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A laser Doppler anemometer was used to measure velocity components for the flow
of a Newtonian fluid in a reversing section of a pilot-scale corotating twin-screw ex-
truder. Measurements were made at a fixed axial position in the intermeshing (nip)
region and the translational region (away from the nip). Tangential and axial velocity
profiles reached a maximum in the middle of the screw channel, indicating pressure
flow. Leakage flow through the gaps between screw flights and backflow toward the
hopper were observed only in the nip region. No reversal of flow was detected in the
translational region. Measured velocity profiles showed substantially higher shear rates
in the reversing section of the screw as compared to those in the forward-conveying

section.

Introduction

Extrusion is a widely used process in the food, plastics,
and pharmaceutical industries. For plastics, screw extruders
are used for compounding and, increasingly, for recycling
(Tadmor and Klein, 1970; Tadmor and Gogos, 1979; Fenner,
1980; Rauwendaal, 1990). In the food industry, extrusion is
used to make pasta, ready-to-eat breakfast cereals, half-prod-
ucts (pellets), snacks, and candy. It is also used to manufac-
ture animal feed and pet food products (Harper, 1981;
Mercier et al., 1989; Kokini et al., 1992). Both single- and
twin-screw extruders are commonly used in the food industry,
with the choice between single- and twin-screw extrusion de-
pending upon processing requirements and economics
(Harper, 1989).

Mathematical models for transport phenomena in single-
screw extruders for Newtonian as well as non-Newtonian flu-
ids are now available (Kiani et al., 1989; Karwe and Jaluria,
1990; Chiruvella et al., 1994). Modeling twin-screw extrusion
is more complex than single-screw extrusion because of the
complicated geometry. Using simplifying assumptions, mod-
els for transport phenomena in twin-screw extruders for syn-
thetic polymers and bio-polymers (food) have been developed
(Bigio and Zerafati, 1988; Tayeb et al., 1988a,b, 1992; Wang
and White, 1989; Kulashreshtha et al., 1991; White, 1991;
Sastrohartono et al., 1992, 1994; Sebastian and Rokos, 1992;
van Zulichem et al., 1992). Validations of these models are
made using global quantities such as pressure or temperature
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at the die, mass flow rate, and average residence time. Avail-
ability of local velocity data will allow a more rigorous valida-
tion of these mathematical models. In addition, accuracy of
these models in predicting shear and mixing fields, and leak-
age flows over the screw flights and between the screw flights,
needs to be determined in order to make use of them for
design and optimization purposes.

Measurement of velocity distributions in extruders has been
limited to simplified, single-screw extrusion systems. Eccher
and Valentinotti (1958) and Mohr et al. (1961) began with
streak photography on single-screw extruders equipped with
a rotating transparent barrel and stationary screw. In both
these cases, measurements were made at very low barrel ro-
tation speeds—under 10 rpm, which is very low for large ex-
truders used in practice. Subsequently, Choo et al. (1980)
made more realistic measurements using a deep-channel sin-
gle-screw extruder fitted with Perspex windows. They mea-
sured velocity profiles in a concentrated glucose solution (a
Newtonian fluid) by taking streak photographs of tracers from
two perpendicular directions simultaneously. However, their
data indicated that it was relatively difficult to make mea-
surements near the screw root due to limited optical access.
Recently, McCarthy et al. (1992) measured velocity distribu-
tions in a specially designed single-screw extruder, using a
noninvasive nuclear magnetic resonance (NMR) imaging
technique. The motion of a magnetically marked band of car-
boxymethyl cellulose across the barrel diameter was moni-
tored. Two limiting cases were studied: (1) open die and (2)

AIChE Journal



closed die. The results showed that fluid velocity varied lin-
early between the barrel and screw surface in case (1), as
predicted by theory. Similarly, effects of pressure and drag
flow were observed in case (2).

Karwe and Sernas (1996) introduced laser Doppler
anemometry (LDA) for measuring velocity distributions in
extruders. They used an LDA system to measure velocity
profiles in a corotating, self-wiping twin-screw extruder fitted
with a Plexiglas window. Tangential and axial velocity mea-
surements were made using heavy corn syrup (Newtonian) in
the region away from the intermeshing zone in a 28-mm-pitch
double-start forward-conveying screw element. They have
shown that there are a number of advantages in using the
LDA system for measuring velocity profiles in extruders. The
measurement technique is noninvasive, with excellent results
obtained with naturally occurring particles in the heavy corn
syrup. The LDA technique has a very fast response and is
accurate over a wide range of velocities. Most importantly, it
was demonstrated that it is feasible to obtain velocity data in
a pilot-scale twin-screw extruder. The only modification re-
quired was Plexiglas window, the inner surface of which was
machined to match the geometry of the extruder barrel.

So far, all velocity measurements have been made with for-
ward-conveying clements. However, a combination of for-
ward, reverse, and kneading elements is used in a typical ex-
trusion process. The screw configuration depends upon the
application. Reverse elements increase the residence time,
energy input, and shear, strongly influencing product quality
(Colonna et al., 1983; Fletcher et al., 1984; Della Valle et al,,
1987; Yam et al,, 1994). Local velocity measurements of the
fluid in the channels of reverse-conveying screws have not
been reported in the literature. This study reports some of
the velocity measurements made in a 20-mm-pitch, reverse-
conveying screw element using laser Doppler anemometry.
The velocity measurements indicated that the flow profiles in
a reverse element are markedly different from a forward-con-
veying element due to different flow mechanisms. In addi-
tion, the flow characteristics in the translational and nip re-
gions of a reverse element were quite different from each
other.

Materials and Methods
Experimental setup

The experimental setup is shown in Figure 1. Velocity
measurements were made in the screw channels of a corotat-
ing self-wiping, twin-screw extruder (Model ZSK-30, Werner
& Pfleiderer Corporation, Ramsey, NJ). The internal diame-
ter of the barrel bore (D) is 30.85 mm and the L/D is 29,
where L is the total length of each screw. A Plexiglas win-
dow, 35 mm (W) X 115 mm (L), with an aluminum frame
was constructed and fit into the vent port of the extruder.
The Plexiglas section provided optical access to the fluid
flowing in the screw channels for velocity measurements. The
inner geometry of the Plexiglas section was machined and
polished to match the specifications of the extruder barrel. A
bore gauge (Mitutoyo Corp., Tokyo, Japan) was used to en-
sure that deviations in barrel diameter between the steel and
Plexiglas sections were minimal. The bore gauge showed that
variations in barrel diameter were at most +0.1 mm.
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Figure 1. Experimental setup, showing the extruder and
the LDA system.

Velocity measurements were performed using a four-beam
300-mW argon-ion laser Doppler anemometer system oper-
ated in the backscatter mode (Dantec Measurement Tech-
nology, Inc., Mahwa, NJ). The principles of laser Doppler
anemometry have been explained by Durst et al. (1981), and
its application on a extruder system by Karwe and Sernas
(1996). The characteristics of the LDA used in this experi-
mental setup are described in detail elsewhere (Karwe and
Sernas, 1996). The laser beam is split into two blue beams
(wavelength, A =488 nm) and two green beams (A =514.5
nm) by a beam splitter. The four-beam system measures two
velocity components perpendicular to the bisector of the
beams simultaneously. A Bragg cell with a frequency shift of
40 MHz was used to obtain the direction of velocity compo-
nents. The beams were transmitted through a fiber-optic ca-
ble to a portable probe with a focal length of 120 mm. The
fiber-optic probe picked up scattered light from particles in
the flow and transmitted it to a flow-velocity analyzer (FVA).
The probe was mounted on a 3-dimensional (X-Y-Z) traverse
and positioned vertically above the Plexiglas window. The
traverse had a spatial resolution of 0.1 mm. The traverse mo-
tion was controlled by a microcomputer, which also collected
velocity data.

Experiments were performed using heavy corn syrup
(Globe corn syrup, Corn Products International, Summit-
Argo, IL). This is a Newtonian fluid, and is optically trans-
parent for the laser beams to penetrate and for the scattered
light to come out (Karwe and Sernas, 1996). The corn syrup
has a viscosity of 74.0 Pa-s at 26.6°C and a refractive index of
1.49.

Screw elements

The screw configuration used in these experiments was as-
sembled by using forward-conveying elements and one re-
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Figure 2. Screw geometry of the double-start reverse
element.

The reverse element was flanked on either side by 20/10 for-
ward-conveying elements.

verse-conveying screw element with a pitch (mm)/Alength
(mm) of 20/10. Details of the screw geometry are shown in
Figure 2. The maximum depth for the screw channel is 4.77
mm. The equations describing the self-wiping screw profile
are given in Booy (1980) and Lai-Fook et al. (1989). The re-
verse element was flanked on either side with 20/10-pitch
forward-conveying elements (Figure 3a). Velocity data were
obtained with a screw speed of 60 rpm.

A die with two holes, 5 mm long of 3 mm diameter each,
was used.

Regions of measurement

Figure 3a shows the regions of velocity measurements as
seen through the Plexiglas window. The intermeshing (nip)
region is the region where the two screw channels meet. The
translational region is the region away from the intermeshing
region. The boundary between the transitional and inter-
meshing regions is hypothetical and perhaps cannot be iden-
tified by a single line or plane. It has been shown in the nu-
merical studies carried out by Sastrohartono et al. (1994) that
the intermeshing region does not extend a quarter turn on
either side of the nip. This was found from the velocity and
pressure-field contours. Also, Karwe and Sernas (1996) have
shown that in the translational region considered in this arti-
cle, the flow field is similar to that in the channel of a single
screw. Therefore, it was assumed that the translational re-
gion was too far away from the nip to have any significant
effect of the nip geometry. Figure 3a shows the tangential
and axial coordinate axes in the translational region, referred
to as x; and y;, respectively. The vertical axis, z, is perpen-
dicular to the plane of the paper. Similarly, tangential, axial,
and vertical coordinate axes in the nip region, x5, yy, and
zy, respectively, are shown in Figure 3b. In a frame of refer-
ence attached to the stationary barrel, the velocity measure-
ments were carried out at various channel depths, that is,
negative values of z; or z,. Measurements were made in the
translational region of the right screw (screw 2 in Figure 3a)
and in the nip region at a fixed axial location.

The center point of the cross in Figure 3a represents the
measuring volume, that is, the intersection volume of the four
beams. Figure 3b illustrates a section taken normal to the
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Figure 3. Measurement geometry: (a) top view through
the Plexiglas window; (b) section A-A' taken
normal to the axes of the screws showing
screw lobes at an encoder position of 0°; (c)
relative size of the measurement volume.

screw axes. The beams intersect at an angle of 18° and form
an elongated ellipsoidal measurement volume of approxi-
mately 0.9 mm X 0.1 mm X 0.1 mm. The orientation of the
measurement volume and its relative size with respect to the
nip dimension is shown in Figure 3c. The maximum dimen-
sion of the measurement volume is along the bisector of the
four beams. During measurements, the probe was initially
positioned so that the four beams focused on top of the screw
flight tip, defined as z;=0. Velocity measurements were
carried out at positions 0.2 mm apart along the negative z,
axis until the screw root was reached (z; = —4.8 mm). Also
shown in Figure 3b are the details of the nip region. Velocity
data were obtained at a fixed position 0.5 mm directly below
the nip (zy = —0.5 mm).

Encoder

In order to keep track of the angular position of the screw
shaft, an encoder (Servo-Tek Products, Hawthorne, NJ) was
used (Karwe and Sernas, 1995, 1996). The encoder was fitted
on the back end of the left screw shaft and interfaced with
FVA of the LDA system. The encoder gives a pulse of 2.5
VDC for every 0.72° of rotation of the screw and a 5 VDC
reset pulse after one full revolution, which is defined as 0°
position of the encoder. Using this system, velocity data were
obtained at discrete angular positions of the rotating screw
shaft. A reference position of 0° was set arbitrarily when the
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lobe of the forward-conveying screw immediately following
the reverse element was vertical. Since the right and the left
screw shaft have a phase difference of 90° the orientation of
one screw shaft automatically defines the orientation of the
other screw shaft. Therefore, selection of zero position of the
screw lobes does not affect the velocity measurements.

Correction factor for refraction

The laser beams bend due to refraction at the interface
between air and the surface of the Plexiglas window, as shown
in Figure 4. A correction factor must be applied to determine
the actual location where the laser beams meet inside the
screw channels, which is given as follows:

Actual depth = (apparent depth) X refractive index
of Plexiglas, (1)

where apparent depth is the depth at which the laser beams
would intersect in air. The error due to the approximation in
Eq. 1 was estimated to be about 0.5% (Bakalis, 1996). Since
the refractive index values of Plexiglas (1.507) and corn syrup
(1.49) are very close to each other, the correction due to re-
fraction at the interface between the two was negligibly small
and was not applied to the collected data.

Results and Discussion

In the extrusion experiments, the two components of the
velocity measured were tangential component, U,, and the
axial component, Uy, as shown in Figure 3a. Measurements
were made at a given radial location within the screw chan-
nel. The probe is held in a fixed position relative to the bar-
rel. As the screw rotates, the relative position of the mea-
surement location with respect to the screw flight changes
continuously. As seen by an observer fixed to the barrel, the
measurement volume appears to move axially across the
channel as the screw rotates. Actually, velocity measurements
are made in different parts of the channel at every instant for
one revolution and repeated for subsequent revolutions. The
velocity measurements are repeated every 180°, since it is a
double-start screw. Results from the measurements made in
the translational region are discussed first, followed by the
results in the nip region.

Portable Fiber
Optic Probe

laser beams

W <«— Aluminum body

— Piexiglas insert

Apparent]
Actual depth

-«

Barrel

Figure 4. Actual and apparent depths where laser
beams intersect due to refraction at the air-
Plexiglas surface.
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Figure 5. Variation of tangential velocity (U,) with angu-
lar position of the screw shaft rotating at 60
rpm; mass flow rate of 21.5 kg /h at 27°C: (a)
near the barrel; (b) middie of channel; (c)
screw root.

Figures 5a, 5b, and 5c show the variation of the tangential
velocity component U, as a function of the angular position
of the screw shaft for the screw speed of 60 rpm in the trans-
lational region. These measurements were made at distances
of z; = —0.9 mm (near the surface of the barrel), z; = —2.4
mm (center of the channel, depthwise), and z; = —4.8 mm
(screw root) from the barrel surface, respectively. The axial
position in which these measurements were made was the
center of the reverse element. A gap in velocity data, corre-
sponding to interruption of the laser beams by screw flights
can be seen in Figures 5a-5c.

A closer examination of Figure 5a shows that maximum
velocity occurred near the tip of the screw flight. This mea-
sured maximum velocity close to the barrel surface (z; = —0.9
mm) agrees with theoretical velocity of the screw flight tip
rotating at 60 rpm (0.096 m/s). Unlike the results of the for-
ward-conveying element (Karwe and Sernas, 1996), where the
U, decreased continuously toward the middle of the screw
channel, the U, has a local maximum at the center of the
screw channel near the encoder angles of 90° and 270°.

Figure 5b shows the tangential velocity component at the
second measurement position, midway between the barrel and
screw root (z; = —2.4 mm). Tangential velocities of 0.18 m/s,
which are higher than the calculated screw flight tip velocity
of 0.096 m/s, were observed in the center of the channel (near
encoder angle of 90° and 270°). These higher velocities are
due to pressure flow. The drag flow component of a reverse-
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conveying element is toward the hopper. However, the mate-
rial has to move toward the die because the net flow is to-
ward the die. This is achieved by the negative pressure gradi-
ent in the reverse element, that is, the pressure decreases
along the downstream direction toward the die. It can be
shown from simple analysis (Tayeb et al., 1988a) that the main
component of flow in a reverse element is the pressure flow.

The two symmetric humps seen in Figure 5b are the veloci-
ties measured in each screw channel as explained earlier. No
negative velocities were observed. As one moves away from
the barrel toward the screw root, the flight thickness in-
creases. This increases the gap in the data caused by the in-
terruption of laser beams by screw flights.

The measured tangential velocity at the screw root, shown
in Figure 5S¢, is very close to the theoretical screw-root veloc-
ity (0.066 m/s at 60 rpm). This also implies that there is no
slippage between the fluid and the wall at the screw root for
this material. There is no noticeable variation of the tangen-
tial velocity with angular position at the screw root due to the
no-slip condition. This is also due to the fact that there is a
wide region of constant screw radius near the screw root.

The variation of axial velocities along the angular position
in the translational region are shown in Figures 6a, 6b, and
6c at z;=—0.9 mm, z; = -24 mm, and z; = —4.8 mm, re-
spectively. Again, the gaps in the data due to the interruption
of the laser beam by the flights are evident. Based on the
coordinate system shown in Figure 3a, the negative axial ve-
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locities imply flow toward the die. Note that the velocity scale
in Figure 6 is expanded by a factor of 2 as compared to that
in Figure 5. Small but finite axial velocities toward the die
were observed near the barrel surface (z; = —0.9 mm) as
shown in Figure 6a. The variation of axial velocity along the
angular position is minimal, although some asymmetry is ob-
served. The reasons for this asymmetry are not yet known
and are being investigated.

Figure 6b shows the axial velocities in the tangential region
in the midpoint between the barrel surface and the screw
root (z; = — 2.4 mm). Relatively high axial velocities of —0.03
m/s were observed in the middle of each screw channel (near
encoder angles of 90° and 270°). These high axial velocities
are due to the pressure flow in a reverse-conveying screw ele-
ment as explained before. Figure 6c shows the axial velocity
at the screw root (z = —4.8 mm). The measured axial veloc-
ity is close to zero at the screw root, as the screw rotates only
along the x-direction and hence has no axial velocity compo-
nent. Again, there does not seem to be any measurable slip
at the screw root for this material.

Experiments were performed at different channel depths,
from z; =0 mm (top of flight), in steps of 0.2 mm, to z, =
—4.8 mm (screw root), in the translational region. The tan-
gential and axial velocities, similar to those illustrated in Fig-
ures 5 and 6, were obtained at each z; position. The tangen-
tial and axial velocities at each 2z, position in the middle of
the channel for the reverse element were extracted from the
data. The middle of the channel occurs at an encoder angu-
lar position of 90° in the reverse element. This follows from
setting of the encoder at 0° on the screw flight and screw
geometry. Figures 7a and 7b show extracted tangential- and
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Figure 6. Variation of axial velocity (U,) with angular
position of the screw shaft rotating at 60 rpm;
mass flow rate of 21.5 kg /h at 27°C: (a) near
the barrel; (b) middle of channel; (c) screw
root.
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axial-velocity profiles, respectively, from top of flight (z; =0
mm) to screw root (z; = —4.8 mm) at this fixed angular posi-
tion. Also shown in Figures 7a and 7b are depthwise varia-
tion of the tangential and axial velocities in the middle of the
screw channel for the 20/10 forward-conveying element im-
mediately following the reverse-conveying element. In this
case, the middle of the channel occurred at an encoder angu-
lar position of 180°.

As seen in Figure 7a, small tangential velocities were ob-
served close to the surface of the barrel in the reverse ele-
ment. The highest velocity occurred below the midpoint of
the space between the barrel and screw root, at z, = —~3.0
mm. In the forward-conveying element immediately following
the reverse element, tangential velocities were much lower in
magnitude. Near the screw root, the measured tangential ve-
locity is close to the calculated screw root velocity (0.066 m/s)
in both types of elements, suggesting that the no-slip condi-
tion exists there.

Figure 7b shows the variation of axial velocity in the trans-
lational region at various depths, from z; = —0 mm to z, =
~—4.8 mm in the center of the channel. As explained before,
the center of the channel occurs at an encoder angular posi-
tion of 90° for the reverse element and 180° in the forward-
conveying element. Axial velocities in both reverse- and for-
ward-conveying elements are zero at the screw root. The ax-
ial velocity in the channel of a reverse element is highest in
magnitude in the middle due to pressure flow. The sharp gra-
dients of velocity near the screw root and near the barrel
impart high average shear rates to the material. Much lower
axial velocities are observed in the channel of a forward-con-
veying element. In all of the measurements done in the trans-
lational region, positive values of axial velocity were not seen,
implying no reversal of flow in the translational region, even
for reverse-conveying screw elements.

Conventionally, in mathematical modeling of single-screw
extrusion processes, the helical screw channel is unwound and
treated as a long and shallow channel (Karwe and Jalura,
1990). The coordinate system is fixed to the screw root with
the screw treated as stationary and the barrel moving in a
direction opposite to the screw rotation. Furthermore, the
coordinate system used is along this narrow channel, with the
velocity components resolved in down-channel and cross-
channel components. In this “barrel-moving” formulation,
the measured axial U, and tangential U, velocities that can
be transformed into down-channel (U};) and cross-channel
(U,) components are as follows:

Forward conveying element

U;=~U,cos § —U,sin 6 + wDNcos 6 2)
U, =U,sin 6 ~ U, cos 6 ~ wDNsin 6 3
Reverse element:
U, =U,cos 6 —U,sin § — DN cos 6 (4)
U, =U,sin 6 + U, cos § — wDNsin 6, )

where, 0 is the helix angle, D is the screw-root diameter, and
N is the number of revolutions of the screw per second. Dif-
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Figure 8. Down channel (i) and cross channel! (ii) veloc-
ity profiles in the barrel-moving formulation in
the translational region of forward [A] and re-
verse [B] elements at a screw speed of 60 rpm.

Velocities were measured in heavy corn syrup flowing at 21.5
kg/h at 27°C. These profiles were obtained by transforma-
tion of axial and tangential velocity data.

ferent transformations have to be done for forward and re-
verse elements, as the down-channel and cross-channel coor-
dinate axes are oriented differently, as shown in Figure 8.
The down-channel (i) and cross-channel (ii) velocities in the
barrel moving formulation in 20-mm-pitch forward and re-
verse elements are shown in Figures 8a and 8b, respectively.
The velocity profiles are similar to those expected from theo-
retical considerations. The velocities at the screw root are
zero, as the screw root is stationary.

Figure 9 shows tangential and axial velocities measured in
the intermeshing region (nip region). These measurements
were made at zy = —0.5 mm below the nip. The data are
periodic; repeating every 180° as the screw is a double-start
screw with two channels. Again, gaps in the data appear where
the screw flights cut the laser beams. In Figure 9a, high val-
ues of tangential velocity are observed near encoder angles of
90° and 270° (middle of the two channels of the reverse ele-
ment), due to pressure flow. There are two velocity peaks at
encoder angles just after 0° and 180° of 0.18 m/s. A closer
look at the screw geometry shows that these are leakage flows
that occur in the small clearances between the screw flights.
This leakage flow is the result of pressure difference between
the channels whose flights meet at the nip. The leakage flow
occurs from a channel in one screw to a channel in the other
screw. Since the U, velocity is positive and the U, velocity
component is negative around 180° the resultant direction of
this leakage flow is toward the die. This occurs because pres-
sure drop is toward the die in a reverse element. This is ex-
actly the opposite to what was observed by Karwe and Sernas
(1995) for a 28-mm forward-conveying element, where it was
observed that the leakage flow was toward the hopper be-
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Figure 9. (a) Tangential (U,) and (b) axial (U,) veloci-
ties at a point 0.5 mm below the nip at screw
speed of 60 rpm and mass flow rate of 21.5
kg /h at 27°C.

cause of increased pressure toward the die (Karwe and Ser-
nas, 1995).

Axial velocities, shown in Figure 9b, are positive over a
large region. Based on the coordinate system shown in Figure
3a, positive axial velocity is an indication of backflow (flow
toward the hopper end of the extruder). Therefore, there is a
significant backflow in the center of the reverse element in
the nip area. As shown earlier, this effect is not observed in
areas far away from the nip, that is, in the translational re-
gion. At the proximity of the screw flights (175° and 355°), the
axial velocity drops to zero, as the rotating screw flights have
no axial velocity.

The velocity profiles in the nip region show that the “jog’
flow (Karwe and Sernas, 1995) in the reverse element is to-
ward the hopper, unlike that of a forward-conveying element.
The backflow occurs only in the nip region of the reverse
element, and this contributes to an increase in the residence
time. Further experiments are being performed to map the
flow profiles in the vicinity of the nip region to determine
over what domain of the intermeshing region the backflow
occurs. This information is important for the development of
mathematical models for each region, as suggested by Satro-
hartono et al. (1992).

]

Conclusion

Velocity profiles in a pilot-scale twin-screw extruder
equipped with a Plexiglas window were mapped using a two-
dimensional laser Doppler anemometry system. Tangential
and axial velocities were measured in the translational and
intermeshing (nip) region in the corn syrup at the center of a
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20-mm-pitch reverse-conveying screw element. In the transla-
tional region, highest tangential and axial velocities were ob-
served in the middle of the screw channel of the reverse ele-
ment. Tangential velocity values were higher in the middle of
the screw than the screw flight tip velocity. In the nip region,
high tangential velocities associated with leakage flow in the
gap between screw flights were observed. Positive axial veloc-
ities, indicating backflow (toward the hopper) were observed
in the middle of the screw channel. No backflow was ob-
served in the translational region.
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