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ABSTRACT: A simplified 2D melt film model was estab-
lished to simulate the nonisothermal melt flow during the
melting process of the vibration-induced polymer extruder
of which the screw can vibrate axially. Since polymer has
time-dependent nonlinear viscoelastic characteristic with
vibration force filed (VFF), a self-amended nonisothermal
Maxwell constitutive equation that can reflect the relaxation
time spectrum of polymer was adopted. Using the 2D melt
film model, melt films of two kinds of thickness representing
different melting stages were simulated to investigate the
influence tendency of the same VFF on the different melting
stage. Special flow patterns and temperature distribution of
melt in the melt film between the driving wall and the solid/
melt interface with various vibration force fields were sys-

tematically simulated. It is found out that within a certain
range of vibration strength, the application of vibration can
optimize the time-averaged shear-rate distribution, improve
the utilization efficiency of energy, and promote melting pro-
cess; and the thinner the melt film is, the more intense the
nonlinear viscoelastic response becomes with the same VFF;
moreover, there exists optimum vibration strength to make
the melting process fastest, which is in accord with the visu-
alization experimental results. � 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 102: 5825–5840, 2006
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INTRODUCTION

The application of vibration technology to the polymer
processing so as to improve the processing behavior of
the polymer has been attracting more and more atten-
tion recently. The most direct vibration technology is
to impose parallel or orthogonal sound or ultrasonic
oscillation in the extrusion dies.1–4 Ibar5 reviewed the
melt vibration technology at low frequency. The
researches on the practical applications of melt vibra-
tion technology on the extrusion process proved that
the effect of oscillations can reduce the viscosity of
melt, diminish die swell, lower die pressure, and
enhance the mechanical properties of extrudate. Li and
coworkers6,7 found out that the appearance of PS,
HDPE, and LLDPE extrudates are greatly improved in
presence of ultrasonic waves. The ultrasonic oscilla-
tions can greatly improve the processabilities of PS,
HDPE, LLDPE, and PS/HDPE blends, and enhance
the compatibility and mechanical properties of PS/
HDPE blends.

The above researches are mainly on the effects of
melt vibration technology applied in polymer process-
ing. On the other hand, the oscillatory shear flow is
also widely used to exam various non-Newtonian
model, aiming at accurately describing the nonlinear
viscoelastic characteristic of polymer. Rahaman and
Ramkissoon8 used upper-convected Maxwell fluid as
non-Newtonian model to investigate the flow of a
fluid in pipes of uniform circular cross section when
the pressure gradient is pulsating, and found out that
the velocity distribution for the upper-convected Max-
well fluid is not in phase with the exciting pressure
distribution. Subbotin et al.9 used a Rouse-like model
of chains with finite extensibility to study the nonlin-
ear dynamics of confined polymer melts under oscilla-
tory flow and calculated elastic and dissipative
stresses and corresponding storage and loss moduli.
Orbey and Dealy10 compared three procedures for
determining a set of relaxation times and discrete
moduli from a small-amplitude oscillatory shear
experiment to determine the parameters of a general-
ized Maxwell model. And it was found out that the
nonlinear regression can give a good fit of the data
with a minimum number of parameters. Wong and
Isayev11 studied the orthogonal superposition of small
and large amplitude oscillations upon steady shear
flow of elastic fluids, and obtained the theoretical
results using the Leonov viscoelastic constitutive
equation.
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For a polymer melt in oscillatory shear at small
strain amplitudes, the stress response is linear and
sinusoidal, and this is called small-amplitude oscilla-
tory shear (SAOS). At higher strain amplitudes, the
shear stress wave is nonlinear and nonsinusoidal,
and this is called large amplitude oscillatory shear
(LAOS).12 As a useful tool for the study of nonlinear
viscoelasticity in polymeric liquids, LAOS has ex-
cited more and more interest. Giacomin and co-
workers13–19 described nonlinear rheologic behavior
in LAOS of several polymer melt using transient net-
work structural theory and upper convected Max-
well constitutive equation. Atalık and Kuenings20

performed a nonlinear study of planar LAOS flow
using the Giesekus and Johnson-Segalman models,
and pointed out that the wall slip is not a necessary
condition for the occurrence of even harmonics.

In a vibration-induced polymer extruder (VIPE),21–23

a vibration exciter is connected with its screw, and a
sinusoidal velocity in axial direction is superposed
on the steady rotation of screw; thus the screw
rotates pulsantly with variable frequency and ampli-
tude that can be changed conveniently according to
the rheologic property of the polymer, and the vibra-
tion force field is applied to the entire extrusion pro-
cess, as shown in Figure 1. This kind of oscillation of
screw is different from that of the Buss reciprocating
extruder of which the vibration frequency depends
on the rotation speed of its screw. In single-screw
extruders, the melting zone of the screw plays an
important role for both product quality and process-
ing benefits. We call the melting process in the VIPE
‘‘the dynamic melting process’’ (DMP) and the con-
ventional melting without VFF ‘‘the steady melting
process’’ (SMP). Although the conventional melting
theory has had a full development,24–31 it cannot be
used to describe the special melting process in VIPE
accurately for the following two reasons:

• The melting process is considered to be stable in
the conventional researches of melting mecha-

nism, and nonisothermal pure viscous constitu-
tive equations are mostly used. During the DMP,
the screw rotates pulsatively, which causes the
velocity field in melt change periodically, and
further causes the apparent viscosity and relaxa-
tion time change periodically, so the flowing
behavior during the DMP is time-dependent
viscoelastic; thus, the hypothesis of pure viscous
property of melt will not be suitable any more.

• The DMP is periodic, and the transient effect
should be considered.

Therefore, the DMP is a nonlinear, nonisothermal,
close coupled transient problem. In our previous
work, a simplified 2D melting model was estab-
lished, and the DMPs with several vibration parame-
ter combinations were simulated.32 The simulation
results reveal that for the vibration parameter com-
binations simulated the application of the VFF to
extrusion process can optimize the distribution of
shear rate in the flow field by reducing the shear
rate near the driving wall surface and enhancing the
shear rate near the solid/melt interface, which is in
favor of the dynamic removal of the newly-gener-
ated melt at the solid/melt interface and also gener-
ates a great deal of heat, thus accelerating melting
process. On the other hand, when the authors tried
to further increase the frequency and amplitude of
the simulation with the 2D dynamic melting model,
it became difficult to achieve convergence; however,
it was noticed that the effect of VFF on the melting
process is mainly brought out by the special melt
conveying behavior and the consequent variation of
temperature field, which is a result of nonlinear
viscoelastic response of melt to VFF, and it is consid-
ered that the influence of VFF on solid conveying is
relatively small, since the resistibility of solid phase
will be much higher than that of melt. Thus, in this
work, a local melt film model was put forward from
the dynamic melting model to reflect the variation
characteristic of the melt conveying and temperature
distribution of the melt film between the driving
wall and the solid/melt interface, so as to reveal the
active mechanism of VFF on the melting process. In
addition, visualization experiments were carried out,
and the theoretical results were compared with the
experimental results.

MATHEMATICAL MODEL

The 2D melt film mode is illustrated in the Figure 2.
The x direction is the conveying direction of the melt
in the melt film; y direction is the depth direction
of the melt film. The upper boundary represents
the driving surface moving pulsantly in the positiveFigure 1 Diagrammatic sketch of VIPE.
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direction of the x coordinate. The lower boundary is
relative stationary.

To build up the mathematical model the following
assumptions were made:

• The influence of the gravity can be neglected.
• The melt is incompressible, and the density of the
melt keeps constant.

• There is no slip at the wall.

According to these assumptions, the flow field of
the melt in the melt film can be described as
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þ q
qx

rvxð Þ þ q
qy

rvy
� � ¼ 0 (1)

The equations of motion are
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The equation of energy is

rCp
DT

Dt
¼ Dp

Dt
þrðkrTÞ þ ðt : ryÞ (4)

where r, Cp, and k are the mass density, specific heat,
and thermal conductivity of melt, respectively; vx and
vy are the velocity components in the x and y directions,
respectively; t is the time; p represents the pressure;
T is the temperature; t represents stress tensor.

Boundary conditions

Boundary conditions of velocity

The upper boundary is the driving surface moving
pulsantly in the positive direction of the x coordi-
nate. According to the no-slip assumption, the veloc-
ity boundary conditions can be given as

vx
��
y¼d ¼ v0x þ v�xA

���
y¼0

(5)

vy
��
y¼d ¼ 0 (6)

v�xA
��
y¼d ¼ a 2pf sinð2pftÞ (7)

where v0x is the average velocity in the x-direction that
can also be called the balance velocity (namely, the
velocity of steady state), vx|y¼d and vy|y¼d are the
velocity components at the driving surface in the x
and y-directions, respectively. vxA* |y¼d is the vibration
velocity of the driving surface in the x-direction, d is
the thickness of the melt film, f is the vibration
frequency, and a is the vibration amplitude.

The lower boundary is relatively stationary. The
boundary conditions of velocity at this boundary can
be given as

vx
��
y¼0

¼ vy
��
y¼0

¼ 0 (8)

where, the vx|y¼0 and vy|y¼0 are the velocity compo-
nents at the lower boundary in the x and y-direc-
tions, respectively.

Thermal boundary conditions

1. Apply constant temperature Ts at the driving
surface.

2. At the very beginning, the stationary boundary
was used to represent the solid/melt interface,
and the temperature of this boundary was set
as the melting point. The simulation results
revealed that because the melt film is very thin,
the temperature field of the melt film was pri-
marily dominated by this stationary boundary
of lower temperature, and most of the heat of
dissipation transferred out from this boundary,
namely the effect of heat conduction concealed
that of the dissipation heat generated by the
application of VFF; therefore, the temperature
difference between the dynamic melt conveying

Figure 2 2D melt film model.
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and steady melt conveying became too small to
compare; in fact, in the melting model, this part
of heat should be used to heat the solid mate-
rial, but in the melt film model, there is no way
to calculate this part of heat. Therefore, in the
melt film model, the thermal boundary at the
stationary boundary is set adiabatic, namely, no
heat gets in or out from this interface, which
can reflect the heat of viscous dissipation, espe-
cially the heat of dynamic dissipation, more-
over, this kind of thermal boundary condition
has little influence on the study of the charac-
teristic of the velocity distributions in the melt
film with VFF.

Pressure boundary conditions

Because the pressure fluctuation in the extrusion
direction caused by VFF is almost in-phase, that is, the
absolute pressure values of two points within a pretty
short distance in the extrusion direction will vary in
synchronism, and the corresponding relative pressure
difference changes very little; therefore, the transient
pressure gradient can be assumed to be constant.
Thus, the pressure difference between the inlet and
outlet is used as pressure boundary condition, and
higher pressure pout is applied to the outlet that is
close to the extruder head; lower pressure pin is
applied to the inlet that is close to the feed section.

Constitutive equations

While simulating the melt flow during DMP, constitu-
tive equation that can reflect the time-dependent
viscoelastic characteristic must be used. Formally,
the White-Metzner constitutive equation is quite like
the upper-convected Maxwell model, but in fact the
White-Metzner constitutive equation treats the relaxa-
tion time and viscosity as functions of shear rate; thus,
this betterment can reflect the experimental result of
multirelaxation-spectrum. Referring to the White-
Metzner constitutive equation, the linear-viscoelastic
Maxwell constitutive equation33 was amended as

tþ lð _g;TÞ qt
qt

¼ 2Zð _g;TÞd (9)

where lð_g;TÞ ¼ Zð_g;TÞ=G is the relaxation time, G is
the bulk modulus, d ¼ (L þ LT)/2 is the strain rate

tensor with L ¼ (!v)T, _g ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2d:dT

p
is the shear rate,

which is the second invariant of strain rate tensor d.
Zð _g;TÞ is the apparent viscosity, which is a function
of shear rate and temperature. Taking the influence
of temperature on viscosity into consideration, the
Cross-Arrhenius empirical formula34 was used to

describe the variation of melt viscosity from Z0 to Z1,
thus, obtains the Zð _g;TÞ in eq. (9) as

Zð_g;TÞ ¼ aT Z1 þ Z0 � Z1
1þ c _gm

8>>:
9>>; (10)

where, aT is the transfer factor of temperature, Z0 and
Z1 are the zero-shear-rate viscosity and second New-
tonian viscosity, c and m are characteristic constants of
the material. Usually Z1 cannot be obtained by experi-
ment, and used to be set as an arbitrary constant.

aT ¼ exp½bðTr � TÞ� (11)

where b is the sensitive coefficient of temperature, Tr is
the reference temperature, which is set as melting
point Tm. To obtain the parameters in the Cross-Arrhe-
nius model, rheologic experiments at different temper-
atures should be taken. Through the rheologic experi-
ments, the different apparent viscosities correspond-
ing to different shear rates at different temperatures
can be obtained. The second Newtonian viscosity can
be set as a constant. Then, the parameters of the Cross-
Arrhenius model can be finally obtained by nonlinear
fitting. Thus, the apparent viscosity can be described as

Zð_g;TÞ ¼ exp½bðTm � TÞ� Z1 þ ZTm0 � Z1
1þ c _gm

8>>:
9>>; T ‡ Tm

(12)

Since the stress can not be described as the explicit
function of velocity and gradient of velocitywhen simu-
lating the viscoelastic flow, the stress is a variable to be
solved, which causes the nonlinear characteristics of
viscoelastic flows and calls for more challenge and
more computer resources than those numerical simu-
lation of Newtonian flows and generalized Newtonian
flows. According to weather the stress is an original
variable, the finite element methods for the viscoelastic
flows can be divided into mixed method and split
method.

In this work, the split method35–39 is adopted; the
velocity and pressure are the two variables to be
solved. Thus the Galerkin weak form of the above
problem can be stated as: to obtain the (n þ 1)th iter-
ative value (y(nþ1), p(nþ1)) [ V � P, the following
equations must be satisfied,

Z
O
ð2Zrefd

ðnþ1Þ : rfu � pðnþ1ÞrfuÞ dO

¼
Z
qO

Ffud qOþ
Z
O
ffu dO�

Z
O
t� : rfu dO;

8fu 2 V ð13Þ
Z
O

�ryðnþ1Þ�jp dO ¼ 0; 8jp 2 P (14)
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where fu and fp are the shape functions of velocity
and pressure, respectively, V and P are the function
spaces of y, p defined in domain O, Zref is the refer-
ence viscosity, namely Zð_g;TÞ; t� ¼ t� 2Zrefd

n, the
extra stress t can be solved using the constitutive eq.
(9) with the former iterative value (yn, pn).

This constitutive equation program not only takes
the viscoelastic characteristic of polymer into account,
but also reflects the relaxation spectrum.

Meshing

By extracting local melt film model from dynamic
melting model, the research can be further focused on
the melt of which the nonlinear viscoelastic behavior
is more obvious with VFF, which gives prominence to
the key points. The meshes of the established local
melt film model can be further refined to capture
more delicate viscoelastic behavior. As shown in Fig-
ure 2, the local refinement near the upper and lower
boundaries can help to capture the nonlinear visco-
elastic flow of the melt. The whole model was divided
into 600 elements.

EXPERIMENT AND EXPERIMENTAL RESULTS

To investigate the effect of VFF on the melting pro-
cess, visualization experiments were carried out on a
VIPE of which the barrel can be half-opened. Table I
lists out the geometrical configuration of the com-
pression section of the screw used in the experi-
ments. For the study, two pressure transducers were
mounted on the wall of the barrel corresponding to
the start point and end point of compression section
of screw. The low-density polyethylene (LDPE)
banded 951-050 was used. The physical properties of
the LDPE melt are listed in the Table II.

The procedure of the visualization experiment is
given below:

i. Mix a small percentage of carbon black with
LDPE.

ii. Set the rotate speed of screw 60 rpm. Set the
temperatures of the compression section, meter-
ing section and die 140, 180, and 1708C, respec-
tively.

iii. Switch on the vibration exciter, and set the
vibration frequency and amplitude. Omit this
step for the conventional extrusion without VFF.

iv. Extrude until steady state is reached.
v. Store the transient pressures at the start point

and the end point of the compression section of
screw.

vi. Stop screw rotation and cool the barrel quickly.
vii. Open the upper half of the barrel. Peel the

exposed material belts in the upper half screw
pitches of the melting section away.

viii. Slice the material belts perpendicular to the
flights.

ix. Measure the area of the unmelted plastic and
divide it by the channel cross section area, then
obtain the melting profile.

It should be pointed out that our main purpose of
this work is to found out the effects of vibration
parameters on the melting process; thus, we only
chose one kind of rotate speed as well as the temper-
ature settings in the experiments, and changed the
vibration frequency and amplitude, so that there
should be no other factors to affect the melting pro-
cess except the vibration frequency and amplitude.

In Figure 3, the melting profiles of DMP obtained
form the visualization experiment are compared
with the melting profile of SMP, which shows that
the application of VFF to the melting process can
reduce the melting length. The effects of the vibra-
tion parameters on the melting process are given in
Figure 4 by the comparison of the decrement rates
of the melting length caused by various vibration
parameters. For the case when frequency is 5 Hz,
the decrement rate of melting length increases
almost proportionally with the increase in amplitude
from 0.05 to 0.15 mm; however, with the further
increase in amplitude, the variation of the decrement
rate becomes irregular. For the case when frequency
is 10 Hz, the similar variation pattern is found as
above. Irregular variation of decrement rate is found
for the case of higher frequency 20 Hz, while ampli-
tude increases from 0.05 to 0.2 mm. On the other
hand, for the case when the amplitude is 0.05 mm,
the decrement rate increases with the increase in

TABLE I
Screw Geometries

Diameter
D (mm)

Pitch angle
y

Feed section depth
H1 (mm)

Metering section
depth H3 (mm)

Melting section
length L (mm)

Channel width
W (mm)

Flight width
e (mm)

20 17.658 3.2 1.1 120 17 2

TABLE II
Physical Properties of LDPE (951-050) Melt

Density
r (kg/m3)

Melting point
Tm (8C)

Thermal
conductivity
k (W/m 8C)

Specific heat
Cp (kJ/kg 8C)

810 110 0.24 2.43
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vibration frequency from 5 to 20 Hz; when the ampli-
tudes are 0.1 and 0.15 mm, the decrement rate
increases with the increase in the vibration frequency
from 5 to 10 Hz; however, the further increase in fre-
quency from 10 to 20 Hz results in a decrease in decre-
ment rate; for the cases of larger amplitudes, namely,
0.2 and 0.25 mm, the variations of decrement rate are
irregular when the frequency increases from 5 to
20 Hz. In this article, we define the product of vibra-
tion frequency and amplitude as vibration strength
that presents the variation amplitude of pulsant veloc-
ity. The above experimental data indicate that when
the vibration strength is comparatively small, the
increases in frequency and amplitude can further
accelerate the melting process and shorten the melting
length; however, when the vibration strength exceeds
certain value, the decrement of melting length
becomes irregular with the further increase in fre-
quency and amplitude. There exists optimum vibra-
tion strength to make the melting process fastest. This

phenomenon is considered to be related to the nonlin-
ear viscoelasticity of the polymer.

SAMPLE RESULTS OF SIMULATION
AND DISCUSSION

In this section, illustrative results obtained from the
simulation approach described above are provided.
For the calculations, the LDPE banded 951-050 was
chosen for simulation. The physical properties of the
LDPE melt are listed in the Table II. Rheologic ex-
periments at different temperatures were taken. The
second Newtonian viscosity was set Z1 ¼ 20 Pa s.
Then the Cross-Arrhenius model was finally obtained
by nonlinear fitting

Zð_g;TÞ ¼ exp½0:0117ð110� TÞ� 20þ 50530� 20

1þ 1:6677 _g0:6758

8>>:
9>>;

(15)

The vibration parameters for simulation were chosen
as two groups: (1) Keep the frequency as 25 Hz, and
set the amplitudes as 0.05, 0.1, 0.15, 0.2, and 0.25 mm,
respectively. (2) Keep the amplitude as 0.25 mm, and
set the frequencies as 5, 10, 15, 20, and 25 Hz, respec-
tively. Thus, the influence of amplitude changes on
the melting process with the fixed frequency and the
influence of frequency changes on the melting process
with the fixed amplitude can be compared.

Geometry parameters and boundary conditions

The 2D melt film model presented in this work is
aimed to qualitatively reveal the active mechanism
of VFF on the melting process. During the melting
process, the thicknesses of the melt film and melt

Figure 3 Experimental melting profiles.

Figure 4 Ratios of the decrements of melting length of
various DMPs to the melting length of SMP.
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pool keep changing, which causes the apparent vis-
cosity of melt also keep changing. Because the poly-
mer melt is of viscoelastic, its relaxation time is in
connection with viscosity, and thus the relaxation
time during different melting stages and at different
melt regions are different, causing the response of
melt to the same VFF change correspondingly. In
this article, two melt films of typical thickness were
chosen to carry out the 2D nonisothermal melt flow
analyses with several typical vibration force fields.
To simulate the velocity and temperature distribu-
tions of the melt film when the rotate speed of screw
is 60 rpm, the geometry parameters of the melt film
and boundary conditions should be determined
according to the actual experimental conditions.

Thin melt film representing the initial stage
of melting process

Set the thickness of melt film in Figure 2 d ¼ 0.2 mm,
indicating the upper melt film adjacent to the barrel
during the initial stage of the melting process, and the
length of the model is 1 mm. The upper boundary
moves in the positive direction of x coordinate, and
the steady speed without vibration n0x ¼ 0.06 m/s. The
lower boundary was set to be stationary. The tempera-
ture of the moving boundary was set as 1408C. The
stationary boundary was assumed to be adiabatic to
fully reflect the effect of temperature increment
caused by the VFF. The pressure difference between
the inlet and outlet was taken as 0.025 MPa, which
was set according to the length of the thin melt film
model and the average pressure gradient measured
from the experiments when the rotate speed of screw
was 60 rpm.

Thick melt film representing the late stage
of melting process

Set the thickness of melt film in Figure 2 d ¼ 1 mm,
indicating the melt film adjacent to the barrel during
the late stage of the melting process, and the length
of the model is 5 mm. The velocity and thermal con-
ditions were the same as that of the thin melt film
model. The pressure difference between the inlet
and outlet was taken as 0.125 MPa, which was also
set according to the length of the thick melt film
model and the average pressure gradient measured
from the experiments when the rotate speed of
screw was 60 rpm.

Simulation results

Velocity field results

Figure 5 shows the velocity along the depth of melt
film varying within a vibration period with different

vibration parameters. Figure 6 shows the velocity
profiles along the melt film at different time with
different vibration parameters. Figure 5(a–d) and
Figure 6(a–d) are velocity results of thin melt film,
Figure 5(e–f) and Figure 6(e–f) are velocity results of
thick melt film. Figures 5(d) and 6(d) are the velocity
simulation results using Cross-Arrhenius constitutive
equation with vibration frequency being 25 Hz and
amplitude being 0.25 mm. As shown in the Figure 5,
the curves changing periodically represent transient
velocities at certain positions along the depth of melt
film; those straight lines corresponding to the curves
represent the average velocities at those positions.
Those topmost curves represent the pulsant veloc-
ities applied by the driving surface. In Figure 5(d),
the changes of velocities of the inner melt are
in-phase with the change of velocity at the driving
surface, while in the Figure 5(a–c), compared with
Figure 5(d) for the same position, the changes of
velocities of the inner melt lags behind the change of
velocity at the driving surface. As seen from Fig-
ure 6(a–c), because of the viscoelastic characteristic
of polymer, the velocity profiles during the velocity
increasing stage will not superpose on the velocity
profiles during the velocity decreasing stage, even
though the driving velocities are the same at these
time points. And even at the time points when the
transient driving velocities equal the steady driving
velocity, the transient velocity distribution profiles
for the velocity increasing stage and velocity
decreasing stage don’t superpose on the velocity
profile of steady state. This phenomenon can be
explained as follows. During the steady extrusion
process, the velocity distribution is fully developed,
which will not change with time, whereas when the
VFF is applied, the velocity applied at the boundary
will change with time. As we all know, the melt
flows by means of the movements of the chain seg-
ments of macromolecules that change the conforma-
tions of the macromolecular chains and cause the
movements of the centers of gravity of macromolec-
ular chains, this kind of movement has relaxation
characteristic, and it must spend a certain period of
time for the motion of macromolecule to reach bal-
ance which is quite different from the motion mode
of micromolecule which can reach the balance posi-
tion instantly. Taking the starting stage of shear flow
for example, it also will take some time for the ve-
locity distribution in melt film to reach the balance
velocity, namely the flow field is fully developed. It
is just this characteristic causes that while being
driven by the alternating velocity boundary condi-
tion the inner melt can not reach the same balance
velocity as the steady extrusion even at the moment
the transient velocity is the same as that of the
steady extrusion, this phenomenon is called hystere-
sis in this article. When the vibration strength is
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Figure 5 Velocity curves along the depth of the thin and thick melt films varying within a vibration period with different
vibration parameters (a) f ¼ 15 Hz, a ¼ 0.25 mm, d ¼ 0.2 mm; (b) f ¼ 25 Hz, a ¼ 0.15 mm, d ¼ 0.2 mm; (c) f ¼ 25 Hz,
a ¼ 0.25 mm, d ¼ 0.2 mm; (d) f ¼ 25 Hz, a ¼ 0.25 mm, d ¼ 0.2 mm, with Cross-Arrhenius constitutive equation; (e) f ¼ 15 Hz,
a ¼ 0.25 mm, d ¼ 1 mm; (f) f ¼ 25 Hz, a ¼ 0.25 mm, d ¼ 1 mm.
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Figure 6 Velocity profiles along the depth of the thin and thick melt films at different time with different vibration pa-
rameters (a) f ¼ 15 Hz, a ¼ 0.25 mm, d ¼ 0.2 mm; (b) f ¼ 25 Hz, a ¼ 0.15 mm, d ¼ 0.2 mm; (c) f ¼ 25 Hz, a ¼ 0.25 mm,
d ¼ 0.2 mm; (d) f ¼ 25 Hz, a ¼ 0.25 mm, d ¼ 0.2 mm, with Cross-Arrhenius constitutive equation; (e) f ¼ 15 Hz,
a ¼ 0.25 mm, d ¼ 1 mm; (f) f ¼ 25 Hz, a ¼ 0.25 mm, d ¼ 1 mm.
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comparatively weak, the variation of velocity of the
inner melt can keep the same variation form of the
velocity of the driving surface basically. But when
the vibration strength increases to a certain degree,
the velocity of the inner melt will change abruptly. It
can also be seen that such sudden change of velocity
will not happen when using the Cross-Arrhenius
constitutive equations. The above comparison also
indicates that the sudden change of velocity is in
connection with the characteristic of relaxation of
melt.

As shown in Figures 5(c) and 6(c), because the var-
iation of the velocity of the driving boundary is too
fast, the velocity of the inner melt diverges from the
balance velocity far and away, and the further the
melt is away from the driving surface, the more
the velocity diverges from the balance velocity, caus-
ing the velocity of melt decay to zero before reaching
the stationary surface, and the effect of the pulsant
shear can not be further transferred into the inner
melt, namely, the transmit of vibration is damped
and can’t reach the stationary surface. Then the melt
near the stationary surface will cease flowing and
form a layer of melt acting like solid, here we call this
layer of melt the resting layer. However, the melt
layer adjacent to the resting layer that nearer to the
driving surface (called outer-resting-layer for conven-
ience) will subject quite severe shear with the
increase in the velocity of the driving surface. The
macromolecules in the outer-resting-layer orient ex-
tremely and store a great deal of elastic energy. When
the velocity of the driving surface begins to decrease,
the former extremely stretched macromolecule chains
will retract presenting elastic behavior due to the
weakening of the external force, which causes the
variation of the shear rate in the melt slow down,
then the chain segments of macromolecules of the
former resting layer adjacent to the stationary surface
will have time to move, what’s more, the elastic re-
covery of the macromolecule chains in the outer-rest-
ing-layer that have being extremely stretched also
causes the velocity of the melt adjacent to the station-
ary surface increase suddenly. As for the macromole-
cules in the outer resting-layer, during the speed-
down stage of the driving surface, the shear stress in
the melt also decreases; thus, the extremely stretched
macromolecule chains can retract, and the great deal
of elastic energy stored in the macromolecules of the
outer resting-layer during the speed-up stage of the
driving surface will be released; the shear rate in
the melt of outer resting-layer decreases rapidly, and
there will form a layer of melt near the driving sur-
face in which shear rate is relative small; then the for-
mer stretched macromolecule chains get back to coil-
ing up state. When the driving surface speeds up
again, the shear rate of the macromolecule chains
near the driving surface increases again; the macro-

molecule chains orient gradually, and then another
circle begins.

From these figures, it can be seen that when the
vibration strength is relative small, the periodic vari-
ation form of the velocity field is similar as that of
the simulation results in the 2D melting model,32 but
with the increase in the vibration strength, there
appear sudden changes in velocity, both in the thin
melt film model and in the thick melt film model.
When comparing the Figure 6(a) with 6(e) and com-
paring the Figure 6(c) with 6(f) respectively, with the
application of the same pulsant velocity boundary,
the hysteresis loops formed by the velocity profiles
of the thick melt film are smaller than the corre-
sponding hysteresis loops formed by the velocity
profiles of the thin melt film. The comparison of Fig-
ure 5(c) with 5(f) also shows the sudden change of
velocity in the thick melt film is less severe than that
in the thin melt film.

Figure 7 shows the average velocities of the thin
and thick melt films during two periods with different
vibration force fields. As shown in Figure 7(a), the
curves changing periodically represent transient aver-
age velocities of the melt film with different vibration
force fields. The straight line represents the average
velocity of the melt film without VFF. It can be seen
that the average velocity obtained using the Cross-
Arrhenius constitutive equations is in phase with the
driving velocity, and the fluctuant magnitude of the
average velocity of pure viscous fluid is much larger
than the fluctuant magnitude of the average velocity
of viscoelastic fluid with the same VFF. When the am-
plitude is fixed and frequency increases, or when the
frequency is fixed and amplitude increases, the mag-
nitude of the variation of the average velocity of the
melt film will increase. When the vibration strength is
relatively small, the response of the velocity of the
melt film will be approximately sinusoidal. When the
vibration strength is quit large, the average velocity of
the melt film varying with time will change abruptly;
the larger the vibration strength is, the more severe
the sudden change is. The comparison of Figure 7(b)
with Figure 7(a) shows that the distortion of the aver-
age velocity pattern of the thick melt film from sinu-
soidal form is less severe than that of the thin melt
film with the same VFF applied.

In the report of Atalık and Keunings,20 it was
pointed out that experimental studies of LAOS flows
of polymer melts show nonlinear effects yielding
multi- and quasiperiodic behavior in certain param-
eter ranges.12,40 Fourier analysis of the shear stress
response indicates that multiperiodicity manifests
itself mainly with the presence of odd harmonics of
the fundamental excitation frequency. In many cases,
however, even harmonics of much smaller ampli-
tude than the odd ones have also been observed.40–42

Atalık and Keunings20 investigated the combined
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effects of inertia, elasticity, and shear thinning. For a
very weak shear thinning and weak elasticity case,
the shear stress response is nearly one periodic, and
the plot of shear stress versus time is a curve quite
like sine wave, as shown in Figure 8(a). Once the
elasticity increases, and all other parameters being
unchanged, the response of stress transits to a multi-
periodic one with the appearance of the first and
second odd harmonics. The plot of shear stress ver-
sus time also deformed, as shown in Figure 8(b).
When the shear thinning effect is further signifi-
cantly increased, the net result is an increase of the
multiperiodic character of the shear stress response,
as shown in Figure 8(c). For the researches on the
LAOS flows, the velocity field is usually a priori
known, namely, the shear rate is assumed to be
known, and the shear stress versus shear rate loops
are used to study the nonlinear response of polymer
melt to LAOS flows. However, in this work, the ve-
locity field is a priori unknown, and the inertial effect
is taken into consideration. As we can see from the
above simulation results of velocity in the melt film,
the response trend of velocity to the increase in the
vibration parameters is quite alike that of stress to
the increase in the shear thinning and elasticity
effects presented in Ref. 20. It should be mentioned
that the shear stress is symmetrical for a LAOS flow,
and there are two sharp changes during a period,
which occur at the positive half-period and negative
half-period respectively, in Figure 8(c), because the

average velocity of their driving plane is zero; how-
ever, in this work, the average velocity of the driving
plane is nonzero; thus, for the cases with larger
vibration parameters (f¼ 20Hz, a¼ 0.25mm; f¼ 25Hz,
a¼ 0.2 mm; f¼ 25 Hz, a¼ 0.25 mm), there appears only
one sharp change during a period.

Results of shear rate

Figure 9 shows the time-averaged shear rate distri-
butions along the thin melt film varying with vibra-
tion parameters. As shown in Figure 9 the degree of
the influence of the VFF on the time-averaged shear
rate in the melt film increases with the increase in
the vibration strength. In Figure 9(a), the vibration
causes the time-averaged shear rate near the driving
surface decrease much more, and the time-averaged
shear rate near the stationary surface decrease just a
little; moreover, the time-averaged shear rate of the
melt that locates in the middle of the melt film
increases in a degree, and the increase in the time-
averaged shear rate leans to the stationary surface.
In Figure 9(b), the increase in the vibration strength
causes the time-averaged shear rate near the driving
surface increase, the time-averaged shear rate near
the stationary surface decrease instead, and the
stronger the vibration strength is, the larger the mag-
nitude of this kind of variation of shear rate
becomes. This is because the velocity in the melt film

Figure 7 Average velocities of the thin and thick melt films during two periods with different vibration force fields (a) d
¼ 0.2 mm; (b) d ¼ 1 mm.
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will change suddenly, with the application of vibra-
tion of too strong vibration strength. As shown in
Figure 9, the time-averaged shear rate in the flow
field will redistribute caused by the application of
VFF. Of the above five kinds of vibration parameter

combinations, the amplitude 0.15 mm is the most
optimum, namely, the time-averaged shear rate near
the stationary surface increases, while the time-aver-
aged shear rate near the driving surface decreases,
which is in favor of the removing of the newly gen-
erated melt of lower temperature and higher viscos-
ity and generating a great deal of heat of dynamic
dissipation and thus accelerates the melting process.
As for the vibration parameter combinations in Fig-
ure 9(b), on the contrary, the actions of those kinds
of vibration force fields are not in favor of melting
process.

The time-averaged shear rate distributions along
the thick melt film varying with vibration parame-
ters are given in Figure 10. Figure 10 shows that the
variation magnitude of time-averaged shear rate in
the melt film increases with the increase in vibration
strength. The application of VFF causes the time-
averaged shear rate of the melt adjacent to the driv-

Figure 8 (a) Evolution of shear stress at fixed plate for
the Giesekus model (Re ¼ 1, We ¼ 1, b ¼ 0.001, a ¼ 0.01,
f ¼ 0.01) [cited from Ref. 20, Figure 1(a)]; (b) Evolution of
shear stress at fixed plate for the Giesekus model (Re ¼ 1,
We ¼ 10, b ¼ 0.001, a ¼ 0.01, f ¼ 0.01) [cited from Ref. 20,
Figure 3(a)]; (c) Evolution of shear stress at fixed plate for
the Giesekus model (Re ¼ 1, We ¼ 10, b ¼ 0.001, a ¼ 0.05,
f ¼ 0.01) [cited from Ref. 20, Figure 5(a)].

Figure 9 Time-averaged shear rate distributions along the
thin melt film varying with vibration parameters, f ¼ 25
Hz, d ¼ 0.2 mm.
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ing surface decrease, and the time-averaged shear
rate of the melt adjacent to the stationary surface in-
crease. As shown in Figure 10, when the amplitude is
0.2 mm, although there have already appeared sudden
change of velocity, the VFF still cause the time-aver-
aged shear rate of the melt adjacent to the driving
surface decrease, and the time-averaged shear rate
of the inner melt, especially the melt adjacent to the
stationary surface, increase, and the increment is the
largest among the cases calculated in the work.
When the amplitude is 0.25 mm, the application of
vibration still decreases the time-averaged shear rate
adjacent to the driving surface, but the decrement is
less than that caused by the case when amplitude is
0.2 mm; moreover, although the time-averaged shear
rate of the melt adjacent to the stationary surface
increases in this case, the time-averaged shear rate of
the melt that locates in the middle of the melt film
decreases; thus, the promotion effect caused by this
kind of VFF of too large vibration strength will not
be proportional to the vibration strength applied.

From the above simulation results, it can be found
out that even with the same VFF applied, the variation
magnitude of the distribution of the time-averaged
shear rate in the thinner melt film is larger than that
in the thicker melt film. This phenomenon can be
explained as follows. The average shear rate in the
thin melt film is larger, the corresponding apparent
viscosity becomes less, and the relaxation time also
becomes shorter. For instance, when the thickness of
thin melt film is one-fifth that of thick melt film, then
the average shear rate in the thin melt film is five
times that in the thick melt film; however, because the
relationship between the shear rate and apparent vis-
cosity is nonlinear, according to the Cross viscosity
model eq. (15), the average apparent viscosity in the

thin melt film is about one-third that in the thick melt
film, namely, the average relaxation time of the melt
in the thin melt film is about one-third that in the thick
melt film. Thus, although the average relaxation time
of the melt in the thin melt film is shorter, when the
same VFF applied, because the average shear rate in
the thin melt film is much more larger than that in the
thick melt film, the nonlinear viscoelasticity response
of the melt in the thin melt film is more intense than
that in the thick melt film.

Results of temperature field

Figure 11(a) shows the curves of the difference
between the time-averaged temperature distributions
with various vibration parameters and temperature
distribution without vibration in the thin melt film.
When the amplitude is fixed (e.g., a ¼ 0.25 mm) and
the frequency is increased (e.g., from 5 to 15 Hz), the
dissipation heat increases caused by the more and
more strong effect of hysteresis, the time-averaged
temperature increases, and the time-averaged temper-
ature of the adiabatic surface is the highest. When the
frequency is further increased to a certain large value
(e.g., f ¼ 20 Hz, f ¼ 25 Hz), then the pulsant shear will
decay to zero before reaching the adiabatic surface. A
resting layer appears near the stationary surface
where shear rate decreases and viscous dissipation
heat reduces too, causing the time-averaged tempera-
ture near the adiabatic surface decrease, while the
time-averaged temperature near the driving surface
increase; since the driving surface is set to be at con-
stant temperature, the heat of viscous dissipation gen-
erated near the driving surface will be conducted out
from the driving surface and can not be used to melt
the solid, which means that the energy is wasted; then
there appears a strange phenomenon that with the
further increase in the vibration strength; the time-
averaged temperature near the solid/melt interface
decreases instead. The above situation of time-aver-
aged temperature increment is in accord with the vari-
ation situation of the time-averaged shear rate in the
melt film, which indicates that the distribution of the
time-averaged shear rate can be used to predict
the distribution of time-averaged temperature. When
the frequency is fixed, the effect of the increase in the
amplitude on the time-averaged temperature distribu-
tion is similar to the effect of the increase in the fre-
quency on the time-averaged temperature distribution
while the amplitude is fixed.

Figure 11(b) shows the curves of the difference
between the time-averaged temperature distributions
with various vibration parameters and temperature
distribution without vibration in the thick melt film.
It can be seen that when the vibration strength is
comparatively small (f ¼ 5 Hz, a ¼ 0.25 mm; f ¼ 25 Hz,

Figure 10 Time-averaged shear rate distributions along
the thick melt film varying with vibration parameters,
f ¼ 25 Hz, d ¼ 1 mm.
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a¼ 0.05 mm; f¼ 10 Hz, a¼ 0.25 mm; f¼ 25 Hz, a¼ 0.10
mm), the time-averaged temperature is higher than
that without VFF caused by the dynamic dissipation
heat due to the application of VFF. With the increase
in the vibration strength (f ¼ 15 Hz, a ¼ 0.25 mm;
f ¼ 25 Hz, a ¼ 0.15 mm; f ¼ 20 Hz, a ¼ 0.25 mm;
f ¼ 25 Hz; a ¼ 0.2 mm), the time-averaged temperature
of the melt adjacent to the driving surface drops a little,
and the time-averaged temperature of the rest of the
melt increases further. When the vibration strength is
further increased (f ¼ 25 Hz, a ¼ 0.25 mm), the time-
averaged temperature of the melt adjacent to the driv-

ing surface increases again, and the time-averaged tem-
perature of themelt adjacent to the solid/melt interface
also increases, but the increment of the time-averaged
temperature of the melt in the middle of the melt film
decreases. It is worth noting that it should take a period
of time for the temperature distribution reaches steady
status after the application of VFF, especially for a
thicker melt film, it will take longer time for the tem-
perature field to reach stable status; the durations from
the moment of the application of VFF to the moment
the temperature distribution reaching stable status are
almost the same. Then, the period number needed
to be calculated for a VFF with higher frequency (e.g.,
f ¼ 25 Hz) will be much more than that needed to be
calculated for a VFF with lower frequency, and the cor-
responding computing time will become much longer.
In this work, the simulation results are all the results of
the sixth period. For a VFF with lower frequency, the
temperature field has almost reached the steady status,
while for a VFF with higher frequency, especially for
the cases that the frequency is 25 Hz, the temperature
field has not reached the steady status yet.

Figure 12 shows the total average temperature var-
iations in the thin melt film. Since it is easier for the
temperature field of a thin melt film to reach the
steady status, and thus, the simulation results of
the thin melt film are all the results when the tem-
perature fields have reached the steady status for the
cases calculated, and those results are comparable. It
can be seen that, the variation of the average temper-
ature is not monotonous; there exists optimal combi-
nation of vibration parameters that can make the
temperature of melt highest.

Figure 13 shows the total average temperature
increments of the sixth period after the application
of VFF in the thick melt film varying with ampli-
tude, when the vibration frequency is 25 Hz. It can
be seen that for the cases calculated in this work, the
total average temperatures with various VFFs are all
higher than that without VFF. When the amplitude
increases from 0 to 0.15 mm, the total average tem-
perature increment increases almost linear to the am-
plitude; when the amplitude increases from 0.15 to
0.2 mm, the temperature increases a little faster; but,
when the amplitude further increases from 0.2 to
0.25 mm, the magnitude of temperature increment
decreases instead. The relationship between the total
average temperature increment and frequency is not
presented here, because for the simulation results of
the sixth period, the temperature results of higher
frequency can not reach the steady state, and thus,
those temperature increments can not be compared.

In addition, the comparison of the simulation
results of the melt films of two different thicknesses
shows that the effects of VFF to the melt of different
melting stages are different. The optimum vibration
strength of thin melt film is smaller than that of

Figure 11 Curves of difference between time-averaged
temperature distributions in the thin and thick melt films
with various vibration parameters and temperature distri-
bution without vibration, (a) d ¼ 0.2 mm; (b) d ¼ 1 mm.
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thick melt film, because the melt in the thinner melt
film behaviors stronger nonlinear viscoelastic charac-
teristic than the melt in the thicker melt film does
with the same VFF. Taking Figures 12(b) and 13 for
example, when the amplitude is smaller than 0.15 mm,
the total average temperatures of both the thin melt
film and the thick melt film increase with the
increase in amplitude; however, when the amplitude
becomes larger than 0.15 mm, the average tempera-
ture of thin melt film decreases, while the average
temperature of thick melt film still increases. Because
the thickness of melt film keeps changing during the
melting process; thus, for the smaller vibration
strength, the average temperature of the melt film of
various thickness during the melting process would
increase with the increase in frequency and ampli-
tude, which just corresponds to the experimental
results of smaller vibration strength; for the larger
vibration strength, the combined effects of tempera-
ture decrement in the thinner melt film and tempera-
ture increment in the thicker melt film result in the irregular variation of the melting rate, which corre-

sponds to the experimental results of larger vibration
strength. The theoretical results are qualitatively in
agreement with the experimental results. Besides,
the vibration parameters in the numerical simulation
were larger than those in the experiments. The
experiment results began to show irregular changes
in melting length with smaller vibration parameters
than the simulation results, which means that the
actual average relaxation time reflected by the
experiment is longer than the average relaxation
time in the simulation; it is harder for the actual
polymer melt to keep up with the variation of veloc-
ity caused by the application of the same VFF than
for the simulation melt. We will try to eliminate the
deviation of the relaxation time in the amended
Maxwell model in our future work. However, the
variation trend of the simulation results with the
increase in frequency and amplitude coincide with
that of the experiment qualitatively, which verified
the validity of the simulation, and the simulation
revealed the effect mechanism of the VFF on the
melting process, although it is a simplified 2D melt
film model. It is worth noting that because the melt
film model does not take the solid phase into consid-
eration, and the temperature boundary at the station-
ary surface is also different from the fact; the tem-
perature results can only qualitatively reflect the
comparative temperature variations caused by differ-
ent vibration parameters.

CONCLUSIONS

To investigate the effect of VFF on the melting pro-
cess in a VIPE, visualization experiments were car-
ried out which revealed that there exit optimum
vibration parameter combinations, when the vibra-

Figure 12 Total average temperature increment in the
thin melt film, d ¼ 0.2 mm, (a) a ¼ 0.25 mm; (b) f ¼ 25 Hz.

Figure 13 Total average temperature increment in the thick
melt film varyingwith amplitude, d¼ 1mm, f¼ 25Hz.

SIMULATION OF NONISOTHERMAL FLOW OF MELT IN VIPE 5839



tion strength is smaller than the critical value deter-
mined by the rotate speed of screw, temperature set-
tings of the barrel wall, the characteristic of die and
the properties of material, the increase in vibration
strength can further accelerate the melting rate;
when the vibration strength exceed the critical vibra-
tion strength, the relationship between the melting
rate and vibration strength becomes irregular.

A simplified 2D melt film model was established.
The simulation results revealed that the effect of VFF
on the temperature distribution during the melting
process is implemented by the special variation of the
melt conveying behavior caused by the VFF; thus, by
investigating the dynamic conveying characteristic of
the viscoelastic melt, the dynamic melting process can
be investigated. Before the appearance of severe sud-
den change in velocity field, the application of VFF
changes the shear rate distribution in the melt film,
which transfer energy further to the solid/melt inter-
face, instead of dissipating in the melt near the driving
surface of which the temperature is relatively higher
by outer heating, which can optimize the energy dis-
tribution, make the distribution of energy more even,
and improve the utilization efficiency of energy. Thus,
the larger the vibration amplitude and frequency are,
the faster the melting rate becomes; when the vibra-
tion strength becomes higher than a certain critical
value, which causes severe sudden change in velocity
field, and causes the time-averaged shear rate of the
melt near the driving surface increase and the time-
averaged shear rate of the melt near the solid/melt
interface decrease, then the energy can not be utilized
to full advantage. This is a peculiar characteristic dis-
tinguishing the dynamic melting process from the
conventional melting process. Therefore, there exist
vibration parameter combinations to make the tem-
perature distribution optimum. Because the melt in
thinner melt film presents severer nonlinear visco-
elastic behavior than the melt in thicker melt film with
the same VFF, the critical vibration strength for thin-
ner melt film is smaller than that for thicker melt film;
and during the melting process, the melt film thick-
ness keeps changing. Once the vibration strength
exceed certain value, the combined effects of tempera-
ture decrement in the thinner melt film and tempera-
ture increment in the thicker melt film of the entire
melting process result in the irregular variation of the
melting rate. The theoretical prediction can explain
the effects of VFF on the melting process observed in
the visualization experiments qualitatively.

The melt film model put forward in this article
can be conveniently used to study the dynamic
response of the melt at any melting stage and any
local position to the VFF. The study of the distribu-
tions of the dynamic velocity and temperature in the
melt film can provide vigorous information for the
prediction of the DMP. The analyses of dynamic

responses of the melt of different melting stages and
at different positions can also provide theoretical
guidance for optimizing the vibration parameters for
the DMP.
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