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la técnica de velocimetrı́a por imágenes
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Palabras clave: reologı́a, velocimetrı́a por imágenes de partı́culas, procesamiento de polı́meros, extrusión,
polietileno de baja densidad.
∗ Corresponding author. E-mail: jpg@esfm.ipn.mx
Tel. 55-57-29-60-00, ext. 55032, Fax 55-57-29-60-00, ext. 55032

Publicado por la Academia Mexicana de Investigación y Docencia en Ingenierı́a Quı́mica A.C.

401

F. Rodrı́guez-González et al./ Revista Mexicana de Ingenierı́a Quı́mica Vol. 10, No. 3 (2011) 401-408

1

Introduction

With the advent of modern technologies that permit
the measurement of the velocity of particles moving
in very short time intervals it has been possible to
determine velocity maps in fluids, which provide
precise details of their flow kinematics. However, the
analysis of the flow behavior of polymer melts during
extrusion has been typically performed by using
rheometric measurements and numerical simulation.
In spite of the large amount of publications on the
extrusion flow of polymer melts, only a few works
have been dedicated to the analysis of the underlying
flow kinematics by using velocimetry. This may in
part be due to the difficulties to implement velocimetry
techniques during the extrusion of polymer melts at
high temperatures and high pressures. The knowledge
of the velocity field in polymer melts, however, is
relevant for their processing as well as for the design
of molds and dies.
The analysis of the flow field in fluids has
been mainly done by using optical techniques
like laser Doppler velocimetry (LDV) and particle
image velocimetry (PIV), which are powerful noninvasive techniques to describe the flow kinematics
in transparent fluids. Nevertheless, while LDV is a
single-point measurement technique, PIV is a wholefield method that allows for the determination of
instantaneous velocity maps of the flow region.
The pioneer work in the description of the flow
kinematics in polymer melts by using velocimetry
techniques includes the work by Mackley and Moore
(1986), who measured the velocity profiles of highdensity polyethylene (HDPE) during the steady state
flow in a slit die by using LDV. Previously (as
cited by Mackley and Moore (1986)), Kramer and
Meissner had reported velocity profiles for lowdensity polyethylene (LDPE) flowing through and
abrupt contraction in a rectangular duct.
Piau et al. (1995) carried out LDV measurements
in a polybutadiene flowing through a slit channel
and showed that slip, characterized by a nearly plug
flow, occurred when the die surface was fluorinated.
Münstedt et al. (2000) reported the first detailed
description of the velocity profiles during the slit flow
of HDPE by using LDV. These authors described
the typical characteristics of the velocity profiles in
the three regimes of the non-monotonic flow curve
of HDPE. Later, Migler et al. (2001) developed an
optical technique to visualize how polymer processing
additives (PPA) eliminate the sharkskin defect in linear
low-density polyethyelene (LLDPE). These authors
402

measured tracking velocity profiles and the coating
process of PPA in a sapphire capillary, and showed
the presence of slip in the coated die and adhesion
when this was uncoated. A more detailed description
of the stick-slip kinematics of HDPE in a slit die
was provided by Robert et al. (2004) also by
using LDV. These researchers reported that slip was
not homogeneous across the slit die, and suggested
that the measured slip velocities were of the same
order of magnitude as those measured in a capillary
rheometer. Nigen et al. (2003) studied the entry flow
of polybutadiene and its relation to flow instabilities
in channel flow by using PIV. Recently, Rodrı́guezGonzález et al. (2009) described for the first time
the flow kinematics of the unstable flow of HDPE
in a glass capillary die by using PIV. These authors
sowed that the polymer exhibited shear thinning
effects without slip at low shear rates, followed by
an alternating behavior between full adhesion and slip
in the unstable stick-slip regime, whereas both, the
maximum velocity and the slip velocity of the melt,
changed continuously during pressure oscillations.
In addition, these authors showed that the velocity
profiles cannot become plug-like in the presence of
shear thinning effects in the melt and provided a proof
for the basic assumption of the Mooney method by
comparing velocity profiles obtained under slip and no
slip flow conditions. Finally, Fournier et al. (2010)
characterized the extrusion flow of polycarbonate and
polystyrene in a rectangular die by using PIV. The
measured velocity profiles in this case, showed good
agreement with numerical simulations that considered
the influence of slip at the die wall.
Capillary flow is very important since it is
found in rheometers as well as in different polymer
processing operations, particularly in extrusion dies
and runners in molds. In the present work, we
describe the kinematics of a low-density polyethylene
(LDPE) flowing under continuous extrusion through a
transparent capillary die, which to our knowledge has
not been done before. In contrast to the flow behavior
reported for HDPE, LDPE does not exhibit stick-slip
instabilities or slip at the wall. Instead, its flow curve
is monotonic, which allows the determination of the
true flow and viscosity curve from a few velocity
profiles, as well as to reach low shear rate values that
are not accessible by using the macroscopic physical
quantities provided by capillary measurements. To
accomplish this goal, the two dimensional particle
image velocimetry (2D PIV) technique has been
coupled with rheometric measurements (rheo-PIV).
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2.1

Experimental
Materials and rheometry

The polymer used in this work was a LDPE (Aldrich
428027) with a relative density in the solid state of
0.922 and melt index of 1.5 g/10 min (190o C/2.16 kg).
The relative density of the melt at T = 190 ◦ C was
calculated from flow rate measurements at constant
piston speed in a Rheotester 1000 Göettfert capillary
rheometer, a value of 0.775 was obtained.
The experiments were carried out at a temperature
of 190 o C under continuous extrusion with a
Brabender PL2100 single screw extruder of 0.019
m in diameter and length to diameter ratio of 25/1.
The pressure drop (∆p) between capillary ends was
measured with a DyniscoT M pressure transducer. The
volumetric flow rate (Q) was determined by collecting
and measuring the ejected mass as a function of time.
From these data, the wall shear stress (τw ) and the
apparent shear rate (γ̇app ) were calculated as:
τw = 

∆p
4 DL



(1)

32Q
(2)
πD3
where L and D are the length and diameter of the
capillary, respectively. Equation (1) is independent
Fig. 1. a) Sketch of the stainless steel fixture to support
of the type of fluid, since it is obtained from a force
the capillary die (D = 0.0017 m): 1) borosilicate
balance in the capillary. Equation
however,
Figure (2),
1. a)
Sketchis of theglass
stainless
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to stainless
supportsteel
the ring,
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die (D = 0.00
die, 2)steel
cooper
ring, 3)
4)
only valid for Newtonian fluids. The apparent shear
borosilicate
glass
die,
2)
cooper
ring,
3)
stainless
steel
ring,
4)
high-temperature
o-ring, 5
high-temperature o-ring, 5) stainless steel fixture. b)
rate term is used to denote a calculation assuming a
steel
fixture. b) fluids,
AberrationAberration
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made up
of up
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rectangular
prism with glass w
made
of a small
rectangular
Newtonian flow behavior. For
non-Newtonian
prism with glass walls filled with glycerol.
with
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the Rabinowitsch’s correction
should
be applied to the
γ̇app =

apparent flow data [Bird et al. (1977)]. For a powerlaw fluid, τ = mγ̇n , (as is LDPE often assumed) the
non-Newtonian shear rate is given by:
γ̇w =

3n + 1
γ̇app
4n

(3)

where m and n are the consistency and shear thinning
index, respectively.

2.2

Capillary die fixture

A capillary die (D = 0.0017 m) made up of
borosilicate glass, with an entry angle of 180o and
L/D = 20, was attached to the extruder to carry
out the measurements and no corrections for end
effects were performed. This type of glass capillaries
has been successfully tested in previous rheometric

studies with polymer melts, and have been proved
to produce reliable results [Pérez-González and de
Vargas (1999)].
A fixture made up of stainless steel was adapted
to the extruder die head in order to support the die
as sketched in Fig. 1a. The fixture has two pairs of
perpendicular windows, one pair was used to pass a
laser light sheet through the flow region and the other
for visualization. Image distortions produced by the
curved geometry of the capillary were eliminated by
using an aberration corrector, which was made up of
a small rectangular prism with glass walls containing
a fluid as shown in Fig. 1b. For this purpose, the
refractive index (n) of the borosilicate glass capillary
(nglass = 1.43) was closely
1 matched by filling the
prism with glycerol (ngly = 1.47). In order to perform
the PIV measurements, one part of the capillary
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corresponding to a length of 15D was kept inside the
extruder die head at controlled temperature, and the
rest of the capillary was inside the aberration corrector,
in which the temperature was continuously monitored
and supplied with preheated glycerol at the extrusion
temperature before each measurement.

2.3

PIV measurements

a rail carrier with a micrometer to measure horizontal
displacements. The center plane of the capillary was
found by horizontal displacements of the mirror up to
see the longest chord on the image plane.
An InfiniVarT M continuously-focusable video
microscope CFM-2/S was attached to the CCD camera
in order to increase the spatial resolution. The images
taken by the PIV system covered an area of 0.00171
m × 0.00323 m and were centered at an axial position
z = 17D downstream from the contraction. Series of
fifty image pairs were obtained for each flow condition
and all the image pairs were correlated to obtain the
corresponding velocity map. Then, the velocity as a
function of the radial position (velocity profile) was
obtained for a given axial position in each map and
the fifty profiles were averaged in time to finish with a
single velocity profile for each shear rate.

PIV measurements were performed along with
flow rate ones, right after achieving steady state
flow conditions for each studied shear rate. The
analysis of the flow kinematics in the capillary was
performed with a 2D-PIV Dantec Dynamics system as
sketched in Fig. 2. The 2D-PIV technique provides
instantaneous measurements of the velocity vectors
in a plane of the flow (velocity maps). For this
purpose, the observation plane, in this case the center
An adaptive correlation algorithm with a central
plane of the capillary, is illuminated by a laser light
difference approximation was used to calculate the
sheet, where two consecutive single exposed images
velocity vectors. The interrogation windows were
of particles seeded in the fluid are obtained. This
chosen as rectangles of 256 pixels long (axial
requires the fluid to be transparent. Each image is
direction) and 16 pixels wide (radial direction), which
divided into subsections called interrogation areas, and
were equivalent to 615 µm × 38.4 µm. An overlap
the statistical displacement of the seeding particles
of
50% was used in both directions. With this size of
between corresponding interrogation areas of the two
the
interrogation areas and the particle size used for
consecutive images gives a displacement vector. This
seeding,
the closest distance to the capillary wall at
vector is calculated by a cross-correlation analysis
which
we
could measure was around 19 µm.
of the light intensity scattered by the particles in
the interrogation area. The resulting displacement
vector is divided by the time elapsed between the
two consecutive images to obtain the corresponding
velocity vector. The seeding particles need to be
small enough to follow the flow with minimal drag,
but sufficiently large to scatter light to obtain a good
particle image. In this case, the particles used were
solid copper spheres < 10µm in diameter (Aldrich
32,6453) at a concentration of 0.5 % wt. (0.0425
v/v). This small amount of particles does not affect
the rheological behavior of the polymer. Using the
Einstein relation for spherical particles in a fluid,
the increase in the viscosity due to the presence of
particles is 0.1%, which is negligible.
The PIV system utilized in this work consists of a
high speed and high sensitivity HiSense MKII CCD
camera of 1.35 Mega-pixels, two coupled Nd:YAG
Fig. 2. Experimental set up for 2D-PIV measurements.
lasers of 50 mJ with λ = 532 nm and the Dantec
1) Aberration corrector and stainless steel fixture
Dynamic Studio 2.1 software.
The2.light
sheet was set up for 2D-PIV measurements. 1) Aberration corrector and sta
Figure
Experimental
supporting the glass capillary die, 2) extruder, 3) CCD
reduced in thickness up to less than 200µm by using
fixture
supporting
the
glass
capillary
die, 2) extruder, 3)video
CCD
camera, 4) continuously
camera,
4) continuously-focusable
microscope,
a biconvex lens with 0.05 m of focal distance, and
5) Nd:YAG
coupled Nd:YAG
lasers,
6) cylindrical
lens,
7)
video
microscope,
5)
coupled
lasers,
6)
cylindrical
lens,
7) prism,
8) biconvex le
then sent through the center plane of the capillary by
prism, 8) biconvex lens.
◦
using a prism oriented at 45 relative to the original
Finally, the velocity profiles, v(r), were integrated
direction of the laser beam. The prism was mounted on
404
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according to Eq. (4) to obtain the volumetric flow rate:
Q=

Z2π ZR
rv(r)drdθ
0

3
3.1

(4)

0

Results
Rheometry

The rheometric flow curve for the LPDE is shown
in Fig. 3, along with the one obtained from the
integration of the velocity profiles according to Eq.
(4). Even though the rheometric data show a slight
deviation at the onset of the melt fracture regime, they
are well fitted by the typical continuous power-law
relationship in the apparent shear rate range studied
(see the equation inserted in Fig. 3). Also, the
data obtained from the velocity profiles agree well
with the rheometric ones; the maximum difference in
the volumetric flow rates obtained by using the two
methods was 6.5%, which shows the reliability of the
PIV technique to describe the behavior of the polymer
melt in capillary flow.

for the LDPE was unidirectional for the different
apparent shear rates studied, with a velocity field
simply given by vz = vz (r), as it is expected for a fully
developed shear flow. Due to the large viscosity of
polymer melts, the flow is laminar for typical extrusion
rates. In this work, the Reynolds number (Re) for the
maximum shear rate reached was only 1.82 × 10−3 ,
which shows that the flow was always laminar during
the experiments.
The PIV velocity profiles for the different apparent
shear rates are shown in figures 5a-b along with the
profiles calculated by considering the melt as a powerlaw fluid (continuous lines), namely:

vz (r) =

#
 r  n+1
 τ  1n nR "
n
w
1−
m n+1
R

(5)

where r is the radial position, R is the capillary radius
and m and n are the power-law parameters of the
equation inserted in Fig. 3. Observe that the velocity
profiles are very well matched by the power-law
relationship, while there is good agreement between
the rheometric and PIV data (see Fig. 3). In addition,
the standard deviation of the time average of the fifty
profiles, which is represented by the error bars, shows
variations below 5%, which indicates that the flow
was steady. Also, it is interesting to note that all
the velocity profiles in Figs. 5a-b extrapolate to zero
value at the capillary wall, indicating the absence of
slip. This result agrees with the well known fact that
branched polyethylene do not exhibit slip at the die
wall.

Fig. 3. Flow curve of LPDE obtained by rheometric

Figure 3. Flow curve of LPDE obtained by rheometrical measurements (open symbols) and from
measurements (open symbols) and from the
the integration of the velocity profiles (closed symbols). Solid line represents the fit to the typical
integration
of the
velocity
profiles
(closed
continuous power-law
relationship
in the
apparent
shear rate
rangesymbols).
studied.

Solid line represents the fit to the typical continuous
power-law relationship in the apparent shear rate range
studied.

3.2

PIV

Figure 4 shows the velocity maps in the capillary for
different flow conditions. Note that almost all velocity
vectors in each map are parallel to the flow direction,
which shows that the flow in the observation region

Figure 4. Two-dimensional velocity maps in the capillary for different flow conditions: 54.78,
234.65, 418.33 and 834.31 s-1.

Fig. 4. Two-dimensional velocity maps in the capillary
for different flow conditions: 54.78, 234.65, 418.33
and 834.31 s−1 .
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a)
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curve
usingcorresponding
the velocityto 54.78, 112.31, 167.1
Figure 6. Flow curve
thecalculated
velocity profiles
to after
54.78,
112.31,
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359.79 and 834.31profiles
s-1 alongcorresponding
with that obtained
applying
the Rabinowitsch
correction to th
rheometrical measurements.
The834.31
segmentss−1
of the
flowwith
curvethat
reconstructed
359.79 and
along
obtained from different velocit
profiles are represented
with different
The solid
line represents
after applying
the symbols.
Rabinowitsch
correction
to the the fit to a continuou
power-law relationship.
rheometric measurements. The segments of the flow
curve reconstructed from different velocity profiles
are represented with different symbols. The solid
line represents the fit to a continuous power-law
relationship.
with respect to the radial position. Such a calculation
was performed in this work by a central difference
approximation as shown below:
!
!
∂vz
1 vi+1 − vi vi − vi−1
=
+
(6)
∂r i 2 ri+i − ri
ri − ri−1
b)

where v and r represent the local velocity and radial

position,
respectively. Meanwhile, the corresponding
Fig. 5. PIV
velocity
the different
apparent
Figure 5. PIV velocity
profiles
for theprofiles
differentfor
apparent
shear rates
in the flow curve.
a) 54.78,
shear
was calculated from the measured τw by:
shear rates
in 359.79
the flow
112.31,
167.1,
112.31, 167.1, 234.65,
299.24,
andcurve.
418.33a)
s-154.78,
. b) 477.08,
625.29,
726.77, 786.52
andstress
834.31
s-1.
234.65, 299.24, 359.79 and 418.33 s-1. b) 477.08,
6 r

τ(r) = τw

625.29, 726.77, 786.52 and 834.31 s−1 .
3.2.1 Determination of the flow and viscosity curves
from velocity profiles
5

Due to the radial distribution of the shear stress in
capillaries, i.e., τ = τ(r), the true flow curve for the
polymer may be obtained from the velocity profiles
if a proper determination of the true shear rate as a
function of the radial position is performed. There
is a range of shear rates and stresses in a capillary
for a given flow rate, namely, 0 ≤ γ̇r ≤ γ̇R and
0 ≤ τr ≤ τw , which enables one to obtain the flow
curve from the velocity profiles and the measured wall
shear stress. The local shear rate may be calculated
from the numerical derivative of the velocity profiles
406

R

(7)

The flow curve calculated by using the velocity
profiles corresponding 54.78, 112.31, 167.1, 359.79
and 834.31 s−1 , respectively, is displayed in Fig. 6
along with that obtained by applying the Rabinowitsch
correction to the rheometric data [Bird et al. (1977)].
The segments of the flow curve reconstructed from
the velocity profiles are represented with different
symbols for the sake of clarity. It may be clearly
observed that the data obtained from the velocity
profiles follow the trend of the rheometric ones very
well. Moreover, the PIV data extend to lower
shear rate values than the rheometric γ̇w . This
is a valuable fact, since allows one to reach low
shear rate values that are not accessible by using the
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macroscopic physical quantities provided by capillary
measurements. In this case, the low shear rate
values obtained from velocity profiles extend well
into the transition between the Newtonian and powerlaw regions, which is clearly observed in the shear
viscosity curve shown in Fig. 7.
The wider shear rate range covered by the data in
Fig. 7 permits the fitting of the viscous behavior of
the LDPE, η = η(γ̇), by a more realistic constitutive
equation that includes the response at low shear rates.
In this case, the data are very well fitted by the Carreau
model as given below:
2010.6
η(γ̇) = 

2 0.318
1 + 6.03x10−2 γ̇

rheometric measurements (Rheo-PIV). PIV has been
proved to be a reliable characterization technique for
polymer melts. The flow curve obtained from PIV
data showed very good agreement with the rheometric
measurements. The true flow and viscosity curves for
the polymer obtained from the velocity profiles extend
to lower shear rate values than the rheometric one and
showed a transition between Newtonian and powerlaw regions. This is a valuable fact, since the flow
curve may be extended to low shear rate values that are
not easily accessible by using a capillary rheometer.
Then, the data may be well fitted by a more realistic
constitutive equation.

(8)
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Nomenclature
D
diameter of capillary, m
k
consistency index
L
length of capillary, m
m
shear thinning index
∆p pressure difference, Pa
Q
volumetric flow rate, m3 /s
r
radial position, m
R
radii of capillary, m
vz
axial velocity, m/s
z
axial position, m
Greek symbols
γ̇app apparent shear rate, s−1
γ̇r
shear rate at certain radial position, s−1
γ̇R
shear rate at r = R, s−1
γ̇w
rheometric shear rate, s−1
η
shear viscosity, Pa · s
θ
angular position
τ
shear stress, Pa
τw
wall shear stress, Pa

Figure 7. Shear viscosity versus shear rate obtained using the data from Figure 6. Solid lines
data frompower-law
Fig. 6. Solid
lines represent
the fitsmodel,
to respectively.
represent the fits tothe
a continuous
relationship
and the Carreau

a continuous power-law relationship and the Carreau
model, respectively.
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