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INTRODUCTION

Recently, the technique and the equipment of the
electromagnetic dynamic plasticating extruder[1-3] for
plastics have been recognized by academe and accepted
extensively by industrial community. The electromag-
netic dynamic plasticating extruder for plastics has ac-
quired great economic and social benefit progressively.
And there has been a great deal of research activity to
investigate the behavior of polymers in vibration force
field. In order to improve the design and control of vari-
ous polymer-processing operations, this trend was pro-
moted by the need to elucidate the complex dynamics
of these viscoelastic fluids. Until now, from many ex-
perimental phenomena, it is the vibration force field that
can affect the apparent viscosity and elasticity of poly-
mer melts. But what is the effect? How to measure ac-
curate data for the research? Experimentally, moreover,
controlled transients are much more difficult to achieve
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The transient responses of polymer melts in vibration force field have been
measured with the capillary dynamic rheometer, and the effects of the vibra-
tion parameters (vibration frequency and amplitude) on polymer melt�s vis-
coelasticity have been presented and discussed.
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than steady-state conditions.
One would like to have available the most versatile

possible melt rheometer that can be measure the vis-
cosity and elasticity properties of polymer melts. How-
ever, rheometer now in use is noted for their lack of
versatility. The traditional capillary rheometer is used
primarily to measure melt viscosity at high shear rates,
while the first normal stress difference is determined by
semi-empirical methods, from measurements of entrance
pressure loss or exit pressure[4-6]. However, the validity
of the method of analyzing the experimental data is sub-
ject to serious question, because some of the assump-
tions made for the suggested method do not have a
proved justification. Although the rotational rheometer
can be used to measure the elastic properties of poly-
mer melts, it is limited by low shear rates due to flow
instability. Therefore, for practical purposes, there is a
need for a new capillary rheometer which can be used
to measure nonlinear transient shear flow viscoelastic
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properties not only in vibration force field but also in
steady state. Fortunately, the capillary dynamic rheom-
eter has been developed successfully in National Engi-
neering Research Center of Novel Equipment for Poly-
mer Processing in South China University of Technol-
ogy, and this new rheometer has these capabilities[7-10].
In this paper, the effects of vibration parameters (in-
cluding vibration frequency and amplitude) on the poly-
mer melt�s viscosity and normal stress difference coef-
ficients are analyzed by obtainable transient data, which
measured with the capillary dynamic rheometer.

THE CAPILLARY DYNAMIC RHEOMETER

This capillary dynamic rheometer is based on the
capillary rheometer with invariable speed, and its
equipment�s physical model has good agreement with
the pulsating extrusion process of round-section die in
the condition of electromagnetic dynamic extrusion. One
of the key technologies is that the mechanical vibration
force field caused by an electromagnetic field is intro-
duced into the whole plasticating and extrusion pro-
cess. So the plasticating and extrusion for polymer melt
is deeply affected by vibration force field. Figure 1 is
the sketch map of capillary dynamic extrusion. The sur-
rounding cylinder is isothermal clarifier. The material is
calorified and then becomes the melt, which is extruded
from the capillary with the high pressure by hydraulic
driving. Here, a sine vibration can be added in parallel
direction of polymer melt�s flowing through capillary,
so the periodic vibration force with high frequency and
small amplitude is introduced into all the process of
polymer melt extrusion through capillary. With the pres-
sure transducer and the Laser-CCD real-time data ac-
quisition system, the capillary entry pressure and the
ratio of the swell can be measured instantaneously.

The equipment of the capillary dynamic rheometer

includes electromagnetic vibration control system, cap-
illary extruding system, barrel temperature control sys-
tem, constant speed control system, entry pressure on-
line collection system and the Laser-CCD real-time data
acquisition system.

Figure 2 gives a block diagram of the vibration con-
trol system of piston rod. The frequency and amplitude
signal set by a sine vibration control system is put on
the power amplifier through the output knob, and these
amplified signals are send to the equipment, then vibra-
tion is created. So vibration displacement or vibration
velocity or vibration acceleration can be exported. At
the same time, the mechanical energy is transformed to
pressure signal by transducer, so the close control is
realized.

It is a well-known fact that polymeric materials ex-
hibit elastic properties when they are subjected to large
deformations, especially in vibration force field their
behavior is more complicated. There is ample evidence,

Figure 1 : Sketch map of capillary dynamic extrusion: 1:
cylinder, 2: piston rod, 3: pressure transducer
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Figure 2 : Vibration control system of piston rod
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such as extrudate swelling, indicating that the melt elas-
ticity plays a very important role in the various methods
of processing polymeric materials. From recent devel-
opments in rheology it has been established that the
melt elasticity is related to the normal stress differences,
moreover there is a relationship between the normal
stress differences and the extent of the die swell. For
conveniently, we can measure the die-swell ratio with
the Laser-CCD real-time data acquisition system. The
Laser-CCD is laid in the exit of the die.

Figure 3 gives a block diagram of the laser mea-
sure instrument. Laser bean from laser instrument is re-
vised by optics system and rips into the scanner that is
circumvolving with the electromotor tail-wagging, there-
fore a parallel scanning light screen comes into being.
When measured object is parked in the scanning screen,
the projection is formed whose dimension is as same as
the measured object. The scanning screen can be
flocked to the photoelectricity acceptor after accepting
focusing. Because the scanning screen is formed tran-
siently, the wave on the photoelectricity acceptor can
be reflected actually the complexion of parallel laser

bean scanning with or without block. The impulse sig-
nal is transmitted into the disposal system through the
circuit, the dimension of the measured object is ob-
tained indirectly after disposing.

DATA ACQUISITION AND ANALYSIS

Figure 4 describes the velocity of polymer melts in
capillary dynamic rheometer. Where L is the length of
the capillary, R is the radius of the capillary, P is the
pressure difference between the two ports. The fol-
lowing assumptions will be made:
1. The melt flow is laminar in axial z-direction, and iso-

thermal, and the ratio of L/2R is sufficiently great to
ensure that a well-developed velocity profile;

2. The melt is uncompressible and viscoelastic, the
density  is unchangeable;

3. Wall slip and gravitational effects may be neglected.
In capillary the velocity and the shear stress of the

melt respectively are:
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where boundary conditions are:
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The displacement of the piston rod in capillary is:
tsinAtS 0  (5)

where 0 is the steady average velocity of the piston rod, A is

the vibration amplitude,  is the vibration circle frequency
(=2f, f is vibration frequency).Through analyzing the move-
ment equation and using conservation of mass, the average
velocity in the capillary section can be described as:
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From the direction-z of the movement equation, it
can be gained such as:
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Integrating above equation and predigesting it, then
the shear stress of the capillary wall in Z-direction can
be approximately described as:
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Figure 3 : Sketch map of laser measure instrument

Figure 4 : Velocity of polymer melts in capillary dynamic
rheometer (fully development section)
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In view of the shear rate of the capillary wall can be
described as:
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So the average apparent viscosity of the capillary
wall can be described as:
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With the on-line collection system, the capillary en-
try pressure can be measured instantaneously. There-
fore the shear stress and the average apparent viscosity
of the capillary wall in Z-direction can be obtained.

Figure 5 is the sketch map of extrudate swell, equa-
tion (6) describes the average velocity in section 1, in

the same way, the average velocity jV in section 2 can

be described as:
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so there is:
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The stress state of the melt in vibration shear force
field may be written as follows:
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The equation of motion in the radial direction can
be rewritten as:
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difference in the inner capillary where the radius is r. Integra-

tion of equation (15) from the centerline to any radius r yields:
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When r=0, =0, that is to say, there is no annular elas-
ticity stretchiness or no additive contractive force, so


rr
(0,f) =0. From many experimental experience, the

second normal stress difference is one quantitatively level
smaller than the first normal stress difference, more-
over, the second normal stress difference is negative.
For conveniently, the suppose proposed by
Weissenberg[11] can be used, which is: N

2
(r,f)=0. There-

fore equation (16) can be rewritten as:
)t,r()t,z,0(P)t,z,r(P rr (17)

The total pressure in the capillary thus consists of
two parts: the hydrostatic pressure P(0,z,f) which de-
creases in the direction of flow, it can be supposed that
P(0,z,f) = 0 because measuring is taken in the atmo-
spheric pressure; and the �elastic� pressure equals to


rr
(0,f) which varies radially but is constant along the

length of the capillary. So equation (17) becomes, at
the downstream end of the capillary:
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Applying the continuity equation, the volume flux is:
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From equation (19) and (21), there is:

zmax V2V  (22)

Applying Newton�s second law to the portion of
the fluid between Section 1 and Second 2 of Figure 5,
the net external force, in the flow direction, will be equal
to the rate of fluid momentum. The only external forces,
in view of the assumptions made, will consist of the
total stress in the flow direction, 

zz
(r,L), acting at the

Section 1, appropriately integrated over the entire cross
section of the capillary, and one obtains:
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Defined 
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 as the shear stress in the wall of the
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Substituting Eq. (26) into Eq. (25) and rearranging
gives:
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If Eq. (27) is multiplied by 2
R 
and then differenti-

ated with evaluating the individual terms of the Leibnitz
rule. Carrying out this operation,
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The third part of the left of Eq. (28) can be simpli-
fied:
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So Eq. (28) can be rewritten:
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and one can obtain the formula of the first normal stress

difference in the wall of the capillary:
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So the average first normal stress difference coeffi-
cient can be obtained:
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With the Laser-CCD real-time data acquisition sys-
tem, the ratio of the swell can be measured instanta-
neously. With these data and equation (31), one can
obtain the experimental values of the first normal stress
difference and the average first normal stress difference
coefficient in the wall of the capillary.

In our following experiment, the experimental ma-
terial is LDPE and its melt temperature is 150 degrees
centigrade.

Figure 6 is a plot of comparison of the experimen-
tal values of the shear stress with different vibration fre-

Figure 5: Sketch map of extrudate swell

Figure 6 : Relationship between the experimental values of
the shear stress and time with different vibration frequency

in one period, A=0.1mm, T=t, 150   (mm/s), 1: f=6Hz, 2:

f= 8 Hz, 3: f= 12Hz
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quency in one period. It is clear that the change ampli-
tude of the shear stress increases with the vibration fre-
quency increasing. Figure 7 is a plot of comparison of
the experimental values of the shear stress with differ-
ent amplitude in one period. It is also clear that the change
amplitude of the shear stress increases with the vibra-

tion amplitude increasing. Maybe frequency or ampli-
tude increasing means the intensity of the vibration force
field being increased and the ability of overcoming vis-
coelastic resistance strengthened. Therefore the change
amplitude of shear stress increases with frequency or
amplitude increasing.

Figure 8 is a plot of the experiment values of the
average apparent viscosity with constant amplitude and
initial velocity. It is obvious that the relationship between
the average apparent viscosity and the vibration fre-
quency is nonlinear. When applied a low vibration fre-
quency, the average apparent viscosity decreases rap-
idly, then there is an increase phenomenon with higher
frequency. There is an optimum vibration frequency that
minimized the average apparent viscosity of the poly-
mer melt in the condition of the same amplitude.

Figure 9 is a plot of the experiment values of the
average apparent viscosity with constant vibration fre-
quency and initial velocity. It is also obvious that the
relationship between the average apparent viscosity and
the amplitude is nonlinear, and there is optimum ampli-
tude, which also minimized the average apparent vis-
cosity of the polymer melt in the condition of the same
vibration frequency.

Figure 10 is a plot of the experimental values of
first normal stress difference with different vibration fre-
quency in one period. Figure 11 is a plot of the experi-
mental values of first normal stress difference with dif-
ferent amplitude in one period. From these two figures,
it is clear that the change amplitude of the first normal

Figure 7 : Relationship between the experimental values of
the shear stress and time with different amplitude in one

period, f=10 Hz, 150   (mm/s), 1: A=0.05mm, 2: A=0.075
mm, 3: A=0.15mm
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Figure 10 : Relationship between the experimental values of
the first normal stress difference and time with different vi-
bration frequency in one period, A=0.1mm, T=t, 150   (mm/
s), 1: f=6 Hz, 2: f=8 Hz, 3: f=12 Hz
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Figure 8: Experiment values of average apparent viscosity

(Pa.sec) with A=0.1mm and 150   (mm/s)
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Figure 9 : Experiment values of average apparent viscosity

(Pa.sec) with f=10 Hz and 150   (mm/s)
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stress difference increases with vibration frequency or
amplitude increasing. Because the amplitude of shear
rate increases with vibration frequency or amplitude

increasing, then the decreasing amplitude of the entangle-
ment density increases with frequency increasing, more-
over, a decrease in the number of entangled points in-
creases the average number of segments in polymeric
chains, which causes as increase in free volume. The force
between molecules decreases and the effect of the mo-
lecular orientation becomes stronger, which results in in-
creasing of material�s tensile strength and stiffness. So
the change amplitude of the first normal stress difference
increases, too. It is easy to conclude that the change
amplitude of the elasticity of polymer melts increases with
vibration frequency or amplitude increasing.

At the same time, figures 12 and 13 are the plots of
the relationship between the experimental values of the
average first normal stress difference coefficient and
different vibration frequency and amplitude respectively.
From figures 12 and 13, it is obviously conclude that
the relationship between the average first normal stress
difference coefficient and the vibration frequency or
amplitude is nonlinear, and there is an optimum vibra-
tion frequency or amplitude, which also minimized the
average first normal stress difference coefficient of the
polymer melt in the condition of the same amplitude or
vibration frequency.

CONCLUSION

In this work, using the capillary dynamic rheometer
to measure the capillary entry pressure and the ratio of
the swell instantaneously. The results can be presented
the effects of the vibration parameters such as vibration
frequency and amplitude. When vibration frequency or
amplitude is larger, the change amplitude of the shear
stress and the first normal stress difference both increases,
therefore the change amplitude of the viscosity and elas-
ticity of polymer melts increase with vibration frequency
or amplitude increasing. At the same time, the relation-
ship between the average apparent viscosity and the vi-
bration frequency or amplitude is nonlinear, and the rela-
tionship between the average first normal stress differ-
ence coefficient and the vibration frequency or amplitude
is also nonlinear, and there is an optimum vibration fre-
quency or amplitude, which also minimized the average
apparent viscosity or the average first normal stress dif-
ference coefficient of the polymer melt in the condition of
the same amplitude or vibration frequency.

Figure 11: Relationship between the experimental values of the
first normal stress difference and time with different ampli-

tude in one period, T=t, f=6 Hz, 150  (mm/s),
1:A=0.075mm, 2: A= 0.125 mm, 3:A=0.15mm
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Figure 12: Experiment values of the average first normal
stress difference coefficient (Pa.sec2 ) with A=0.1mm and

150   (mm/s)
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Figure 13: Experiment values of the average first normal
stress difference coefficient (Pa.sec2) with f= 10 Hz and

150  (mm/s)
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