
Experimental 

h., 56 (1995) 127- 149 

centreline planar extension of polyethylene 
melt flowing into a slit die 

R. Ahmed, M.R. Mackly 

Departmmr of ChemicaI Engineering, University of Cambridge, Pembroke Sweet, Cambridge CB2 3RA. 
UK 

Received 28 March 1994; in revise.! fom 26 July 1994 

Abstract 

We report experimental data on the characterisation of two molten polyethylenes. The 
linear and non-linear viscoelastic response is determined for simple shearing flows using a 
standard mechanical spectrometer. The linear oscillatory data are modelled in terms of a 
discrete spectrum of Maxwell elements and the non-linear rheology in terms of a K-BKZ 
type Wagner damping function. Self consistency for simple shear rheometric deformations is 
then established. Experiments are carried out for a centreline planar extension flow into a 
slit. Velocity kinematics was obtained using laser velocimetry and the stress profile from flow 
birefringence. The constitutive damping coefficient determined from simple shearing flow was 
then tested for the case of planar extension. A reasonable agreement is established between 
prediction and experimental results for one grade of polyethylene in planar extension; 
however the second polymer shows a larger strain hardening response than would be 
expected from the constitutive model used. We conclude that in the case of one polyethylene, 
the extensional and simple shear responses are intrinsically different. 
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1. Introduction 

The flow of molten polymer into an abrupt entry slit has received considerable 
attention from both an, experimental and theoretical viewpoint (see for example 
White et al. [ 11, Beaufils et al. [2] and Tanner [3]). The flow geometry is deceptively 
simple. It does however embrace most elements associated with understanding 
processing behaviour of molten polymers. In particular, the capillary (3D) or 
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parallel channel (2D) section of the flow geometry yields classic, steady, simple 
shearing flow near the walls of the slit. The entry section of the die is however 
dominantly a region of extensional flow and this can be of significant importance in 
terms of polymer processing behaviour. The ability to model both these regions is 
therefore a necessary condition before the modelling of more complex flow geometries, 
such as extrusion and injection moulding, can be considered with any confidence With 
this in mind, the objective of this paper is to determine how well rheological 
characterisation in simpb shear flow can be utilised in extensional deformations. 

The flow of molten polymers into an abrupt entry has been considered by a 
number of workers and the following papers are of particular relevance to this 
work. Han and Drexler [4] and Checker et al. [5] carried out experimental flow 
birefringence studies on polyethylenes flowing into slit dies. Aldbouse et al. [6] and 
Mackley and Moore [7] performed both flow birefringence and velocity measure- 
ments and attempted to predict the centreline stress field using a Maxwell integral 
rate equation with a spectrum of relaxation times. Kiriakidis et al. [8] have recently 
coupled flow birefringence measurements with a full numerical solution of the flow 
geometry using an integral constitutive equation with a spectrum of relaxation 
times and a Papanastasiou damping function. Further work by McKinely et al, [9] 
on polymer solutions, and Koopmans [lo] on polymer melts are relevant to the 
problem. In addition the recent development of numerical techniques that enable 
high Weissenburg number problems to be solved for entry flow has also led to a 
large number of papers on numerical simulation of entry flow (see for example 
Goublomme et al. [ 1 I], Park and Mitsoulis [ 121 and Kiriakidis et al. [8]). 

Of central importance to any numerical study of experimental characterisation is 
the choice of the appropriate constitutive equation. In this paper we choose to use a 
factored K-BKZ (Kaye [ 131 and Bernstein et al. [ 141) type Wagner integral constitutive 
equation as this equation hdis been shown to contain most of the elements necessary 
for at least a pragmatic engineering description of the flow. Experimental data will be 
obtained in simple shearing flow and then tested for their applicability in a planar/pure 
shear deformation. Modern rheological equipment ensures that simple shear data can 
be reliably obtained, however the experimental evaluation of the rheological response 
of polymers to extensional deformations remains a difficult subject. 

2. Deformations 

For simple shearing and pure shear flow, the deformation tensor used in this 
paper is the Finger strain tensor (see for example, Larson [IS]): 

Simple shear Pure shear 

C-‘(r,t’) = 
[ 

y(t.r ) ;+?Q“‘) s”” 81, c-~(t,t+oJ’~ ;_2(t,$) ;I, (1) 

I, = z* = yQr’) + 3 I, = I2 = I’(ZJ’) + n-2(&r’) f 1, (2) 
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where y is the shear stain, I is the stretch ratio and C-‘(r,r’) is the Finger strain 
tensor which describes the change in shape of a small material element between 
present and past times f and t’ respectively. I, and Is are the first and second 
invariants of the Finger tensor. The simple shearing flow is generated by a standard 
rheometer RDS-II operating either with cone and plate or parallel geometries. The 
pure shear deformation is achieved by following the centreline flow behaviour of 
polymer flowing into an essentially 2D slit flow 

3. Coustitutive equation 

The constitutive equation used is the modified version of the K-BKZ equation as 
proposed by Wagner [ 16,171: 

s 

I 
z(t) = - M(t - t’)h(l, ,I,)C-‘(t,?‘) dr’, (3) 

--CL 

where M(t - r’) is the time dependent linear viscoelastic memory function and 
h(l,,I,) is the strain dependent damping function. This equation describes the 
relaxation process as a composition of a time dependent memory function and a 
strain dependent damping function. The memory function can be obtained from 
linear viscoelasticity (see for example Larson [ 151) and can accommodate a number 
of independent relaxation processes which are described by the equation: 

M(t - t’) = 75 exp[ -(t - t’)/n,], 
I 

(4) 

where li and gi are the relaxation time and relaxation strength of the polymer 
respectively. The relaxation spectrum was obtained from linear viscoelastic oscilla- 
tory data by choosing a given number of equally spaced relaxation times. From 
experience with other rheological characterisation we are of the opinion that an 
adequate fit to linear viscoelastic data can be obtained using 8- 11 times constant 
logarithmically separated between 10V2 and 10’s (see for example Aldhouse et al. 
[6], Baumgaertel and Winter [ 181 and Kamath and Mackley [ 191). 

The non-linear strain dependent damping function is obtained from linear, and 
the non-linear, step strain experiments from which the stress relaxation moduli are 
obtained and is approximated by an exponeutial function: 

Ml, .Id = exp[ -kJpI, + ( 1 - PI4 - 31, 

where k is the shear damping coerfllcient and fl is the extensional coefficient. In the 
case of simple and pure shear deformations 1, = I2 and consequently for these 
deformations and /I parameter is irrelevant. 

The applicability of the Wagner equation requires that the memory function is 
separable into a time dependent linear viscoelastic memory function and a strain 
dependent non-linear damping function. A variety of polymers have been shown to 
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exhibit time-strain separability (see Leblans et al. [20]). The Wagner equation to 
be successful in describing some unidirectional simple shear behaviour (Leblans et 
al. [20] and Laun [21]). In this study our intention is to investigate the applicability 
of the constitutive equation in two dimensional extensional flow for which the Row 
kinematics was obtained from laser velocity measurements. The solution of the 
constitutive equation for the prediction of centreline principal stress difference 
requires material specific information and experiments in simple shearing flow were 
carried out to obtain the linear viscoelastic memory function and the non-linear 
damping function. 

4. Simple shear characterisation 

Controlled strain measurements on the Rheometrics Dynamics Spectrometer 
were performed at 180°C in a parallel plate geometry with plate diameter of 
25 mm and gap of 1 mm. Included in the study were two commercial high density 
polyethylene (HDPE) resins. These are henceforth referred to as Rigidex and 
Natene. Both these polyethylenes are reported to be equivalent in nominal density 
and melt flow index (see Table 1). 

Characterisation in linear viscoelastic oscillatory flow measurements was used to 
generate the constitutive parameters in terms of the relaxation spectrum. A strain 
amplitude of 10% was applied in a frequency range of lo-‘-5 x 10’ rad SK’, the 
inherent instrument error is + 3% while the measured experimental variations fall 
below f 5%. The dependence of the storage modulus, loss modulus and complex 
viscosity of the polymer on frequency of oscillation is shown in Fig. 1. A 
comparison of the flow curves of the complex viscosities for Rigidex and Natene 
(Fig. 1) shows that differences in rheological behaviour are visible at low frequen- 
cies while at high shear rates the viscosities become similar. It appears that the 
viscosity of Natene, with higher tie+_, dominates at lower frequencies and Rigidex, 
with higher A&, dominates at higher frequencies. 

From the oscillatory shear data the relaxation spectrum was obtained from linear 
viscoelastic theory; the details of the method can be found in Aldhouse et al. [6]. 
From the Maxwell model (see Larson [ 151) the storage and loss moduli as obtained 

Table I 
Properties of HDPE Rigidex and Natene 

Polymer Density 
(kgm-‘) 

Melt flow index 
( I9O”C/21.6 kg) 
(g Per 6OfJ s) 

Rigidex 952 10 2.4 2.0 I2 
Natene 952 IO 3.1 0.8 39 

JG,,,, weight average molecular mass; A?,,, number average molecular mass. 
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Frequency (radk) 

b) 

100 IO’ 

Frequency (radk) 
Fig. I. Storage (G’). Loss (G”) moduli and Complex Viscosity (g+) as a function of frequency of 
oscillation for HDPE (a) Rigidex and (b) Natene at 180°C and 10% strain. Symbols represent 
experimental data and lines the prediction from linear viscoelastic model. A, Storage modulus 0. loss 
modulus, 0, complex viscosity. - - -, storage modulus; -, loss modulus. 
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in oscillatory shear measurements, can be shown to be related to the relaxation time 
and relaxation strengths (weights) as 

where w is the angular frequency, li are the relaxation time constants and G’ and 
G” are the storage and loss moduli respectively. The index j represents the 
experimental data points (j = 1 ..N) and i represents the data points of the spectrum 
(i = 1.M). The experimental data points are used to determine the set of time 
constants {g,J, >. To check the consistency of these methods the relaxation moduli 
are regenerated from the spectrum and compared with experimental data. A 
comparison of the calculated moduli and the experimental moduli is also shown in 
Fig. 1. The spectrum consists of 11 time constants (these were obtained with 
positive constraints on the equation solver). The relaxation spectrum obtained for 
the two polymers is shown by the bar diagram in Fig. 2; a logarithmic time scale 
is chosen in the linear regression for comparative purposes. The figure shows that 
at shorter time scales (higher frequency of oscillation) the moduli of Rigidex 
dominate. This dominance disappears around time scales of value 0.35 s while at 
larger times (lower frequency of oscillation) Natene dominates. 

Characterisation in non-linear viscoelastic flow measurements was used to gener- 
ate the constitutive parameters in terms of the damping function. The extent of 
which time-strain separability holds can be estimated by examining the step shear 
strain relaxation modulus at both linear and non-linear strains. In a step strain and 
relaxation experiment the molten polymer is held between the two parallel plates 

0.001 0.003 0.01 0.036 0.1 0.316 1 3.162 10 31.6'2 106 

Relaxation Time (s) 

Fig. 2. Comparison of relaxation modulus of HDPE Rigidex and Natene at 180°C obtained from linear 
regression method. 
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and a shear strain is induced by applying a constant shear rate for a short time 
interval and then the polymer is allowed to relax and the resulting relaxing stress is 
measured subsequently (see Fig. 3). It is found that the stress relaxation curves 
obtained at various strains could he superimposed by vertical shifts after neglecting 
the region affected by rise time errors. The separability of time dependence and 
strain dependence can then be represented by the following relation: 

r(~o) = G(~~(Y,)x,, (7) 

where G(t) is the linear relaxation modulus and /I~~~) is the damping function. 
The shear damping function /z(Y,,) can further be quantified approximately by 
exponential or sigmoidal functions. For our purposes a reasonable approxima- 
tion was obtained by using the Wagner type damping function (Eq. (5)) for shear 
flow. 

The calculation of the damping functions for the two polymers was performed by 
using the data shown in Fig. 3. At a given time, on a log-log plot the ratio of the 
relaxation modulus at non-linear strain, G&y), to the moduli at linear strain, G(t), 
was obtained. Substitution of the values of the moduli in Eq. (7) provided the 
damping function (see Fig. (4)) from which an exponential fit to the data provided 
the damping coefficient, k. The value of the damping coefficient for Natene and 
Rigidex was found to be 0.30 and 0.37 respectively with an estimated error of 
f 0.05 in the strain range of IOO-400%. Comparison of these damping coefficients 
and the behaviour of damping function as a function of strain shows that Rigidex 
is more strain softening in simple shear than Natene, a feature which will be 
examined in detail when these values are used to predict the extensional flow 
behaviour. 

5. Extensional flow measurments 

Our objective is to test the utility and applicability of single integral constitutive 
equations for polydisperse polymers to planar extensional flow along the centreline 
streamline. In this section experimental characterisation of the two molten 
polyethylenes in an extensional flow geometry will be discussed. The geometry used 
for this purpose was a slit die and the experiments include measurement of flow 
kinematics and flow birefringence. The technique of laser velocimetry was used to 
obtain the centreline kinematic data which were used together with the rheometric 
data to model the centreline principle stress difference. 

Test geometry 
Measurements were carried out using an abrupt entry slit die as shown schemat- 

ically in Fig. 5. The polymer flows into an abrupt contraction from 14.7 mm to 2.3 
mm in width. The material then flows through a constant width slit for a further 8 
mm and then emerges into a free surface cavity. The glass windows constrain the 
flow in the z-direction but swelling can occur in the x-direction when the polymer 
leaves the cell. 
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Fig. 3. Comparison of stress relaxation after step strain for linear and non-linear strains at 180°C for (a) 
Rigidex and (b) Natene. 
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a) 

0 so 100 150 200 250 300 350 400 
Strain (7%) 

0 so 100 150 200 2so 3al 350 400 

strain cm 
Fig. 4. Damping function as a function of strain for HDPE (a) Natene (b) Rigidex obtained from 
step-strain and relaxation experimental data. Circles are experimental data and lines are exponential fit. 

Flow system 
The molten polymer was extruded using a Bet01 Screw Extruder. A schematic 

diagram of the instrument to deliver the molten polyethylene through the slit die is 
shown in Fig. 6. Polyethylene pellets are fed into the 18 mm diameter single screw 
extruder. The polymer melts as it passes through the barrel which is maintained at 
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t 
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I 

Front Elevation Side Elevation 
Fig. 5. Schematic diagram of the slit die and co-ordinates of the flow geometry used to describe the 
centreline profiles for the flow of molten polyethylene. Dimensions in mm. 

Fig. 6. Schematic diagram of the melt delivery system used for flow birefringence and velocity 
measurements. 

a prescribed temperature by the three band heaters. The melted polymer is delivered 
to a melt pump to eliminate possible surging from the extruder, particularly at high 
output rates, and to ensure precise output necessary for the present study. The melt 
pump is driven by a d.c. motor and a pressure transducer fitted between the melt 
pump and extruder is connected to a pressure-feedback-closed-loop microprocessor 
controller. The molten polymer then flows through connecting flanges into the die 
block by a short 90” extension arm; this makes it possible to have the polymer 



R. Ahmed, M.R. Mackley 1 J. Non-Newtonian Fluid Mech. 56 (19%) 127-149 137 

flowing vertically downwards. The die block is maint ained at a constant temperature 
by band heaters and is provided with glass windows through which the flowing melt 
can be viewed. Two mass flow rates of 0.22 and 0.32 g S’ are reported in this paper. 

5.1. Experimental velocity projles 

The purpose of the laser velocimeter system was to create an interference pattern 
in the flow field and then to measure the variation in intensity of the light reflected 
as flow particles cross the interference pattern. A measure of ve!ocity is obtained if 
the frequency of this light intensity variation is measured and the interference fringe 
spacing known. 

The components of the velocimeter are shown in Fig. 7. It consists of a laser 
source, optical system, signal processing with interface and data analysis unit. In 
addition a transverse assembly to move the optical system for complete mapping of 
the flow field was used. Details of the system can be found elsewhere (Mackley and 
Moore [ 71). 

The velocity distribution along the centreline is a manifestation of the convergent 
flow velocity development in the die geometry. Tig. 8 shows the centreline velocity 
profile of Rigidex and Natene flowing through the slit die at 0.22 and 0.32 g s-‘, 
and at 180°C. The velocity along the centreline ~JO,y) is plotted against position 
y. The zero distance y = 0 corresponds to the position of the slit entrance. Each 
measurement point represents the average value obtained for 5 measurements and 
step sizes of 0.5 mm were used in measuring the velocity. 

The velocity increases non-uniformly within the entrance region and for a given 
flow rate the velocity profile tends to increase gradually before entering the slit 
section for about two slit heights in front of the slit entrance. In all the cases the 
velocity profile shows similar increase and the normalised velocity was seen to be 
independent of the flow rate. 

Fig. 7. Schematic diagram of the optical system used for polymer melt velocity measurements. 
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Fig. 8. Centreline velocity profile V(0.y) within the slit die for HDPE a) Rigidex and b) Natene at 180°C 
for mass flow rates of 0.22 and 0.32 (g/s). Slit entrance is at y = 0.0 and exit at y = 8.0 mm. 
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Position (mm) 
Fig. 9. Transverse velocity profile of HDPE Rigidex at 180°C in the x and z-planes with flow in the 
y-direction at the split position of y = 5.0 mm. 

Fig. 9 shows transverse velocity profiles in the slit mid-section (JJ = 5 mm) both 
in the x and z planes. The transverse velocity profile in the xy-plan shows a near 
parabolic profile. Difficulties associated with measurements near the wall as re- 
ported in Mackley and Moore [7] make it difficult to fit exact profiles to the data. 
The transverse profile in the zy-plan shows that the flow within the slit is not truly 
two dimensional. If the flow is assumed to be two dimensional in the xy-plan and 
a realistic estimate is made of the materials density then the integrated mass flow 
rate as determined by the velocity profile in Fig. 9 is of order 25% greater than the 
known experimental mass flow rate. If however the 3D character of the flow is 
taken into account the flow rates match to within about 5%. Temperature gradients 
and refractive index fluctuations all can lead to certain uncertainties in the absolute 
value of velocities. The deformation history calculations that are carried out in this 
paper rely on vebdty differences and gradients and we are fully confident in the 
relative changes along the centreline velocity even if the absolute velocity is subject 
to error. 

Process modelling involves methods of determining strain history of fluid ele- 
ments. From these strain histories the stress and orientation of the fluid element 
along e pathline can be evaluated. Relative strain measures are used to describe the 
strain history between some past time t’ and current time 1. The Finger strain tensor 
C-‘(t,t’) is one such strain measure which can be obtained from pathline tracking 
(Winter [22]). This method requires following a fluid element along the pathline and 
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is best described in terms of an observer that translates and rotates with the fluid 
element along the pathline. The change of length of the fluid element during flow 
between t’ and t depends on the kinematics along the pathline. The stretch ratio 
defined as the change in length of a volume element between time t and t’ can be 
written as 

where i represents the pathline direction. The stretches li when confined to a one 
dimensional plane can be specifically determined from the local velocity and density 
on the basis of flow continuity. 

When the fluid element moves along a pathline and is stretched in the pathline 
direction a change in cross-sectional area of the stream tube surrounding the 
pathline occurs. From continuity the mass flow rate is constant in the flow channel 
during the motion from t’ to t, and similarly stretch causes a change in velocity 
between time t’ and t. The deformation between t’ and t can be directly determined 
from a knowledge of the velocities at t’ and t, 

y&t’) = 3 = ~ VW 
l(f) V(f) (9) 

Simple numerical integration of the velocity data can, if required convert 
information from the position domain of the experiment to the time domain. 

5.2. Experimental stress profiles 

In order to compare computed results with experimental data the technique of 
flow birefringence was used to obtain the principal stress difference along the 
centreline streamline. Flow birefringencc is an optical technique used to analyse 
anisotropy as a result of flow induced distortion and orientation of the material 
under consideration. The objective here is to use this technique to quantify the 
extent of anisotropy by determining the components of refractive index and hence 
the stress tensor. The difference in propagation velocities of the wave vectors 
through the birefringent material produces a phase difference or retardation, which 
is a measure of bulk anisotropy and is dependent on wavelength of light 1, and the 
optical path length L. If the phase angle is an integral multiple of 2% then 
birefringence is given by 

NA 
nil -n22=T (10) 

where n,, - nz is the difference between the principal refractive indices or birefrin- 
gence in the viewing plane and N is the appropriate fringe number. The analysis of 
stresses using birefringence measurements is usually accompanied with an assump- 
tion about a simple linear relationship between stress and refractive index tensor. 
Two optical laws are assumed to relate the stess and refractive index tensor: (1) the 
principal refractive index difference is proportional to the principal stress ditIiirence, 
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I I 
I 

I -l*l I 
Fig. IO. Schematic diagram of the optical system used for flow birefringence experiments. 

and (2) the principal optical axis (relative to an arbitrary reference axis) is 
equivalent to the principal stress axis, or equivalently, 

n = C(r + Pl), (11) 

where C is the stress optical coefficient, P is the hydrostatic pressure and 1 is unit 
tensor. For incompressible materials the difference in principal stresses can be 
determined and for such cases the stress optical rule becomes 

%I - n22 = WI, - T22). (12) 
Using the above linear relationship the stress optical law allows for the measure- 
ment of principal stress difference from birefi-ingence by using Eq. (10). The stress 
optical coefficient was obtained from Wales [23]. 

The optical system for flow birefringence measurements of the melt flowing 
through the slit die is shown schematically in Fig. 10. It consists of a mercury lamp 
as light source, lenses for collimating the light to achieve a parallel beam, 
monochromatic filter for light of single wavelength, an analyser and polar& 
crossed at 45” with respect to the slit axis and a camera for photographing the 
flowing field. 

Fig. 11 shows the overall form of the optical retardation distribution in the slit 
die for the two polymers Rigidex and Natene and in this paper we will only examine 
in detail the behaviour of the centreline flow. 

Along the centreline, a fluid element travelling from the reservoir is stretched as 
the slit throat is approached. The flow birefringence or principal stress difference 
therefore reaches its maximum just before the die entry is reached. Similarly the 
velocity along the centreline follows the same pattern. Within the slit the centreline 
velocity is essentially constant and the fringe patterns show the progressive stress 
relaxation of the meh as it passes along the centreline. The centreline fringe pattern 
changes as the exit is approached and centreline principal stress difference indicates 
that the stresses rapidly diminish in the central region. Checker et al. [S] pointed out 
that when the polymer leaves the duct a complex rearrangement of stresses takes place. 
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(a) (W 
Fig. 1 I. HDPE (a) Rigidex (b) Natene flowing through the slit and exit section of 3 die at 180°C and 
0.32 g s-l viewed under crossed polars. 

A plot of the centreline principal stress difference is shown in Fig. 12 for both 
Rigidex and Natene for two different flow rates. The data show that Rigidex 
develops higher entry stresses than Natene indicating a different response to the 
experimental deformation in the flow field. 

6. Numerical prediction of centreline pri~ipul stress difference 

In this section we test the applicability of the Wagner constitutive equation in 2D 
planar extensional flow. The approach followed here limits itself of the centreline 
problem. We also examine the validity of the Maxwell and Lodge constitutive 
equations along the centreline streamline in order to make a comparison with the 
Wagner model. 

The simple Maxwell type constitutive equation for the centreline flow in a two 
dimensional geometry can be written as 

T,,(t) - r22(0 = 2 F ’ M(t,t’){ln[&t’)] -ln[A-‘(z,t’)]) dt’. (13) 
J-m 

The above equation is strain explicit and although equivalent, is probably more 
accurately evaluated than a strain-rate type Maxwell equation as used by Aldhouse 
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Fig. 12. Principal stress difference as a function of position along centreline of the slit die for 
and Natene at 180°C for mass flow rates of (a) 0.23 and (b) 0.32 g s-l. 
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et al. [6]. A rate type equation would involve velocity gradients, and since 
experimental kinematic data are used, a differential of error-prone and interpolated 
velocity data is likely to give larger errors. 
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The principal stress difference along the centreline was also calculated for the 
Lodge model according to the following equation: 

s 

t 
z,,(O -b(t) = M(r,t’)[A’(r,r’) - A-‘(t,r’)] dt’. (14) 

--5 

The presence of the stretch ratio in the Finger strain tensor used in the Lodge 
model makes it a strain hardening constitutive equation for this deformation. This 
strain hardening results because the network of Lodge is based on classic rubber 
elasticity. Wagner’s interpretation of the deviation of a polymer melt from Lodge 
type behaviour is described in terms of strain induced reduction in network junction 
density. The constitutive equation for the centreline principal stress difference then 
contains a strain dependent damping function: 

r,,(l)--r,?(t) = 
Sr 

I, T: exp] -0 - r.)/n,lj I 
x exp[ -k A’(t,t’) +A-‘(t,t’) -2][A2(r,r’) -d-‘(&t’)] dt’. (15) 

The linear viscoelastic part of the memory function is the same as that for 
Lodge’s equation. The non-linearity is introduced by modifying Lodge’s constant 
network assumption and making the network entanglement creation and loss a 
function of the applied deformation. Because the deformations is 2D planar, the 
first and second invariants are the same and therefore according to the Wagner 
equation the damping coefficient k obtained in simple shear can be used to test its 
validity in pure shear. 

In the case of all computed results the memory function is obtained form the 
experimental linear viscoelastic simple shear experiments and the damping function 
used in the Wagner equation comes from the simple shear step strain experiments. 
From a knowledge of the velocity profile and Eq. (9) it is possible to calculate the 
principal stress difference at any position (or time) along the centreline using either 
Eq. (13), (14) or (15). 

Fig. 13 shows an experimental and numerical comparison of principal stress 
differences for the polymer Natene at 0.22 and 0.32 g s-’ at 180°C. The linear 
Maxwell equation, with the Finger tensor replaced by the general strain deforma- 
tion, shows a close agreement of the principal stresses in the entry section and 
maximum stress at the slit entrance. The prediction of the stress relaxation within 
the slit section of the die is however not particularly good. The Lodge model shows 
extreme strain hardening as the stretching rate increases near the slit entrance and 
the equation grossly overpredicts the observed experimental stress profile. These 
results of stress prediction by the Lodge model are consistent with those reported 
for HDPE by Mead [24]. The Lodge type of strain hardening ol?served here is also 
well known for other uniaxial and multiaxial extensional flows (Demarmels and 
Meissner ]25]). Tne Wagner equation with a simple shear damping coefficient of 0.3 
predicts the centreline behaviour in a similar fashion to the Maxwell model and in 
particular, the agreement between experimental and predicted peak stresses is 
considered good. The introduction of the damping function in the memory function 
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Fig. 13. Comparison of’experimental and numerical centreline principal stress difference for HDPE 
Natene flowing through a slit die at 180°C; (a) 0.22, (h) 0.32 g s-r. 
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yields sufficient strain softening to compensate for the strain hardening of the 
Finger tensor to provide a non-linear response that is close to that of a linear 
Maxwell model. It therefore appears that in this case the overall effect of the 
damping function in Wagner’s model is to provide shear thinning in simple shear, 
but a near linear response in planar extensional flow. The result from the Wagner 
model implies a self consistency for the damping function in simple shear and 
planar extension for the case of Natene. 

Fig. 14 shows the experimental and computed principal stress differences for 
Rigidex at 0.22 and 0.32 g s-’ and 180°C. In the same way as the Natene, the numerical 
predictions were obtained from Maxwell, Lodge and Wagner’s constitutive equations. 
The Maxwell linear viscoelastic equation underpredicts the experimental results for 
most of the experimental range and the Lodge equation overpredicts the principal 
stress difference. Wagner’s equation with the damping coefhcient of 0.37 obtained 
from simple shear flow experiments underpredicts the maximum birefringence for 
Rigidex. The damping coefficient obtained from simple shear flow experiments 
appears to yield a strain softening that is too high for extensional deformation. If 
however a damping factor of 0.2 is chosen, good agreement can be obtained between 
the experimental and simulated stress profiles as shown in Fig. 14. 

The simple shearing damping function was obtained over a limited strain range 
and data aquisition over a larger range may plausibly have given a different value 
of the damping factor k. In addition a different form of damping factor could have 
been used. We found however that using a best fit Papanastasiou damping function 
(Papanastasiou et al. (26)) gave little difference to the predicted stress profile. An 
additional factor that could plausibly influence the overall centreline stress distribu- 
tion is the position at which the stress calculation is started. Because of experimen- 
tal limitations, we are only able to determine the velocity approximately 7 mm 
upstream of the slit entrance. We have estimated velocity profiles upstream of 7 mm 
and included these in further simulated results. In some cases this improved the 
early time stress build up, but was unable to account for the peak stress inconsis- 
tency with k = 0.37. 

In pure shear extensional flow the first and second invariants I, and f, are equal. 
The damping function as written by the Wagner equation therefore can only have 
one adjustable parameter, that is, the simple shear damping coefficient k. In this 
form the non-linear planar extensional behaviour can, in principal, be described 
from the non-linear simple shear response. However as found in the case of Rigidex 
the damping coefficient k of simple shear has to be adjusted to achieve agreements 
between experiment and numerical results along the centreline of a 2D planar flow. 
The most plausible reason for the failure of the KBKZ-type constitutive equations 
is the one cited by Larson [27], namely that simple shearing flows are rotational in 
character in contrast to the irrotational character of extensional flow. It is plausible 
that the constitutive response of the material is affected by the presence of rotation 
in the flow. The form in which constitutive equations of KBKZ-type are written 
makes these equations strain invariant dependent as well as frame invariant. Thus 
the KBKZ-type equation is insensitive to the difference between the kinematics of 
simple shearing and pure shear flow if the strain invariants are equal. 
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7. Conclusions 

We have shown that before attempting to model an entire flow field, it is 
desirable to test the constitutive equation for its ability to predict the flow 
behaviour along a particular streamline. In this way it becomes appropriate to draw 
conclusions about the relationship between the characteristic rheological properties 
and the flow in complex geometries. It was shown that the Wagner equation with 
the shear damping coefficient gave reasonable predictions of centreline principal 
stresses for the polymer Natene in the extensional flow situation. The constitutive 
equation appears to be generally self consistent with experimental results. On the 
other hand the Rigidex data have shown an apparent inconsistency in that the 
simple shear damping function underpredicts the centreline stress profile. 

The most likely explanation of this inconsistency appears to be that the form of 
the original constitutive equation is inadequate for a full description of Rigidex. In 
particular the constitutive equation as used in this paper is unable to distinguish 
between simple and pure shear deformations and in the case of Rigidex there 
appears to be an intrinsically different response to these deformations. In simple 
shear the material is strain and strain rate softening, however in pure shear the 
material strain hardens to a greater extent than predicted by the model. It would 
appear that certain polymer chains behave differently when being rotated and 
stretched as compared to just being stretched. 

Our exerimental results show that simple shear characterisation of polyethylene 
melts is inadequate in some cases to describe the full richness of polyethylene melt 
processing. The Wagner equation goes a long way to describing many flow features, 
however in the case of Rigidex it does not appear to be self consistent between 
extensional and simple shearing deformations. 
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