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ABSTRACT: On the basis of the theory of relative
motions, a novel nested screw extruder was invented in
which one rotating outer screw acted as the barrel for an
inner screw; the combination of the outer screw and outer
barrel was the other extrusion system. It was realized that
centrifugal force resulted in the difference between the
forces acting on the solids by the screw and by the barrel,
which further compacted the solid pellet or powder. These
factors benefited the frictional drag of solids and the early
melting. This was consistent with the fact that the solids
conveying flow rate increased greatly when the barrel and
screw rotated oppositely at the same time. Thus, centrifu-
gal force and material compressibility were significant in

the feeding zone. A mathematical model was developed to
calculate the output, pressure, and velocity of the solids in
the screw down-channel with consideration of the centrifu-
gal force and material compressibility. The predicted pres-
sure distribution and output were better than those by pre-
vious models in fitting the experimental data. The simula-
tions revealed that the maximum traction angle was close
to 908 2 the helix angle for maximum output in contrast
to the maximum traction angle of 908 predicted by the
Darnell–Mol theory. � 2007 Wiley Periodicals, Inc. J Appl
Polym Sci 107: 1990–1999, 2008
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INTRODUCTION

Extrusion is one of the basic and convenient process-
ing elements used to melt polymers for further
molding. The zone from the feeding inlet to the
point at which the solid–barrel interface temperature
arrives at the polymer melting point is in general
defined as the solids conveying zone. The conveying
of solids exerts an important influence on the per-
formance of the extruder. However, in comparison
with the great amount of research on melt conveying
in screw extruders, much less attention has been
paid to the conveying of solids because of the com-
plexity of the solids conveying process.

The earliest solids conveying theory was estab-
lished by Darnell and Mol1 in 1965, and it was based
on solid static friction. In 1970, Chung2 put forward
a viscosity traction theory in which a solid bed was
forwarded by the slip of a melt layer between a solid
plug and the surface of the metal. In 1971, Tedder3

analyzed the motion of pellets, using the energy-
balance theory and virtual displacement principle. In
1972, Broyer and Tadmor4 modified the Darnell–Mol
model, considering the effects of a screw helix. How-
ever, the density variation was not considered, and
the velocity of the solids along the screw channel
was assumed to be constant in the aforementioned

theories. In fact, it is a gradual transition process
from a granular state to a compact state, not instant
formation into a so-called solid bed or solid plug.
Fang et al.5 observed such a process in a transparent
extruder and developed the nonplug solids convey-
ing theory, using a finite element analysis model.5

Unfortunately, the aforementioned research did not
take into account inertial forces under the assump-
tion of a stationary screw and a rotating barrel.
Thus, their models could not well explain the origin
of pressure buildup and the effect of centrifugal
force on the conveying of solids. Lovegrove and Wil-
liams6 studied the effects of gravity forces and cen-
trifugal force on the pressure initial setup in the
feeding section of the extruder. The model predicted
that centrifugal force would have a strong effect on
the pressure at the first turns along the screw, espe-
cially when the screw speed was high. However, the
contributions of centrifugal force and gravity were
simply considered in a pressure differential equa-
tion. Their effects on the conveying of solids are
detailed here.

In this study, a novel screw extruder was intro-
duced in which one rotating outer screw, one sta-
tionary or oppositely rotating inner screw, and one
stationary outer barrel were nested as two extrusion
systems. In developing the novel extruder, we per-
ceived that inertial forces caused by the rotating
screw possibly had a strong effect on the feeding,
pressure, and velocity of the solid in the solids con-
veying zone. Thus, this article provides solid motion
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analyses by considering centrifugal force and solid
compressibility in the solids conveying zone of the
novel extruder. On the basis of the physical image, a
numerical model was set up, and an analytical solu-
tion was obtained. The output and effect of the cen-
trifugal force on the feeding, traction angle, and
pressure distribution in the special case of the rotat-
ing screw and oppositely rotating internal barrel
were examined.

NOVEL NESTED EXTRUDER

A general extruder is designed to include a station-
ary barrel and a rotating screw. It is well known that
much more energy is used by general single-screw
extruders than is required to melt solid plastic. In
many experiments, it has been found that the con-
sumed energy is more than twice that theoretically
needed. However, according to the theory of relative
motion, the relative revolution between a screw and
a barrel can be produced either by the coupling of a
stationary screw and a rotating barrel or by the cou-
pling of a rotating screw and an oppositely rotating
barrel to convey materials. Thus, a high relative
velocity has been expected to save energy. For
instance, as early as 1979, Klein and Klein7 invented
a solid-draining screw extruder that included a rotat-
ing outer screw and a stationary inner screw seg-
ment mounted on the breaker plate or the perforated
metal plate in the die. In 1992, Campbell et al.8

designed a special screw extruder to study the drag
flow of melt conveying. The barrel, screw core, and
screw flights could all rotate independently or simulta-
neously in pairs. In 2003, Sarioglu and coworkers9,10

introduced a Conex extruder to extrude two layers in
one extruder. Several concentric tapered rotors were
nested to act as multiple extruders.

In this study, another novel extruder was intro-
duced. The key was that the outer screw and inner
screw were nested. The inner screw remained sta-
tionary or rotated oppositely to the outer screw. The
rotating outer screw was used as the barrel of the

inner screw. Besides, the outer screw rotated against
the stationary barrel in the normal form. The struc-
ture is shown in Figures 1 and 2. The outer screw
and inner screw were driven by two different
motors and were fed through two different hoppers.
On the one hand, double-layer products could be
extruded by the novel screw extruder. On the other
hand, the total output was equal to that of two sin-
gle-screw extruders when the outer screw and inner
screw extruded the same materials.

Klein and Klein7 used only a short-section inner
screw with respect to the outer screw just for solid
draining in their extruder. In contrast, one inner
screw was almost as long as the outer one in this
novel extruder. A double layer could also be coex-
truded. Besides, the Conex extruder consisted of
conical static parts and conical rotating parts; this is
different from common screws and more difficult to
manufacture, assemble, and maintain. The present
novel extruder compounded two single-screw
extruders, this being easier to do. Additionally, the
inner screw could adequately use the heat from the
outer screw to melt plastic. Thus, it had higher effi-
ciency and large output, and little energy was
expended.

PHYSICAL IMAGE AND
MATHEMATICAL MODEL

Basic assumptions

1. The coefficients of frictions and the temperature
of the pellets are assumed to be constant.

2. The ratio of the normal stress to the axial
(moveable direction) stress is constant. It is in-
dependent of the position; that is, the stress is
constantly distributed.

Figure 1 Schematic diagram of the novel extruder: (1)
first hopper, (2) entrance hole, (3) second hopper, (4) bar-
rel, (5) heater, (6) outer screw, and (7) inner screw.

Figure 2 Photograph of the novel screw extruder.
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3. The material density, normal stress, and axial
stress change only along the moving direction
of the material.

4. The shape of the channel is rectangular. The
channel depth of the solids conveying zone is
constant.

Motion analysis

Figure 3 shows the velocity diagram of the solids in
the case of a rotating screw and an oppositely rotat-
ing barrel in the solids conveying zone. The screw is
selected as a moving reference system, the barrel is a
static reference system, and the solid is moving cir-
cularly while turning around the axis of the con-
vected motion. ~Vr is the relative velocity, ~Ve is the
convected velocity, and ~Va is the absolute velocity.
The relations are as follows:

~Va ¼ ~Vr þ ~Ve (1)

Ve ¼ pDbðn1 þ n2Þ (2)

where Db is the diameter of the barrel and n is the
rotational speed. Subscripts 1 and 2 indicate the
screw and barrel, respectively, just as subscripts s
and b do.

For calculating the volumetric flow rate (Qs), the
axial velocity (V) and vertical cross section area (A)
should be calculated. The relations can be written as
follows:

Qs ¼ VA; V ¼ Vatan/b (3)

A ¼ p
4
ðD2

b �D2
s Þ �

eH1

sin/
(4)

where Ds is the root diameter of the screw, e is the
width of the screw flight, /b is the helix angle of
the barrel, �/ is the average helix angle, and H1 is the
channel depth of the solids conveying zone.

Thus, Qs in the case of a rotating screw and an
oppositely rotating barrel can be calculated with the
following equation:

Qs ¼ p2Dbðn1 þ n2ÞH1ðDb �H1Þ sinutan/b

sinðuþ /bÞ
W

W þ e

� �

(5)

where y is the traction angle and W is the average
channel width.

The relative rotation of the screw greatly increases
when the screw and the internal barrel rotate oppo-
sitely at the same time. Thus, the total volumetric
flow rate almost equals the volumetric flow rate of
two single-screw extruders with the same screw geo-
metrical variables and rotational speeds n1 and n2,
respectively.

Acceleration analysis

Figure 4 shows the acceleration analysis under the
condition in which the screw is selected as the mov-
ing reference system and the barrel is the static refer-
ence system. When convected motion is treated as
around the axis, the Coriolis acceleration (ac) of the
moving solids consists of two parts. The first is
caused by the position variation of the coincidence
point between the screw and barrel. The second is
caused by the velocity direction variation with the
rotating screw.

ac can be calculated as follows:

ac ¼ 2V2
b

R

sinucos/b

sinðuþ /bÞ
(6)

where Vb is the axial velocity of the barrel and R is the
radial radius of outer diameter of the screw. The abso-
lute acceleration (aa) is the combination of the relative
acceleration (ar), convicted acceleration (ae), and ac:

Figure 3 Velocity diagram of the solids conveying zone:
(1) barrel and (2) screw.

Figure 4 Diagram of solid acceleration in the solids con-
veying zone.
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~aa ¼~ae þ~ar þ~ac (7)

Vr, Ve, and Va all can be decomposed into the nor-
mal velocity, tangential velocity, and axial velocity
along axis X, axis Y, and axis Z, respectively. Super-
scripts n, t, and z indicate normal, tangential, and
axial directions, respectively. That is, normal accel-
eration anay in the direction of axis X includes anry, a

n
e ,

and ac. Tangential acceleration atay in the direction of
axis Y includes atry and ate. Axial acceleration azazin the
direction of axis Z refers to azrz. Equations (8)–(10)
can be obtained from eq. (7).

Here the radial radius is considered the outer
diameter of the screw for simplification because the
channel depth is far lower than the diameter. Nor-
mal acceleration reflects the magnitude of the forces
produced by the screw and barrel, and this influen-
ces the compacting degree of the pellets in the nor-
mal direction, which is

anay ¼
V2

b

R

sin/bcosu

sinðuþ /bÞ
� �2

(8)

Tangential acceleration influences the compacting
degree of the pellets in the tangential direction.
Because atay 5 2 atry 1 ate and ate 5 0, thus

atay ¼ �atry (9)

Axial acceleration changes the axial velocity and
displacement, influencing the degree of the solids in
the axial direction. Thus,

azax ¼ azrx (10)

On the basis of eq. (8), normal acceleration anay is
positive no matter what the values of y and /b are.
This indicates that the force acting on the solids by
the barrel is larger than that by the screw in the sol-
ids conveying zone. The higher the value is of anry,
the more closely the solids compact. Therefore,
increasing the normal force of the barrel on the ma-
terial and reducing the normal force of the screw
both favor the conveying of solids by increasing the
friction coefficient of the barrel/material and reduc-
ing the friction coefficient of the screw/material,
respectively. Equation (8) also indicates that the im-
portant variable affecting normal acceleration is the
traction angle when the helix angle is invariable.

If we suppose that the normal force of the barrel
acting on the solid is N1, the normal force of the
screw acting on the solid is N2, and the mass of the
solids is rdzH1W, we can obtain the following:

N1 �N2 ¼ qd�zH1Wanay (11)

where r is the density of the solids and dz is the av-
erage down-channel differential increment.

The key factors that affect the friction force are the
friction coefficient and normal force. From eq. (11), it
is concluded that the conveying of solids can still be
carried out even though the friction coefficient
between the barrel and solids is smaller than the fric-
tion coefficient between the screw and solids. This
case was supported by Tedder3 in his experiments.

Mathematical model

A down-channel differential element is depicted in
Figure 3. The continuity equation can be determined
for the solids by the consideration of the conservation
of mass of the differential element. The equation is

@q
@t

þ v
@q
@z

þ q
@v

@z
¼ 0 (12)

where r is the material density at pressure P, t is the
time, v is the velocity, and z is down-channel distance.

Chung’s11 experimental work indicated that the
variation of the material density could be expressed
by an empirical equation of the following form:11

q ¼ qm � ðqm � qÞ � e�C0p (13)

where rm is the density under utmost pressure, ra is
the bulk density at the atmospheric pressure, p is the
pressure, and C0 is a constant.

Substituting eq. (13) into eq. (12) leads the conti-
nuum equation to be expressed as follows:

@q
@t

þ v
@q
@z

þ 1

C0

qm
qm � qa

eC0p � 1

� �
@v

@z
¼ 0 (14)

The kinematic equation can be determined by the
application of force and torque balance to a differen-
tial element of the solids in the down-channel direc-
tion. The equation is given as follows:

@p

@z
þ Kf pþ q v

@v

@z
þ @v

@t
þ Kbv

2

� �
¼ 0 (15)

where

Kb ¼ fb
R
ðsin/bcotuÞ2½fssinðuþ /bÞ � cosðuþ /bÞ� (16)

Kf ¼ fbK

H1

fs
fb

W þ 2H1

W
þ fssinðuþ /bÞ � cosðuþ /bÞ

� �

(17)

Constant K refers to the ratio of the normal stress
to the axial (the moveable direction) stress.12 To
solve the mathematical model, eqs. (14) and (15)
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were converted to be dimensionless and linear, as
mentioned in ref. 12. If r, p, v, and t are the dimen-
sionless characteristic parameters of the density,
pressure, velocity, and time, respectively, L is the
length of the solids conveying zone, and v0 is the
inlet velocity, we can obtain the following:

p ¼ �pð1þ p�Þ; q ¼ �qð1þ q�Þ; v ¼ �vð1þ v�Þ;
t ¼�t t�; z ¼ Lz� (18)

Dimensionless boundary conditions can be shown
as follows:

v�jz�¼0 ¼
vðz; tÞjz¼0

�v
� 1 ¼ v�0ðtÞ ¼ v�0 (19)

p�jz�¼0 ¼
pðz; tÞjz¼0

�p
� 1 ¼ p�0ðtÞ ¼ p�0 (20)

Using the ultimate value theory in Laplace trans-
form, we can express the approximate analytical sol-
utions of the pressure and velocity as the following
equations. More details on the solving method can
be found in ref. 12:

PðzÞ ¼ p0exp
�b1Z

L

� �
(21)

VðzÞ ¼ v0 � C0v0ðqm � �qÞð�p� p0Þ
�q

ðe�b1Z � 1Þ (22)

where

b1 ¼
�qeC0�pð�pLKf þ g2LKbqm�v

2Þ
�p½�qeC0�p � g2qm�v2C0ðqm � qaÞ�

(23)

�p ¼ 1

Z

Zz

0

p0e
�b1z

L dz (24)

RESULTS AND DISCUSSION

The basic geometrical parameters of the novel ex-
truder are presented in Table I. High-density poly-
ethylene (HDPE; 5000S type) was used in the experi-
ments. HDPE was supplied by Beijing Yanshan Plant
(Beijing, China). The densities of HDPE in the
utmost pressure and in the atmospheric pressure
were 520 and 860 kg/m3, respectively. The samples
were extruded at 170, 186, 190, 195, 193, 195, and
1928C from the hopper to the die. In the tests, a pres-
sure sensor was installed at the end of the solids
conveying zone of the outer screw on the experimen-
tal extruder. p0 is the pressure at the bottom of the
hopper, and its value is approximately 0.098 MPa.

Output and screw torque

The output of the inner screw and the electric cur-
rents at different relative rotating speeds of the outer
screw and inner screw are listed in Table II. The out-

TABLE I
Geometrical Parameters of the Solids Conveying

Zone of the Novel Extruder

Outer
screw

Inner
screw

Diameter, D (mm) 50 32
Channel depth, H1 (mm) 5 4.5
Helix angle, /b 118 300 178 400

Length–diameter ratio 20 30
Width of helix channel, W (mm) 15 27.3
Screw pitch, S (mm) 32 32
Width of helix flight (mm) 5 3.2
Design length of solids conveying zone, L 8S 8D

TABLE II
Experimental Data and Calculated Data on the Novel Extruder

n1 (rpm) n2 (rpm) I1 (A) I2 (A)
Experimental output of
the inner screw (kg/h)

Calculated output of the inner
screw by the model (kg/h)

f1 5 0.30,
f2 5 0.30

f1 5 0.30,
f2 5 0.25

f1 5 0.35,
f2 5 0.30

8 2 11.5 6.7 1.543 1.980 5.702 4.955
8 4 12.1 7.3 1.747 2.377 6.843 5.945
8 6 12.6 7.7 2.053 2.774 7.984 6.938
8 8 13.0 8.6 2.359 2.980 9.124 7.923

10 2 11.6 6.6 1.726 2.377 6.843 5.945
12 2 12.7 7.3 2.012 2.774 7.984 6.938
14 2 13.7 8.0 2.298 2.980 9.124 7.923
14 3 13.8 8.6 3.170 3.364 9.694 8.424

n1 and n2 are the outer and inner screw rotational speeds, respectively; I1 and I2 are the electric currents of the outer
and inner screw, respectively; and f1 and f2 are the friction coefficients between the barrel and material and between the
screw and material, respectively.
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put of the inner extrusion system increases greatly
with the rotating inner screw and oppositely rotating
outer screw at the same time even though the inner
screw rotating speed is as low as 2 rpm. The output
of the inner extrusion system also increases when
the outer screw speed is increased and the inner
screw speed is kept constant. Moreover, the calcu-
lated outputs for the combination of 0.25/0.30 or the
combination of 0.30/0.35 of solid friction coefficients
against the inner screw/outer screw are much higher
than those of the experimental data and calculated
data for 0.30/0.30. Thus, it can be concluded that the
combination of 0.30/0.30 of the solid friction coeffi-
cients against the inner screw/outer screw seems
closer to the actual value. As expected, the calcu-
lated output increases when the inner screw/solids
friction coefficient is reduced or the outer screw/sol-
ids friction coefficient is increased; the former is
more effective.

The variation of the electric current reflects the
change in the screw torque because the output tor-
que of a three-phase induction motor is proportional
to the electric current. The outer screw torque
increases with the enhancement of the inner screw
speed because of the opposite torque exerted on the
outer screw by the inner screw when the outer screw
speed is kept constant. This is similar to the incre-
ment in the inner screw torque with the enhance-
ment of the outer screw speed because of the
increase in the relative speed of the inner screw.

Effect of centrifugal force on feeding

In terms of eqs. (16) and (17), coefficients Kb and Kf

indicate the effects of centrifugal force and friction
forces on the conveying of solids, respectively. Fig-
ures 5 and 6 show the relationship between the two

coefficients and traction angle. From Figure 5, it can
be seen that Kb is infinite when the traction angle is
close to zero. In this case, the centrifugal force
reaches the maximum, and solids only rotate around
the screw without being conveyed forward. The
setup pressure is almost completely used to com-
press solids, corresponding to the maximum density
and maximum pressure. Coefficient Kb decreases
with increasing traction angle because of low tangen-
tial velocity and low centrifugal force. From eq. (17)
and Figure 6, it can be found that Kf increases with
the rise of the traction angle because of the high
axial velocity and high friction forces between the
solids and screw. It also can be found from the fig-
ures that the effect of the helix angle on Kb and Kf is
not obvious.

Materials were fed into the inner extrusion system
through the double-row, wedge-shaped holes of the
outer screw. The shape of the holes is shown in Fig-
ure 7. The feeding manner of the outer extrusion
was the same as that of the general single-screw
extruder. The experiments were made under the
following three cases. The first case was that the
outer screw rotated while the inner screw was kept
stationary. The second case was that the outer screw
was kept stationary while the inner screw rotated.

Figure 5 Relationship between Kb and y. Figure 6 Relationship between Kf and y.

Figure 7 Feeding holes of inner extrusion system.
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The last case was that the outer screw and inner
screw both rotated oppositely.

In the first case, it was observed that the solids
only rotated with the rotating outer screw. Only a
small number of plastics pellets were fed into the
inner extrusion system, as shown in Figure 8. The
forces exerted on the solids included the pressure
force, outer screw friction force, inner screw friction
force, inner screw flight additional force, and outer
screw centripetal force. However, there was no cen-
trifugal force on the solids when the inner screw
was stationary, and this made the outer screw fric-
tion force higher than that of the inner screw friction
force. The common solids friction conveying mecha-
nism was broken down. Thus, the solids in the feed-
ing zone of the inner screw could not effectively be
conveyed in this case.

The second case was the same as the general sin-
gle screw. The solids were conveyed with inner
screw centrifugal force, friction forces, and so on.
The normal acceleration induced the force of the inner
screw acting on the solids, which was always higher
than that of the outer screw acting on the solids.

In the third case, it was observed that the solids in
the feeding zone of the inner screw were conveyed
quite quickly even with a low inner screw speed, as
shown in Figure 9. The forces exerted on the solids
in this case included the inner screw centrifugal
force and outer screw centripetal force, in addition
to the friction forces and pressure forces. The effect
of the centrifugal force is stronger than that of the
centripetal force. Thus, it was further supposed that
the force of the inner screw acting on the solids was
higher than that of the outer screw acting on the sol-
ids due to centrifugal force.

Traction angle

According to Figure 3, the following relationship
between Vr and Ve can hold:

Vr ¼ Ve sinu

sinð/b þ uÞ (25)

Thus, the traction angle can be obtained from eqs.
(21), (22), and (25) as follows:

cotu ¼ p0�q
½p0�q� C0ðqm � �qÞð�p� p0Þðp� p0Þ�sin/bcos/b

� cot/b

(26)

Pressure increases as solids are gradually com-
pacted in the solids conveying process, which results
in the reduction of the velocity of the solids. There-
fore, the traction angle changes along the direction
of the screw channel, as expressed in eq. (26). Figure
10 shows the relationship between the traction angle
and pressure of the inner screw with various initial
pressures. The traction angle decreases with the in-
crement of pressure. This is similar to the simulated
results in ref. 11. In addition, the traction angle is
close to zero at the maximum pressure corresponding
to the end of solids conveying, and the traction angle
reaches its maximum at the beginning of the solids
conveying zone corresponding to zero pressure.

It is worth mentioning that the maximum volu-
metric flow rate is obtained when the traction angle
is 908 by the Darnell–Mol theory, whereas the maxi-
mum traction angle is almost equal to 908 2 178 400

by this model. The difference mainly results from
the centrifugal force considered in the modeling. Fig-
ure 11 shows an orthogonal complementary relation

Figure 8 Photograph of the feeding of the inner screw
with the rotating outer screw and stationary inner screw.

Figure 9 Photograph of the feeding of the inner screw with
the rotating outer screw and oppositely rotating inner screw.
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between the maximum traction angle and the helix
angle, namely, ymax 5 908 2 /b.

Figure 12 shows the effects of the geometrical
parameters and inner screw rotational speed on the
maximum traction angle. The maximum traction
angle increases sharply until H1/D arrives at 0.15 and
then increases slowly. It can be concluded that there is
an optimal channel depth for getting the maximum
traction angle. It can also be found that the higher the
inner screw rotational speed is, the lower the maxi-
mum of the traction angle is. This may be due to the
fact that centrifugal force increases with a high inner
screw rotational speed and the solids are compressed
along the normal direction.

Pressure distribution

Equation (21) indicates that pressure distribution in
the solids conveying zone is not only a function of

the friction coefficient, density, and geometrical
parameters of the screw but also a function of the
velocity. This cannot be explained by the previous
Darnell–Mol theory1 and Sun’s analysis.13 In our
opinions, the solids are compressed gradually and
the density of the solids changes along the convey-
ing length.

Figure 13 shows the predicted pressure distribu-
tions of the inner screw and outer screw in the solids
conveying zone. The predicted results are in contrast
to the measured data and the data calculated by the
Darnell–Mol theory. It can be seen that the predicted

Figure 12 Effects of H1/D and the inner screw rotational
speed (n2) on the limit traction angle (ymax).

Figure 11 Relationship between the helix angle (/b) and
the limit traction angle (ymax) of the inner screw.

Figure 13 Pressure distributions along the solids convey-
ing zone: (1) pressure of the outer screw by the Darnell–
Mol theory (n1 5 60 rpm), (2) pressure of the inner screw
by the model (n1 5 60 rpm, n2 5 60 rpm), and (3) pressure
of the outer screw by the model (n1 5 60 rpm). The circle
indicates the experimental data for the outer screw.

Figure 10 Relationship between the traction angle (y) and
pressure (P) of the inner screw.
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pressure curves obey Fick’s law. The pressure distri-
bution in the case of oppositely rotating inner and
outer screws is higher than that of a stationary barrel
and a rotating outer screw. The former can be
explained by the increased velocity and inertial
acceleration of the solids, which subsequently has a
strong effect on the density and results in an incre-
ment of pressure. Curve 1 in Figure 13 presents the
pressure distribution in the case of a rotating outer
screw and a stationary barrel calculated by the Dar-
nell–Mol model under the same conditions used for
curve 3 by this model. The pressure by the Darnell–
Mol theory is much higher than the one by this
model because the density of the solids is assumed
to be invariable in the Darnell–Mol theory, which is
not the actual case. One experimental value for the
outer screw is closer to that of curve 3.

Figure 14 shows the effect of the outer screw rota-
tional speed on the limit pressure at the end of the
solids conveying zone. According to eq. (22), the ve-
locity of the pellets and the pressure both increase
with the screw rotational speed, and this results in a
higher limit pressure. As expected, centrifugal force
increases with the screw rotational speed, and so
does normal and tangential acceleration. These are
helpful for compressing solids. Calculated pressure
values are higher than experimental data because
the minimum traction angle is assumed to be 0, and
it is usually greater than 0.

The limit pressure implies the end of the convey-
ing of solids, where the solids are compressed
adequately so that the density is maximum. The
traction angle of solids simultaneously arrives at its
minimum. At this point, the drag of solids based on
solid-static friction is broken down, corresponding to
the appearance of a melting film. Friction coeffi-
cients, screw geometrical parameters, and screw
rotational speeds all affect the limit pressure. The

higher the limit pressure is, the more helpful it will
be to compress solids. However, the increase in the
limit pressure is not unlimited because friction heat
exponentially becomes higher along the direction of
the screw channel such that the melting starts. Fig-
ure 15 shows the barrel friction heat ( _Qb) and outer
screw friction heat ( _Qs) along the screw-axis direc-
tion. It can be found that the interface temperature
closely changes with the local pressure because of
the proportional relationship between the friction
heat and local pressure. When the limit pressure is
high enough, the interface temperature rises to the
melting point. In some sense, the limit pressure is
one self-safe mechanism of a screw extruder.

CONCLUSIONS

1. One double-screw nested extruder was success-
fully developed for the increment of the output
and capability of double-layer extrusion.

2. Compared with the output in the common com-
bination of a stationary barrel and a rotating
screw, the output increased greatly when the
inner barrel and inner screw rotated oppositely
for the double-extrusion systems. This was the
theoretical basis for the novel extruder.

3. On the basis of the effects of centrifugal force
and material compressibility, the maximum
traction angle was predicted to be 908 2 the he-
lix angle for maximum output. This was in con-
trast to the maximum traction angle of 908 in
the general opinion when the Darnell–Mol
theory was used. The traction angle decreased
gradually along the direction of the screw chan-
nel.

4. Acceleration and velocity as well as the acting
forces could be decomposed into normal, tan-
gential, and axial ones. The resulting normal
acceleration induced the difference between the

Figure 15 Pressure and friction heat along the axis direc-
tion of the outer screw.

Figure 14 Relationship between the outer screw rotating
speed (n1) and limit pressure (P).
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force acting on the solids by screw and by bar-
rel. The resultant centripetal force prevented the
feeding in the case of a rotating outer screw
and a stationary inner screw.

5. Minimum pressure and maximum pressure
were built at the beginning and end of the sol-
ids conveying zone, corresponding to the maxi-
mum traction angle and minimum traction
angle, respectively, due to centrifugal force and
solid compressibility. The increment of the limit
pressure was not unlimited because of the
breakdown of the solid bed by the approxi-
mately exponentially increased friction heat
between the solids and the metal surfaces
(barrel and screw).

NOMENCLATURE

1 (subscript) screw
2 (subscript) barrel
A vertical cross section area
aa absolute acceleration
ac Coriolis acceleration
ae convicted acceleration
ar relative acceleration
b (subscript) barrel
C0 constant
Db diameter of the barrel
Ds root diameter of the screw
dz average down-channel differential

increment
e width of the screw flight
fb, f1 friction coefficient between the bar-

rel and material
fs, f2 friction coefficient between the

screw and material
H1 channel depth
HDPE high-density polyethylene
I1 electric current of the outer screw
I2 electric current of the inner screw
K ratio of the normal stress to the

axial stress
L length of the solids conveying

zone
n (superscript) normal direction
n1 outer screw rotational speed
N1 normal force of the barrel acting

on the solid
n2 inner screw rotational speed
N2 normal force of the screw acting

on the solid
p, P pressure
p dimensionless characteristic pa-

rameter of the pressure

p0 initial pressure
_Qb barrel friction heat
Qs volumetric flow rate of solids con-

veying
_Qs outer screw friction heat
s (subscript) screw
S screw pitch
t time
t dimensionless characteristic pa-

rameter of the pressure
t (superscript) tangential direction
v velocity
v dimensionless characteristic pa-

rameter of the velocity
V axial velocity
v0 inlet velocity
~Va absolute velocity
Vb axial velocity of the barrel
~Ve convected velocity
~Vr relative velocity
W average channel width
Wb width of the channel at the barrel

surface
Ws width of the channel at the root of

the screw
z (superscript) axial direction
g correcting coefficient
y traction angle
ymax maximum traction angle
r material density
r dimensionless characteristic pa-

rameter of the density
ra material density in the atmos-

pheric pressure
rm material density in the utmost

pressure
/ helix angle
/ average helix angle
/b helix angle of the barrel
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