH AaKTHBHOCTH KOMIIOHEHTOB HMIUEBBIX [POJYKTOB, a HMEHHO, CKOPOCTH pPEaKLHH
(XeJaTUHHpOBaHMs) MEXAy Braroif ¥ npoaykToM. ITosydeHHble pe3ybTaThi NPEACTABJIEHHI B BHIE
KPHBBIX CKOPOCTH, TEMIEPaTyphl H Biarocodcpxanus. Haiineno, 94To npa THOHYHBIX PEXHMHBIX Mapa-
MEeTpax BO3HHKAIOT CHibHBbIC 3ddexThl BA3KOCTHOH aucchnmanue. KpHBbie BraroconepXaHusi CBHAETe-
JIBCTBYIOT O TOM, 4TO XXeJJATHHHPOBAHHE KPaxmajia, KaK NPAaBHJIO, IPOMCXOMHT CHaYald y OCHOBAaHMs
punTa. Onpenensercs u OOCYXKIAETCA B pamMKax HCCIENYeMOro MpOLECCa BIMSHHE pa3jIMYHBIX OMpe-
IENAIOLMX NapaMeTPOB HA HOBBILIEHKE JaBjieHHs B KaHaye 3kcTpyaepa. [lonydyeHo yXoBIE€TBOPHTEND-
HOE COrJlacHe MeXAY HEKOTOPBIMM YMCIEHHBIMH pe3yJibTaTaMH H IKCIICPHMEHTAJbLHLIMHM JaHHEIMH.
IpencTaBiensl Takke Pe3yJIbTAThl PACHPEACTICHHSA BPEMEHH NIpeOLIBaHHSA, ABISIOMIETOCA BaXHBIM Nlapa-
METPOM pacyeTa KCTpyAepa. HecMoTps Ha TO, 4TO B NaHHOM paboTe HCCEAYETCS BArONEPEHOC, Npes-
JIOKEHHBIH METON MOXET OBIThb J1erko 00O0IIeH Ha peakuMH H MAacCONEPEHOC IpPYTHX BELIECTB B
[OJIMMEPaX M B APYrHX HEHbIOTOHOBCKHMX MaTepHaiax.
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