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Abstract The effect of flow-boundary curvature on
the principal stress difference (PSD) profiles observed
through a contraction–expansion (CE) slit flow is
evaluated for three different polyethylenes exhibiting
increasing levels of branching. Studies were performed
using both experimental optical techniques and compu-
tational simulations, in the latter case to evaluate the
ability of constitutive models to predict these complex
flows. The materials were characterised using linear
and extensional rheology, which were fitted to the
multi-mode ROLIE-POLY and POM-POM models
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depending upon material branching. Three CE-slit
geometries were used; with sharp corners, and with
rounding equal to one quarter and one half of the slit
length. These created a mixed, but primarily simple
shear flow, with different levels of extension and shear
depending upon the level of curvature. The PSD de-
veloped from an initial Newtonian profile to increasing
levels of asymmetry between the inlet and the outlet
flow as the level of material branching increased. The
rounding was found to lead to the delocalisation of PSD
within the flow and removal of the stress singularity
from the corner of the CE-slit. It also led to a decrease
in the pressure drop across the geometry and an “open-
ing out” of features such as downstream stress fangs
to create downstream “crab-claws”. Matching between
experiments and simulations for the time evolution
of flow from start up for each material in the various
geometries illustrated good agreement for both models.

Keywords Stress difference · Contraction flow ·
Flow visualisation · Birefringence

Introduction

Recent developments in rheological characterisation,
molecular-based rheological models, numerical simu-
lation and precise polymer processing now make it
possible to compare numerical prediction of a polymer
process with experimental observations. The recent
past has witnessed a series of examples (see for in-
stance, Peters et al. 1999; Agassant et al. 2002; Mitsoulis
et al. 2003; Clemeur et al. 2004a; Sirakov et al. 2005;
Valette et al. 2006; Abedijaberi et al. 2009; Embery
et al. 2010; Lord et al. 2010; Russo and Phillips 2010;
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Table 1 Material properties of the three polyethylenes

Label Description Mw (g/mol) Mw/Mn η0 (Pa s)

CM1 Linear (metallocene Catalysed) 104,000 2.07 7,900 (175 ◦C)
CM3 LLCB (metallocene Catalysed) 84,000 2.2 35,000 (155 ◦C)
DOW150R LDPE 242,000 11 368,000 (160 ◦C)

The values for DOW150R have been taken from previous work (den Doelder et al. 2005). It should be noted that the data in Table 1 for
DOW150R (den Doelder et al. 2005) was acquired using both gel permeation chromatography (GPC) and light scattering techniques.
This gives a more accurate result for branched materials than conventional GPC and leads to the different values used here than quoted
elsewhere (Mw ∼ 107,000, Mw/Mn ∼ 5.8, Martyn et al. 2000

Ganvir et al. 2011; Silva et al. 2011) for flow fields
exhibiting both regions of simple shear and extensional
flow. Different polymers, geometries, models and
numerical codes have been used. In general, reasonable
success has been reported in the matching of simulation
with experiment.

In the case of contraction and contraction–expansion
(CE) slit geometries, most previously reported experi-
ment work uses sharp corners at the inlet and outlet
(see for instance, Collis and Mackley 2005; Collis et al.
2005; Gough et al. 2008). While experimentally this
presents little difficulties, subsequent modelling of the
geometries has to contend with the stress singularity
located at the sharp corner. This is generally dealt
with by adding an artificial rounding at the corner to
remove the stress singularity (see for instance, Lee
et al. 2001) while some numerical studies of constitutive
models have bypassed the problem by using contraction
geometries with a set curvature.

Another aspect of the growing sophistication of the
non-Newtonian models employed in flow computation
has been their sensitivity to the branching structure of
polymer melts. In particular, it has long been known
that long-chain branching can completely change the
nature of the extensional response of melt rheology,
switching between softening to hardening regimes of
response, while retaining softening behaviour in shear.
This phenomenon has clear empirical consequences in
complex flows (e.g. Hertel et al. 2008). A series of
molecular-based constitutive equations (McLeish and
Larson 1998; Inkson et al. 1999) successfully captured
this behaviour both qualitatively and quantitatively.
Variations on such “pom-pom” models have further-
more been shown to be suited to flow-computation
(see for instance, Sirakov et al. 2005). Since it is the
boundary geometries of a complex flow that primarily
sets the balance of shear and extensional components
in a complex deformation gradient, it is compelling to
use the comparisons now possible between flow visu-
alisations and corresponding computations in a study
that varies both the degree of branching and boundary
geometry.

This paper presents a combined experimental and
numerical study of the behaviour of a range of poly-
ethylenes flowing through a series of CE-slit geometries
which exhibit increasing levels of slit rounding. The
experiments were carried out using a Cambridge Multi-
Pass Rheometer (MPR; see, for instance, Mackley et al.
1995) and this enabled small quantities of polymer to be
tested with precision. Three geometries were used, with
levels of rounding radii at the slit corners equivalent to
0, 0.25 and 0.5 the slit length.

Similar to previous studies (see, for instance, Hassell
et al. 2008) three different polymers were chosen, ex-
hibiting increasing levels of branching, to characterise
the effect of this increase on the stress present within
polymer flow. The principal stress difference (PSD) was
captured using flow birefringence and compared to sim-
ulation predictions. In order to compare the experimen-
tal observation with robust simulations, it was necessary
to characterise the flow behaviour of each polymer
employing both linear oscillatory and transient rheo-
logical measurements. The rheological models chosen
for fitting the experimental rheology and predicting the
processing behaviour were the multi-mode POM-POM
(McLeish and Larson 1998; Blackwell et al. 2000) and
ROLIE-POLY (Likhtman and Graham 2003) models.
Numerical simulation of the complex flow was carried
out using the Lagrangian–Eulerian finite element soft-
ware flowSolve (Harlen et al. 1995).

Table 2 ROLIE-POLY parameters gi (modulus of the ith
mode), τd,i (reptation time of the ith mode) and τ r,i (rouse
time of the ith mode) used in the equations outlined in section
“Numerical modelling”, fitted to linear and non-linear shear data

gi (Pa) τd,i (s) τr,i (s)

280193 0.01 0
57480 0.0572 0.065
3640.8 0.32721 0.25
187.3 1.87173 0.5
11.2492 10.7068 0.5

The software used was Reptate (www.reptate.com), developed
as part of the microscale polymer processing 2 project by Jorge
Ramirez and Alexei Likhtman

http://www.reptate.com
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Table 3 POM-POM parameters τ i (linear relaxation time of the
ith mode), gi (modulus of the ith mode), qi (number of arms
at either end of the branched molecule in the ith mode) and ri
(ratio of linear to stretch relaxation time of the ith mode) used

in the equations outlined in “Numerical modeling” section, fitted
to linear and uniaxial extensional data using techniques similar to
those presented in Inkson et al. (1999)

LLCB (CM3) 155◦C LDPE (DOW150R) 160◦C

τi gi gi ri τi gi gi ri

0.00626 274,740 1 1 0.0316 44,506 1 1
0.0217 37,838 1 1 0.1 18,936 2 2
0.0750 31,114 2 1.44 0.3163 12,464 3 2
0.259 11,775 1 1 1 8,664 4 3
0.899 5,663 1 1 3.1623 5,463 5 3
3.11 2,475 4 2.69 10 3,168 6 3.5
10.8 657 1 1 31.6228 1,605 7 3
37.2 248 5 4.43 100 718 8 4
372 23.7 7 2.78 316.228 259 9 4
– – – – 1000 66.6 13 3.75
– – – – 3162.28 12.3 20 3

The software used was Reptate (www.reptate.com), developed as part of the microscale polymer processing 2 project by Jorge Ramirez
and Alexei Likhtman

Experimental

Materials characterisation

The materials used were three polyethylenes, the prop-
erties of which are outlined in Table 1. CM1 and CM3
are linear and branched metallocene catalysed poly-

ethylenes repectively, which have been used previously
in both CE slit and Cross-Slot studies (see for instance,
Hassell et al. 2008; Coventry and Mackley 2008), as
well as in the exploration of rheological methods of
assessing degrees of branching (Crosby et al. 2002).
DOW150R is a low-density polyethylene which has
been the subject of previous processing investigations

Fig. 1 a Plot of zero shear
viscosity of each relaxation
mode, ηi = Gi× λi, as a
function of relaxation time, λ,
using the multi-mode
ROLIE-POLY and
POM-POM model
parameters of CM1, CM3 and
DOW150R as indicated in
Tables 2 and 3. Transient
shear and transient uniaxial
elongational viscosity of b
CM1 (shear only), c CM3 and
d DOW150R at different
strain-rates between 30 s−1

and 0.01 s−1. The lines are
model calculations using the
relevant model parameters
(cf. Table 2). The uniaxial
elongational results for CM1
have been omitted as no
discernable extension
hardening was observed
during testing. For further
information please see Fig. 1
of Hassell et al. (2008)

http://www.reptate.com
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Table 4 Experimentally obtained stress optical coefficient (SOC) for the materials and corresponding principal stress difference (PSD)
value per fringe for the experiments

CM1 175◦C CM3 155◦C DOW150R 160◦C

SOC ×109 (Pa−1) 1.29 1.70 2.10
Stress per fringe (Pa) 40,000 30,000 24,500

While different, these values are within the literature range for polyethylene of 1.2–2.4 × 10−9 Pa−1 (Macosko 1994)

by a number of authors (see, for instance, Martyn et al.
2000; Lee et al. 2001).

Examples of the relevant rheological response have
been published for all three materials as follows: CM1
(Hassell et al. 2008), CM3 (Coventry and Mackley
2008) and DOW150R (see for instance, Lee et al. 2001).
All three materials were characterised in both simple
shear and uniaxial extension at the same temperature as
the subsequent processing experiments; CM1 at 175 ◦C,
CM3 at 155 ◦C and DOW150R at 160 ◦C. Shear flow
experiments were conducted with an ARES rheometer
(Advanced Rheometric Expansion System, Rheomet-
ric Scientific) in order to obtain the linear rheolog-
ical and non-linear shear flow behaviour as well as
the corresponding spectra. The non-linear elongational
flow behaviour was characterised using the uniaxial
stretching device SER (Sentmanat 2003; Aho et al.
2010) attached to the ARES rheometer. All of the rhe-
ological experiments were carried out under nitrogen
atmosphere to prevent degradation (further evidence
for CM1 and DOW150R is provided in Hassell et al.
2008).

The materials exhibited increasing levels of vis-
coelasticity, as a result of a combination of increased
branching and molecular weight and decreased tem-
perature. The results were used to fit a set of multi-
mode ROLIE-POLY parameters in the case of CM1
and POM-POM parameters for CM3 and DOW150R.
These parameters are given in Tables 2 and 3.

Figure 1 shows the good agreement between the
transient shear and uniaxial elongational viscosities and
those modelled by these parameters, and the contribu-
tion of each mode to the zero shear viscosity for all
three materials is given in Fig. 1a. This illustrates the
increasing contribution of the longer relaxation modes
to the zero shear viscosity, from CM1 to CM3 and
finally DOW150R.

The stress optical coefficient (SOC) at the processing
temperature for each material was calculated using a
technique similar to that reported previously (Lodge
1955) which relates the pressure drop across a long
slit to the slit wall fringe order. Further details can
be found elsewhere (Coventry 2006). The values and
their corresponding values of PSD per fringe for this
work are given in Table 4. As previously reported, the

variation between these results may arise both from
natural uncertainty in the fringe counting technique
employed at low fringe-order regions (of the order of
25%) and also from inherent differences arising from
differential degrees of short-chain branching.

Processing experiments

A Cambridge MPR (see, for instance, Mackley et al.
1995; Hassell and Mackley 2011) was used for the
processing experiments. Its application with an opti-
cal configuration has been previously described by a
number of authors (see for instance Collis and Mackley
2005).

Three different geometries used during this study
are shown in Fig. 2 and have previously been used
elsewhere (see, for instance, Hassell et al. 2009). They
consist of a series of CE slit geometries with a length
to width ratio of order 1:1 and a contraction ratio ∼7:1.
They comprise a sharp-edged slit (CE1) and two with
increasing levels of rounding at the slit corner, with
radii 0.375 mm (mildly rounded, CE2) and 0.75 mm
(fully rounded, CE3). All geometries create regions of
high simple shear near the slit walls and extensional
flow in the region of the symmetry line in the inlet and
outlet areas of the flow, the amount of which depends
upon material, temperature, geometry and flowrate.

For all the geometries used, the material was repeat-
edly passed through the midsection, from one reservoir
to the other and back again at different flow rates,
allowing multiple experiments to be performed on one
sample. All the geometries were 10 mm deep and while
the aspect ratios of depth to width within the slits
were ∼7:1, equating approximately to two-dimensional
flow (Wales 1976), the inlet and outlet have an aspect
ratio of order 1. Three-dimensional flow is expected
in this region; however, previous work has concluded
that this three-dimensional effect may not have a great
impact on the observed birefringence, since response is
essentially linear (Clemeur et al. 2004b).

Stress-induced birefringence was captured using
monochromatic polarised light with a wavelength of
514 nm, which passed through the midsection and or-
thogonal analyser before being captured using a digital
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Fig. 2 Schematic outline of
CE1-3

video camera. Quarter wave plates were used to eliminate
the isoclinic extinction bands and leave only the stress-
related isochromatic fringes.

The apparent wall shear rate used to characterise
flow through the CE slits was based on the solution for
Newtonian flow through infinite parallel plates and is
given as,

·•
γ app = 6Q

Z 2d
= 6rp

2πVp

Z 2d
(1)

where Q is the volumetric flowrate (in cubic millimeter
per second), Z is the width of the slit at its narrowest
point, d is the depth of the slit (10 mm), rp is the piston
radius (in millimeters) and Vp is the speed of the pistons
(in cubic millimeter per second). Note that since the
contraction ratio is approximately 7:1 the shear-rates
upstream are lower by a factor of 50.

The Weissenberg number is used to characterise the
level of deformation experienced by the polymer, and
is given by,

Wi = ·•
γ appτ (2)

where τ is the viscosity-averaged relaxation time of the
polymer and can be defined as

τ =

N∑

i=1
giτ

2
i

N∑

i=1
giτi

(3)

where gi is the modulus and τ i is the relaxation time of
the ith mode.

There are various sources of potential experimental
error when comparing experimental polymer flow with
simulations. A non-exhaustive list of these include:
shear heating at the walls of the slit, heat losses through
the quartz windows, slight discrepancies in the slit width
due to manufacturing and placement and possible slip
at the walls of the slit. The following design measures
and experimental protocols were taken to minimise
the effects above (given in order): large thermal mass
offered by the MPR and temperature control, relatively

low heat conductivity of quartz and temperature con-
trol, observation of flow due to impurities showed no
slip at slit walls, high-precision manufacture (microns
tolerance) and careful placement/measurement of gap
before start of the experiment.

Numerical modelling

To model the flow of these melts, two recent con-
stitutive models based on simplified versions of tube
dynamics of linear and branched polymers were chosen.
The linear material (CM1) is modelled using a multi-
mode version of the ROLIE-POLY model (Likhtman
and Graham 2003). This is a simplified version of the
GLaMM model (Graham et al. 2003) and incorporates
the molecular motion mechanisms of reptation, chain-
stretch and convective constraint release. The polymer
stress is given by

σ (t) =
∑

i

σ i =
∑

i

giSi (t)

DSi (t)
Dt

= κ · Si + Si · κT − 1
τdi

(Si − I)

−
2

(
1−

√
3

Tr(Si)

)

τRi

(

Si+β

(
Tr(Si)

3

)δ

(Si − I)

)

(4)

where κκκ = (∇u)T is the velocity gradient. Each mode
has two characteristic relaxation times, one for the
orientation of the molecules (τ di, the linear relaxation
time) and a second for the relaxation of chain stretch
(τRi the tube Rouse time). The parameters β and δ

control the influence of convective constraint release
and are set equal to 1 and −0.5 respectively (for further
information see Likhtman and Graham 2003).

The multi-mode POM-POM model was used for
the branched materials (CM3 and DOW150R), and is
based on tube theory for a branched molecule having
two q-armed stars connected by a backbone segment
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(McLeish and Larson 1998; Inkson et al. 1999; Blackwell
et al. 2000). It takes the form

σ (t) =
∑

i

σ i = 3
∑

i

giλ
2
i (t) Si (t) (5)

Si (t) = Ai (t)
trAi (t)

,
DAi (t)

Dt

= κ · Ai + Ai · κT − 1
τbi

(Ai − I) , (6)

Dλi (t)
Dt

= λi (t) κ : Si

− 1
τsi

(λi (t) − 1) exp
{
ν∗

i (λi (t) − 1)
}
, λi ≤ qi

(7)

where v∗
i = 2

qi−1 (McLeish 2002). In the model, each
section of polymer backbone is considered to have two
different characteristic relaxation times, one for the
stretch (τ s) and the other for the orientation (τ bi, the
linear relaxation time) of the backbone. For modes with
qi = 1, there are no branches and since v∗

i → ∞ in this
limit λi = 1, and so the stretch Eq. 7 is not solved.

The numerical simulations were carried out using
the Lagrangian–Eulerian finite element code flowSolve
(Harlen et al. 1995; Lee et al. 2001). This uses triangular
finite elements that move and deform with the fluid,
allowing the constitutive equations to be solved in the
co-deforming frame of the material. Since these mate-
rials have a very wide range of relaxation times, modes
with relaxation rates much faster than the fluid velocity
gradients behave as Newtonian fluid with viscosity giτi.
As with previous work (Lee et al. 2001), modes for

which
•
γ appτi < 0.01 are treated as Newtonian contribu-

tions to the stress in order to speed computation, where
a further reduction in this value has no appreciable
effect upon the final computation (Nicholson, private
communication 2011).

Results

In the following section, a series of experimental and
matching numerical simulations are presented and in
some cases time evolution of both experiment and sim-
ulation are followed. Both polymer types, linear (CMI)
and branched (CM3 and Dow150R) are examined, to-
gether with a progressively changing geometry from a
sharp edge (CE1) to a mild rounding (CE2) and full
rounding (CE3).

In the first sequence of matching data shown in
Fig. 3, the linear polymer (CM1) is shown flowing
into a sharp entry slit (CE1) for various times after
the start of flow. The experimental data and matching
ROLIE-POLY simulation shows the classic behaviour
of a viscoelastic polymer which has been described
previously elsewhere (see, for instance, Lee et al. 2001).
The steady development of PSD stress fringes in the
upstream region is followed by stress rearrangement
within the slit and relaxation in the downstream region.
At this modest Wi (≈79—it should be noted that the
nonlinearity responsible for most asymmetric features
in the flow is the flow rate with respect to mode
stretch rather than mode orientation, or a “stretch
Weissenberg number” considerably smaller than the
“orientation Weissenberg number” given here) there is
only slight asymmetry between the inlet and outlet, and
the time evolution of the stress build up is very fast, with
little difference between the 0.15 and 2.0-s sequence.
The qualitative matching of the simulation with the
experimental result appears satisfactory indicating that
for this linear polymer the ROLIE-POLY constitutive
formulation is appropriate. Comparison of pressure
drop between the two shows that the simulation over
predicts the change in pressure by approximately 20%.
This is the opposite of a previous study that used the
POM-POM to model the flow of CM1 (Hassell et al.
2008) and found that the simulation under-predicted
the pressure by approximately 20%. This illustrates that
while the ROLIE-POLY model satisfactorily matches
the measured PSD it fails to accurately capture the
pressure drop and further work is required to identify
why this is the case.

Figures 4 and 5 show the effect that long-chain
branching can have on the stress field. Here, two
branched polymers (CM3 and Dow150R) are tested
within the sharp edged slit (CE1) and the simula-
tion now uses the POM-POM constitutive equation.
With the increased Wi within the flow (CM3 ≈ 409,
DOW150R ≈ 721) an increase in asymmetry between
the inlet and outlet is observed and well captured by
the simulations.

In both time sequences shown in Figs. 4 and 5, there
is a clear time dependence in the time evolution of
stress and in addition the development of downstream
“stress fangs” as first reported by Lee et al. (2001) is
clearly visible for both experiment and simulation. The
qualitative matching between experiment and simula-
tion is again good, indicating that the POM-POM con-
stitutive model is appropriate for these two branched
polymers.

Although Figs. 3 to 5 appear to show very different
birefringence structures between the three polymers,



Rheol Acta (2011) 50:675–689 681

Fig. 3 CM1 (175 ◦C) flowing
at 785 mm3 s−1 in CE1,
equating to an apparent wall
shear rate of ≈240 s−1 and Wi
≈ 79. Experimental flow
birefringence (left) and
corresponding simulated
principal stress difference
fields (right) at a t = 0.15 s, b
t = 0.25 s, c t = 0.30 s and d
t = 2 s. Pressure drop across
the slit was given as 27 bar
(experiment) and 35 bar
(simulation), respectively

Fig. 4 CM3 (155 ◦C) flowing
at 78.5 mm3 s−1 in CE1,
equating to an apparent wall
shear rate of ≈24 s−1 and Wi
≈ 409. Experimental flow
birefringence (left) and
corresponding simulated
principal stress difference
fields (right) at a t = 0.4 s, b
t = 1 s, c t = 2 s and d t = 5 s.
Pressure drop across the slit
was given as 6.9 bar
(experiment) and 7.8 bar
(simulation), respectively
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Fig. 5 DOW150R (160 ◦C)
flowing at 3.9 mm3 s−1 in
CE1, equating to an apparent
wall shear rate of ≈1.2 s−1

and Wi ≈ 721. Experimental
flow birefringence (left) and
corresponding simulated
principal stress difference
fields (right) at a t = 6 s, b t =
13 s, c t = 25 s and d t = 50 s.
Pressure drop across the slit
was given as 3.4 bar
(experiment) and 2.4 bar
(simulation), respectively

some of this can be attributed to the differences in
the magnitudes of the stresses and hence the fringe
density. Since the relaxation times of the branched
polymers are much longer, equivalent values of the
Weissenberg number correspond to much slower flow-
rates which result in lower values of principal stress
difference. In order to remove this artefact, the con-
cept of ‘scaled birefringence’ is introduced when re-
porting the simulation results, where the stress optical

coefficient is artificially set to be proportional to the
maximum value of the principal stress difference, so
that the number of fringes is equal. In Fig. 6, this scaled
birefringence is compared between simulations of the
linear polymer CM1 and the moderately branched CM3
at Weissenberg numbers of 79 and 82 respectively,
which are, respectively, the highest and lowest flow-
rates that could be achieved in the experiment. In this
view, it can be seen that the distribution of high values

Fig. 6 Comparison of the
scaled birefringence and flow
patterns between (left) CM1
at Wi = 79 (right) CM3 at Wi
= 82. Time from flow start
approximately 5 s
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Fig. 7 Comparison of the
scaled birefringence and flow
patterns between (left) CM3
at Wi = 409 (right) Dow
150R at Wi = 721. Time from
flow start approximately 6 s

of PSD is actually quite similar, being concentrated
around the slit walls, but with a slight hint of a fang
structure in the case of CM3. The streamline pattern,
shown in the right-hand part of the figures also ap-
pears to be similar with only a slight increase in the
size of the upstream vortex relative to the downstream
vortex. Figure 7 compares the moderately branched
CM3 with the much more heavily branched Dow 150 at
Weissenberg numbers of 409 and 721 which correspond
to the experiments shown in Figs. 4 and 5. Here, we do
see significant differences in both the stress distribution
and streamline patterns. The more heavily branched
Dow 150 shows a much stronger fang structure down-
stream of the slit. We also observe a large increase in
the size of the upstream vortex for Dow 150, which
becomes convex in shape. The observations confirm
that strain hardening induced by long-chain branching
is directly responsible for the fang structures.

The effect of curvature on the experimentally ob-
served birefringence is illustrated in Fig. 8 for one of the
branched polymers (CM3). This figure is representative

of the trends in PSD observed for all three materials,
and elegantly illustrates the increasing delocalisation of
stress found with increasing slit rounding. As rounding
is increased, the stress level decreases, and the region
of maximum stress moves along the wall from the inlet
corner towards the centre of the slit. This delocalisation
improves the resolution of the stress within the experi-
ments and decreases the stress concentration at the slit
inlet/outlet corner. The “zero stress eye” is also seen
to develop from an initially triangular shape towards
that of a circle for the most rounded geometry (CE3).
The corresponding pressure drop for CM3 over a range
of γ is shown in Fig. 9. As with the level of stress, the
pressure drop over the entire range of rates is seen to
decrease with increasing rounding, similar to that found
in similar circumstances for polystyrenes (Combeaud
et al. 2004).

In Figs. 10, 11, 12 and 13, the effect of curvature for
branched polymers is shown as a series of time evo-
lution experiments and POM-POM simulations. Fig-
ures 10 and 11 show the transient evolution of the

Fig. 8 Flow induced birefringence images for CM3 (155 ◦C) flowing at 39.8 mm3 s−1, equating to an apparent wall shear rate of ≈12 s−1

and Wi ≈ 205 a CE1, b CE2 and c CE3
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Fig. 9 Pressure difference comparisons between CM3 flowing
through the three geometries. Based on the pressure transducer
sensitivity the experimental error is of the order plus/minus
0.5 bar

experimental PSD and corresponding computational
prediction CM3 at Wi ≈ 409 (same conditions as Fig. 4
in CE1) in both CE2 and CE3, respectively. It can be
seen that for the same volumetric flowrate, the stress
levels are reduced with increased rounding. For the
simulations, the delocalisation of stress associated with
the increased rounding removes the need to artificially

round the slit corners as in previous work (see, for
instance, Lee et al. 2001). The prediction during the
transient evolution in CE2 match extremely well, and
accurately capture the increasingly circular appearance
of the “zero stress eye” and the transition of maximum
stress away from the slit corner towards a position on
the wall in the middle of the slit. While a similar state-
ment can be made about the flow in CE3, it is noted that
at the longer times shown in Fig. 11c and d, t ≥ 2 s, the
level of stress along the symmetry centre-line is over
predicted by approximately one fringe. In both cases,
the fang structure is present in a similar form to that
seen in the sharp cornered CE-slit and for this polymer
the stress field is essentially fully developed within a
few seconds. The measured and simulated pressure
drops for all cases of CM3 are given in the captions of
Figs. 4, 10 and 11 (for CE1, CE2 and CE3, respectively).
They show that while the simulated pressure drop fol-
lows the same trend shown experimentally in Fig. 9 of
decreasing pressure drop with increasing rounding, the
simulations over predict the pressure drop in all cases.

For the case of the more heavily branched polymer
(Dow150R), a greater time dependence for the stress
evolution is clearly seen in Figs. 12 and 13. The overall

Fig. 10 CM3 flowing at
78.5 mm3 s−1 in CE2,
equating to an apparent wall
shear rate of ≈24 s−1 and Wi
≈ 409. Experimental flow
birefringence (left) and
corresponding simulated
principal stress difference
fields (right) at a t = 0.4 s, b t
= 1 s, c t = 2 s and d t = 5 s.
Pressure drop across the slit
was given as 5.85 bar
(experiment) and 7.2 bar
(simulation), respectively
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Fig. 11 CM3 flowing at 78.5
mm3 s−1 in CE3, equating to
an apparent wall shear rate of
≈24 s−1 and Wi ≈ 409.
Experimental flow
birefringence (left) and
corresponding simulated
principal stress difference
fields (right) at a t = 0.4 s,
b t = 1 s, c t = 2 s and d t =
5 s. Pressure drop across the
slit was given as 5.6 bar
(experiment) and 5 bar
(simulation), respectively

Fig. 12 DOW150R flowing
at 3.9 mm3 s−1 in CE2,
equating to an apparent wall
shear rate of ≈1.2 s−1 and Wi
≈ 721. Experimental flow
birefringence (left) and
corresponding simulated
principal stress difference
fields (right) at a t = 6 s, b t =
13 s, c t = 25 s and d t = 50 s.
Pressure drop across the slit
was given as 2.1 bar
(simulation). The
experimental pressure drop
data is currently unavailable
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Fig. 13 DOW150R flowing
at 3.9 mm3 s−1 in CE3,
equating to an apparent wall
shear rate of ≈1.2 s−1 and Wi
≈ 721. Experimental flow
birefringence (left) and
corresponding simulated
principal stress difference
fields (right) at a t = 6 s, b t =
13 s, c t = 25 s and d t = 50 s.
Pressure drop across the slit
was given as 2.2 bar
(experiment) and 2 bar
(simulation), respectively

pattern is similar to that seen in Figs. 10 and 11;
however, the fang structure is more pronounced for
this polymer which has longer relaxation modes than
CM3 (illustrated in Fig. 1a and Table 3). The sim-
ulation predictions match well with the experimental
results, but while the transient evolution in CE2 and
CE3 is well captured, the stress prediction at longer
times in CE1 and CE3 is over predicted by approxi-
mately one fringe. It is possible that the discrepancies
for CM3 and DOW150R may be the result of either
three-dimensional affects in the experiments (see, for
instance, Hertel et al. 2008 for further information
on the effects of branching on 3D flow) or a failure
at higher Hencky strains to capture the behaviour of
the materials in uni-axial rheology. The pressure drop
values obtained (see captions for Figs. 5 and 13) show
that for DOW150R the simulations under predict the
pressure drop by a similar margin to previous work
using a different POM-POM spectrum (Hassell et al.
2008).

In all the simulation results presented in this work,
it can be seen that in the region near the slit wall
there are thicker regions of high PSD gradients than
those present in the experiments. This has also been
seen in previously published work (see for instance,

Collis and Mackley 2005; Hassell et al. 2008) for various
constitutive models and numerical codes. It is unclear
at this time why these are seen; there was no observed
slip during experiments and the rheology presented in
Fig. 1 illustrates the accurate model capture of shear
viscosity at higher rates. Further work will investigate
this observation and the possible relationship between
shear and normal stresses in these regions.

Exact comparison of the simulations with experi-
mental observation is difficult, and the introduction
of a global best fit optimisation between experimental
and numerical results is one solution (see, for instance,
Agassant et al. 2002). A global fitting parameter has
not been used here, and the slight discrepancies noted
should not detract from the overall conclusion that
in the cases presented here the constitutive models
accurately predict the transient evolution of the PSD
for all three polyethylenes. The results described in
this paper represent a situation where it can now be
said with some confidence that numerical simulations
of the type used here are able to capture many complex
experimental features of polymer melt processing.

Finally, we report a detail relating to experiment
observation that as yet we have not simulated. Fig-
ure 14 shows a snap shot of the PSD pattern during
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Fig. 14 DOW150R at
39.75 mm3 s−1, apparent wall
shear rate of ≈12 s−1, Wi ≈
7,200, at a time ≈1 s after
flow start up. The global
stress pattern is shown for a
CE3 and b CE1. Zoomed-in
images of the area highlighted
by the box for (c) CE3 and
(d) CE1 highlight the
“crab-claw” and “stress
fang”, respectively

its transient evolution from flow start-up for the highly
branched material (DOW150R) for rounded and sharp
curvature slits (CE1 and CE3). Comparison of the
two clearly indicates that rounding the outlet corner
reduces the stress gradients present in that region and
increases the ability to resolve the regions of high
stress within the downstream “stress fangs”. The fang
in Fig. 14c actually comprises two separate fangs con-
nected together; we might term this new structure the
downstream “crab-claw”. While initially seen in the
rounded geometries, this feature is also just visible
in Fig. 14d for CE1, although much more difficult to
observe. This is another example of the extra detail
within the stress pattern which can be resolved due to
the stress delocalisation caused by increased rounding
and the removal of the stress singularity at the inlet
corner.

Conclusions

The effect of curvature on the PSD profiles observed
through a CE slit flow has been followed for three

polyethylenes exhibiting increasing levels of viscoelas-
ticity associated with branching. The introduction of
curvature at the sharp edge leads to a delocalisation of
the stress at the singularity and as curvature is increased
the singularity is lost and stress is distributed more uni-
formly within the flow. The linear and branched materi-
als behaved in different ways however for all materials,
the increase in slit rounding resulted in a modification
of the stress field and reduction in pressure drop.
The introduction of curvature at the edge resulted in
both greater experimental clarity and numerical ease
of computation. Comparison between experimental re-
sults and multi-mode ROLIE-POLY and POM-POM
simulations for the linear and branched materials re-
spectively were then performed using flowSolve. Both
models accurately captured the transient evolution of
the PSD in all regions of the flow including the high
shear near the walls and high extensional flow along
the centre-line. For linear materials, the ROLIE-POLY
model accurately captured the slight asymmetry be-
tween the inlet and outlet of the CE-slit and the tran-
sient evolution of the stress profile. In the case of the
branched materials, the POM-POM model accurately
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captured the development of the “stress fangs” for var-
ious levels of slit rounding and Weissenberg number.
As with previous work (see for instance Collis and
Mackley 2005; Hassell et al. 2008), the models were
less successful in capturing the pressure drop across
the flow. While the simulations qualitatively captured
the trend of the reduced pressure drop with increased
slit rounding, they were less quantitatively accurate
for all three materials. The results illustrate the good
predictive ability of the two models over a range of
deformation rates for CE-slit geometries with various
levels of slit rounding, but also indicate that further
work is required to ensure that both the stress and
pressure drop is accurately modelled. When simula-
tions parameterised by rheometry in simple flows are
compared with experimental observation, some dis-
crepancies do arise at higher Weissenberg numbers
and longer times. Optimising the model from the flow
itself (a “global best fit optimisation”) as discussed in
Agassant et al. (2002) would yield in some cases a more
accurate parameterisation of the model. Such a global
fitting parameter has not been used here; however, the
results described in this paper for different geometries,
polymers, timescales and flowrates in our opinion rep-
resent a situation where it can now be said with some
confidence that numerical simulation of the type used
here is able to capture many complex experimental
features of polymer melt processing.
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