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centre line becomes effectively blocked and the polymer channels around either side. A similar
effect would occur if an obstruction was symmetrically placed upstream in the entrance region.

The view that the flow channels preferentially around the sides of the ducts is supported by
the form of instabilities observed in figures 27d-f. At an increased flow rate the time sequence
shows the manner in which the oscillations occur. Again the oscillations occur at a frequency
of about 1-5 Hz but in this case the birefringence pattern is asymmetrical with the flow alter-
nately channelling down either side of the duct in an oscillatory manner. In figure 274 the W
is deeper on the left-hand side and the flow is channelling on that side of the duct.

The profiles of the polyethylene and polypropylene extrudates obtained under the conditions
of figure 26 and 27d-f respectively are shown in figure 28.

3.7. Die swell and flow birefringence at the exit region

Our final series of experimental observations concerns behaviour at the exit of the duct
where the polymer emerges from the slit into free space. The parameter most commonly
measured to characterize the overall behaviour is that of die swell x defined as the ratio of the
sectional diameter of the final extrudate to the sectional diameter of the orifice from which
the material emerged.

It has been established by several workers that die swell of molten polymers decreases with
increasing length/diameter (L/D) ratio of the parallel section of the duct (see for example
Middleman 1977; Huang & White 1980). In view of the flow birefringence photographs of
figure 8 we initially proposed this result as being due to centre-line relaxation. If the L/D
ratio was very small, material in the central region of the duct would not have time to relax
within the duct and the final relaxation of stresses on leaving the duct would cause a large die
swell. If a large L/D was used, material in the central region of the duct would have time to
relax partially or completely within the parallel section of the duct, thus producing a final
lower die swell when the material emerged at the exit. While this argument is certainly a
significant factor in explaining die swell, we discovered for the generally high molecular weight
polymers we examined that the situation requires a more elaborate explanation to describe
all our findings. At this stage we also note that other workers (Han & Kim 1971; Huang &
White 1980) have established that die swell depends on die-entrance geometry. In the series
of experiments to be reported we have chosen not to vary this parameter while acknowledging
that it will certainly influence overall behaviour.

When the molten polymer emerges from the slit, a swelling occurs both laterally in the plane
containing the 1 mm slit width and longitudinally in the plane containing the 7.6 mm slit
depth. If the flow was entirely two-dimensional there would be no longftudinal swelling.
However, we find that for our 1 mm x 7.6 mm slit the longitudinal swell is small but of sufficient
magnitude to produce a curved surface as the melt emerges from the slit. This causes severe
distortion of the light as it is refracted at the polymer/air interface, making optical inter-
pretation of the flow birefringence difficult. To overcome this problem we lowered the two
faces of the glass windows by 1 mm below the bottom of the slit walls; the situation is shown
schematically in figure 29. By doing this we have produced a ‘constrained die swell’, in that
the polymer is free to swell laterally but not longitudinally initially.

The time-dependent behaviour of die swell is in our opinion an important and neglected
parameter. We have made some attempts to measure this behaviour by recording two die-swell
measurements at different times. The first ‘initial die swell’ y; was measured as the lateral
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Ficure 30. Flow birefringence at slit exit for HDPE 02-55 at 210 °C with L/D = 16 mm/l mm, 7 = 639 mm?3/s.
Polars are crossed at 45°.

(Facing p. 466)
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Ficure 31 (d)—(f). For description see plate 6.
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Ficure 31 (g)—(!). For description see plate 6.
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swell optically observed when the polymer was at an arbitrary distance of 1 mm below the
slit and at the bottom of the polished face of the glass window. Subsequently the polymer
would leave the constant-temperature region, cool, and eventually solidify. The lateral swell
of the sample at this point had little meaning because the material had crystallized and also
possessed frozen-in strain. To measure what we shall term ultimate die swell y., solidified
sections of the extrudate were heated in an oven for at least 1 h at a temperature that was
close to or up to 5 °C above the melting range of the polymer. In this way the polymer was
allowed to relax completely, allowing the final lateral swell to be measured.

We know of two previously published birefringence photographs showing the flow of molten
polymer at a slit exit, namely those of Mori & Funatsu(1973) and Han (1976). Unfortunately
these photographs do not show the same general trends reported in this paper. We are confident
in our results and therefore conclude that either the different polymer, experimental conditions
or optical effect due to stray reflexions and/or curvature at the melt air interface lead to the
differences. From our own early experiences we suspect the optical effects.

Figure 30 (plate 5) shows a representative flow birefringence photograph of polypropylene
flowing out of a slit with an L/D ratio of 16/1. The slit exit has been marked by white arrows
and the bottom of the glass window is clearly seen below the exit. Because of the curvature of
the melt no further birefringence is seen below the glass window although the polymer con-
tinues to swell slightly before forming the final solid extrudate.

Within the slit and well upstream of the exit we conclude that steady shearing on and near the
side walls occurs as the retardation bands in this region are very nearly parallel to the walls of
the slit. Along the centre line, the retardation is still slowly decreasing owing to the centre-line
relaxation discussed in §3.4. The last observation demonstrates the initially rather surprising
result that within the slit the flow is not truly viscometric even for an L/D ratio of 16/1. The
main reason for the non-viscometric state is the presence of the ‘residue’ birefringence, which
has a relaxation time very much greater than the residence time of the polymer through the
duct. As shown previously the amount of residue birefringence increases with increasing
molecular weight and decreasing temperature.

About 1 mm upstream from the slit exit the birefringence pattern changes and there is a
considerable modification of the stress pattern before the exit is reached. This is an important
result as most theories concerned with die swell of viscoelastic materials assume that the flow
is viscometric up to the exit (see for example the review by Boger & Denn (1980). The general
form of the retardation bands indicates that the stress rapidly diminishes in the central region
as the exit is approached and very high stress concentrations occur at the slit edges. The sub-
sequent modification of stresses downstream of the exit is complex.

The effect of variable L/D ratios is shown in figure 31 (plates 6-8). Here it can be seen that
for L/D ratios of less than say 5/1 the upstream birefringence pattern is intimately related to
the downstream behaviour.

To follow the stress or birefringence pattern within and out of a duct we chose to analyse in
detail a duct with an L/D ratio of 2.5. Figure 32 shows a schematic diagram of the duct together
with the streamlines of the flow drawn as dotted lines. Within the duct the direction of the
largest-magnitude principal optic and stress axis is shown by dashes. The magnitude of
the local principal stress difference is indicated by the length of the dashes. The direction of the
dash indicates the local overall direction in which the polymer chains are oriented and
the length of the dash indicates the extent to which the chains are stretched. Information on
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both direction and magnitude of the principal stress difference can be readily obtained from a
series of flow birefringence photographs taken with the polars set at different angles to the
axis of the duct.

entrance region

ARARER duct exit

Ty s =N Y
[ S I
.

Ficure 32. Schematic form of flow within duct. Dots correspond to streamline trajectory. Direction of dashes
corresponds to the direction of the positive principal stress and magnitude of dashes corresponds to the
relative magnitude of the principal stress difference.

Within the entrance region of the duct the stress builds up to a maximum at the throat of
the duct and the direction of the principal stress axis is essentially parallel to the streamlines.
Within the slit there is a rapid adjustment to accommodate the shearing at the side walls. Stress
levels are generally maintained near the side walls but the principal stress axis now takes up a
characteristic angle with respect to the stream lines. In the centre of the duct the principal
stress axis is parallel to the centre line. However, centre-line relaxation takes place and con-
sequently the magnitude of the principal stress difference progressively decreases within the
slit.

If the fluid was Newtonian, in the simple shearing regions near the duct walls, the direction
of the principal stress axis would be at 45° to the direction of flow. As the polymer is non-
Newtonian this angle is less and, for the flow rates we typically work with, would range from a
few degrees to 45° at very low flow rates.

When the exit is approached we have discovered that in all cases studied the direction of
the principal axis adjusts to become parallel to the streamlines at the exit. This adjustment
occurs over a distance upstream from the exit of about 1-2 mm. In our opinion the observation
concerning the direction of the principal stress axis at the axis has significance particularly in
relation to correct boundary conditions for the mathematical modelling of die swell.

The magnitude of the principal stress difference varies across the exit. In general it would be
largest at the walls and progressively decrease towards the centre line of the slit. The effect of
increasing L/D is apparent at the exit as the magnitude of the principal stress difference at the
walls of the duct is not significantly affected by L/D. The magnitude of the principal stress
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difference at the centre of the duct will decrease with increasing L/D owing to centre-line
relaxation.

When the polymer leaves the duct a complex rearrangement of stresses takes place. Fluid
elements in the outer regions away from the centre line are initially accelerated and stretched.
Fluid in the central region decelerates and we observe under all conditions an area about the
centre line where the principal stress difference becomes zero. We term this node a ‘neutral
zone’. Along the centre line further downstream of the neutral zone, further stretching often
takes place before eventual relaxation occurs.

-
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F1Gure 33. Plot of initial die swell y;as a function of L/D for polypropylene GSE 16 at 230 °C; 0, = 1000 mm?3/s;
x, 4763 0, 159.

Ficure 34. Plot of ultimate die swell y, as a function of L/D for polypropylene GSE 16 at 230 °C.
0, ©= 1000 mm?/s; x, 476, 0, 159.

With the exception of the neutral zone we are unable to make any general comments
concerning the stress distribution pattern immediately downstream of the exit because we
have found that the details of the pattern are sensitive to all our major variables such as flow
rate, polymer and molecular weight as well as the exact downstream conditions of the extrudate.

Our final experimental results relate to the observed values for our initial y; and ultimate y,,
die swell. Our primary interest is the way in which yx; and y,, vary with L/D. Figure 33 shows
for polypropylene the manner in which x; varies with L/D at three different flow rates. The
swelling was measured directly from photographs of the type shown in figure 31. The die
swell decreases with L/D; however, the maximum value of ; we have observed for any polymer
never exceeded 5 and typically is much less. The ultimate die swell obtained after complete
relaxation of the extrudate is shown as a function of L/D in figure 34. This graph shows some
remarkably high die swells when the L/D is low. In our discussion we are particularly interested
in the relative contribution of the initial and ultimate die swell as a function of L/D and, in
anticipation of that, plot in figure 35 the ratio x;/x. as a function of L/D.

We have stated before that owing to experimental limitations our slit is only 7.6 x 1 mm.
The swelling reported in figures 33 and 34 relates to lateral swelling in the plane containing the
1 mm width. The longitudinal swelling is much less and only weakly dependent on L/D.
Typical values of the ultimate longitudinal swelling are shown in figure 36.

35-2
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Ficure 35. Plot of X;/x, as a function of L/D for polypropylene GSE 16 at 230°C: 0, 7 = 1000 mm3/s;
x, 476; 00, 159.

Ficure 36. Plot of longitudinal die swell, x;, as a function of L/D for polypropylene GSE 16 at 230 °C;
0, B = 1000 mm3/s; x, 476; O, 159.

4. DiscussioN

The flow behaviour of commercial grades of polymer melt flowing into, within and out of
ducts is complex, and in our opinion we are at present not able to construct a physical or
mathematical model that is capable of describing all the events we have reported. Our objective
in this discussion therefore is restricted to giving a semi-quantitative explanation for some of
the results that we have recorded and our attention will be mainly directed at behaviour along
the centre line of the duct. We choose to discuss first the centre-line relaxation within the slit
section of the duct, followed by entrance region effects and finally the behaviour at the slit
exit.

4.1. Centre-line relaxation

Within the slit section and along the centre line of the duct we have established that both
longitudinal and transverse velocity gradients are zero. It is therefore possible to follow along
the centre line the free relaxation of birefringence for fluid elements that have previously been
stretched by the longitudinal velocity gradient ém in the entrance region. We have shown that
the birefringence decays in a manner given by equation (4):

Ay = Agexp (—t/1) +4,. ..,

where 4, is the birefringence at time ¢, 7, the initial exponential relaxation time, 4, the residue
birefringence and 4, the initial birefringence contribution given by 4y = Ay —A4,, 4 being
the maximum birefringence at the throat of the slit.

The values of 7; obtained as a function of several variables are shown in table 2 and it can
be seen that, contrary to possible initial expectations, 7; is independent of temperature 7" and
only weakly dependent on molecular weight. However, 7; does depend on the entrance velocity
gradient € n. We have also shown that the magnitude of the residue birefringence 4, is essentially
independent of temperature 7" and independent of the entrance velocity gradient ém for ém
greater than about 5 s
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To explain this relaxation behaviour and other reported observations, we have found it
instructive to consider that the melt behaves as a composite fluid. We envisage that melt con-
sisting of a network of entangled high molecular weight chains embedded in a matrix of lower
molecular weight chains. We assign the matrix component to the initial relaxation time, and
the network contribution to the residue birefringence.

The matrix component and its associated initial relaxation time behaves in an unexpected
way. Normally relaxation times would decrease with increasing temperature and decreasing
molecular weight. Our results do not follow this trend and we interpret this finding by con-
cluding that we are measuring the birefringence of a selected fraction of the molecular weight
distribution.

Our model assumes that the origin of birefringence arises solely from chain orientation. Thus
we exclude form birefringence contributions and contributions due to bond stretching, the
latter being ignored because our stresses in the melt are low and usually below 108 N/m2.
For the molecules to contribute to the birefringence, the chains must be oriented. However,
at present no satisfactory theory appears to exist concerning the way in which velocity fields
affect the stretching of chains within a polymer melt. The situation is somewhat better in dilute
solution where, for example, several authors have shown that in pure shearing flow, if the con-
dition ér > 1 is satisfied, the chains will be fully stretched by the flow (Ziabicki 1959; Peterlin
1967; Mackley & Keller 1975), where € is the magnitude of the applied velocity gradient and 7
the longest relaxation time of the chain. For our analysis we chose to make the assumption that
if é7 > a the chains will be influenced by the flow and stretched; if é7 < « the chains are
assumed to remain undeformed. Here « is a variable parameter that on the basis of dilute sol-
ution theory may plausibly be expected to vary between about 0.1 and 5. On this basis, for
molecules contributing to the matrix component, if é7 > «, the chains will be deformed and
contribute to the birefringence; if é7 < «, the chains will remain undeformed with no bire-
fringence contribution and will be merely convected by the flow. Thus, for the matrix contri-
bution, only molecules with a relaxation time 7 > a/én will be stretched in the entry region
and therefore contribute to the birefringence 4, at the throat.

To make a quantitative prediction of the observed initial relaxation times within the slit,
it is necessary to know the relaxation time distribution of the polymer. This presents certain
difficulties, associated mainly with the use of samples that had broad molecular weight dis-
tributions.

Following Blundell & Keller (1968) we assume that the number of chains with a degree of
polymerization x is given by the log normal distribution

_ 1 1 exp {—— [In (m, x) —In (m, x’)]z} (5)
[o(2m)}] [my #2] 20
where o and x’ are constants and m, the molecular mass of each repeat unit (CH, — CH, = 28).
Using equation (5) and the definitions of number and weight average molecular weights, it is
possible either by direct integration (Wesslau 1956) or by numerical integration to determine
the constants o and x’. For the molecular weight distributions used in this paper these analytical
results are shown in table 1.
To utilize the stretch condition 7 > «/ém we must arrive at an expression for 7 as a function
of temperature 7" and degree of polymerization x. We chose

r = Gx/T, (6)

N(x)
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TaBLE 1. LOG NORMAL DISTRIBUTION PARAMETERS 0" AND %’ GIVEN IN EQUATION (5)
COMPUTED FOR VALUES OF My AND My USED IN PAPER

M, M, o x’
20 x 108 13 x 10% 1.37 1820
9x 10 9x10* 1.52 1008
14 x 103 65 x 104 1.24 1064

where C; is a constant. This choice is based on earlier considerations (Mackley & Keller

1975) on the way 7 may plausibly be expected to vary with # and 7. Combining equations
(5) and (6) yields

M) = e o |~ fir (P )~ ][220, @

where N(7) is the number of molecules with relaxation time 7.

We now further assume that the only molecules to take part in the initial relaxation along
the centre line within the slit are the molecules that have been stretched in the entrance region
by the pure shearing velocity gradient ém. Our experimental observations will record the
mean relaxation time 7 of the stretched molecules given by

Tm = f:ém*rN('r) dT/ :émN('r) dr. (8)

On substituting equation (7) into (8) it is then possible to numerically integrate (8) to give a
predicted value of 7m. Parameters o, x” and m are fixed by the polymer under examination
and éy and T are controlled by the experimental conditions. Parameters C; and « are variables
that must be chosen. To compare the model with the experimental results given in table 2
we have selected @ = 0.25 and have chosen a value of C; that gives agreement between our
predicted and observed results of 7 for the condition. 7" = 144 °C, éyn = 38571, M = 20000,
My = 130000. This gives

C, = 0.006s °C. (6)

With C; = 0.006 and « = 0.25 the predicted values of 7, were computed and are given in
table 2 for the other experimental conditions. In general it can be seen that the model is in
reasonable agreement with the observed trends. The weak dependence on temperature and
molecular weight distribution are consistent with experimental findings. In addition the
decrease in relaxation time with increasing entrance velocity gradient € is clearly apparent.
The essential feature of our model that predicts the observed centre-line relaxation behaviour
reported in this paper is related to our proposal that only molecules with a relaxation time
greater than 7 > a/éyn will contribute to the initial birefringence. Thus while a change in
temperature and /or molecular weight distribution will have the effect of changing the relaxation
time distribution of the polymer, this will essentially only result in more or fewer molecules
satisfying the condition 7 > «/ém and consequently only the number of molecules contributing
to the birefringence and stress will change with changing temperature and molecular weight
distribution. From this argument a decrease in temperature and/or an increase in the molecular
weight distribution will have the effect of shifting the relaxation time distribution to higher
values of 7. This will have no major effect on 7, but will increase the number of molecules
contributing to the stress and birefringence. This effect is consistent with the observed manner
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TABLE 2. THE DEPENDENCE OF RELAXATION TIME ON TEMPERATURE, MOLECULAR WEIGHT AND €1

parameters kept variable
constant parameter
M, = 20000 T/°C 144 150 170 190
M, = 130000 /s 0.015 0.016 0.017 0.016
€, = 38s~1 Ta/s 0.0153 0.0152 0.0147 0.0143
l_@, 9000 14000 20000
T =1%0°C M, 80000 65000 130000
€, = 38571 Ti/s 0.01 0.009 0.016
To/s 0.0118 0.0135 0.0143
M, = 20000 € 9 19 38
M, = 130000 Ti/s 0.048 0.039 0.016
T =190°C To/s 0.0478 0.0253 0.0143

7, is the experimentally determined relaxation time based on equation (5).
7., is the predicted mean relaxation time numerically computed from equation (9) with parameters @ = 0.25
and C; = 0.006 s °C.

reported in this paper in which the initial birefringence 4, varies with both temperature T
and molecular weight for a given value of €.

The way to modify significantly the mean centre-line relaxation time of the polymer would
be to alter the entrance velocity gradient ém, as it is this factor alone that dominates the observed
Tm in our experimental situation.

The choice of the variable parameter « = 0.25 used in the analysis is somewhat arbitrary,
although it would be difficult to get reasonable agreement with the results if values outside the
range 0.1 > a > 0.4 were chosen. The implication from this result is that the condition é7 > 0.25
is necessary for polymer melts and not é7 > 1 as proposed from dilute solution theory.

We equate the residue birefringence 4, with the contribution from the network. We envisage
that above alimiting value of €y, = 5 s~! within the entrance region the network will be deformed
affinely and will be stretched in the direction of flow by an amount equal to the change in
cross-sectional area of the duct, namely 15/1. When the drawn network enters the slit along
the centre line, unlike a rubber, the network is unable to relax instantly because the network
resides within the matrix of lower molecular weight material. The relaxation of the network
apparently takes 10-1000 s and thus is not observable for the residence time of our experiments
within the slit. Thus the birefringence 4, seen at the slit exit is assumed to be essentially the
unrelaxed contribution of the network deformation that has occurred in the entrance region.

4.2. Entrance region effects
The basic elements of our model are shown schematically in figure 37 for the whole duct.
Within the entrance region we argue that there are two contributions to the molecular orien-
tation and hence the birefringence and stress. Consequently the birefringence at the throat 4m
is the sum of the birefringence due to the oriented matrix 4, and the stretched network 4,:

On this basis and supported by figures 23 and 24, we would expect 4, to depend on ém,
and possibly T, and 4, to be essentially independent of ém. The observed difference in the way
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Ficure 37. Schematic diagram of the manner in which commercial polymer melts flow through duct.

these contributions behave, particularly as a function of ém, is consistent with our belief that
the origin of the two contributions is different.

From classical rubber elasticity theory it should be possible to predict the birefringence
contribution 4, for the network. Treloar (1975) formulates the problem for a Guassian network
containing N,, chains per unit volume. The major weakness of the model in relation to the
present work is that the chains are assumed to have the same degree of polymerization and
unfortunately we do not know of any work that takes molecular weight distribution into
account. Treloar derives an expression for the birefringence of a rubber in the form

_ 2n(n+2)

4 45 n,

N
(o =) Ma(2-3), (11)
where 7, is the mean refractive index, a, —a, is the difference in principal polarizabilities for
each random link of the chain, N, is the number of chains/unit volume contributing to the
network and A is the extension ratio. Equation (11) can be simplified if the stress optical
coefficient is known for the material. This is given by rubber elasticity theory as
2m (n5+2) (o — )

C=45 g kT

(12)

Thus

4 = CkTN, A%, (13)
when A > 1, where £ is Boltzmann’s constant. The coefficient C can be derived experimentally
either for cross-linked polyethylenes (see for example Treloar 1975; Gent & Vickroy 1967)
or for polyethylene melts (Wales 1976). The values obtained by both methods agree surprisingly
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well and for polyethylene at 7' = 150 °C, C = 2.4 x 10~? m?/N. If we assume that the network
is deformed in the entrance region by a factor of 15 equal to the reduction in cross-sectional
area, we derive from equation (13)

A/N, = 3.15 x 102" m®, (14)

We further assume that 4 is given by the residue birefringence 4,, at 7 = 150 °C; 4, is

found typically to be 5 x 10~ and substitution in equation (14) gives
N, = 1.58 x 10% chains/m?3.

For My = 2x10* and T = 150 °C with the density p = 790 kg/m?, we would expect the total
number of chains per unit volume to be of the order 238 x 102 which, by comparison with N,
suggests that only a small but important fraction of the total number of chains within the melt
are contributing to the residue birefringence.

The birefringence contribution of the oriented matrix component 4, can be determined
similarly. The difference in principal polarizabilities y, — 7y, of a single chain with degree of
polymerization « is given by (Treloar 1975)

V1= Ve = (0 —ap) ¥ {1 —3(r/xa) /L (r/xa)}, (15)
where 7 is the end-to-end distance of the chain, a is the length of each repeat unit of the chain
and #-! (r/xa) is the inverse Langevin function, which is defined in Treloar (19735).

The principal polarizability difference per unit volume ¢, — 9, is given by,

01— 05 = Ny(v1—72), , -(16)
where Nm is the number of chains per unit volume, contributing to the matrix birefringence.
Using the Lorentz relation together with equations (12), (15) and (16) gives the birefringence
in the form

A = BCkTNy, x {1 —3r/xa/L(r/xa)}. (17)
It is now necessary to determine the strain of the chain in relation to its undeformed mean
square end-to-end distance r,, which for a random coil is given by r, = xa¥. For émr > «, the

chains will stretch with the flow. Therefore the strain r/r, can be equated to the change in the
cross-sectional area of the duct. Thus

r/to = 15 and r/xa = 15 x~1. (18)
Assuming My = 2 x 10* yields the degree of polymerization x = 714 and the ratio r/xa = 0.56.

Using the curve given in figure 9.1 of Treloar (1975), we arrive at the value within the brackets
of equation (17) as 0.2. Thus using the values of 7" and C previously quoted we obtain

A/N, = 1.0 x 1077, (19)

Equating 4 to the experimental values of 4, we arrive at a value for the number of chains per
unit volume as a function of ép:

ém/s1 3 10 18 35
10-% Ny /(chains/m3) 4.5 8 11 16

From this result we see that the number of chains per unit volume contributing to the
matrix birefringence progressively increases with increasing ém, and for all values of ém quoted
is greater than the value of 1.5 x 1023 chains per unit volume estimated for the network con-
tribution. However, even at €y = 3551, the fraction of chains contributing to the matrix
birefringence is still only about 7%, of the total estimated number of chains.
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4.3. Exit effects

Figure 37 gives a schematic picture of how we envisage relaxation to occur when the polymer
emerges from the slit. The initial relaxation y; is thought to be attributed to the relaxation of
the matrix material, and this relaxation takes place within the time scale of our optical obser-
vations. The decrease of y; with L/D is attributed to the centre-line relaxation effect. Subsequent
annealing of the extrudate allows the network contribution to relax and it is this component
that is thought to account for the swelling contribution x, —x;. Our experimental swelling
data is given for polypropylene. However, we have established that HDPE swells similarly,
although for high molecular weight polyethylene the ultimate swell ratio for a knife edge die
can exceed 12.

We consider figure 36 to be important in that it shows the ratio x;/x., increases with increasing
L/D. This indicates that ., decreases more rapidly with L/D than y;. We attribute this effect
to the fact that the network is being sheared in the regions near the side walls of the slit and is
being partially destroyed or modified by the large strains that it will experience. Thus with
increasing L/D an increasing amount of network is destroyed, which leads to a decrease in the
ultimate swell ratio.

While die swell is of great importance in terms of commercial processing, we are at present
not optimistic that it is possible to model mathematically the behaviour of unconstrained
swelling for the complex polymer fluids we have examined. We feel that initially more attention
should be directed to entrance behaviour and flow within the duct.

5. CONCLUSION

We have presented evidence that strongly suggests the behaviour of a polymer melt depends
not only on velocity gradient history, but also on strain history. We have further shown that
the birefringence and stress can be associated with two components within the melt, namely
the matrix component, where the contribution to the birefringence and stress depends on the
velocity gradient, and the network component, where the birefringence and stress contribution
is essentially strain-dependent. Our analysis indicates that less than 19, of the total number of
chains contribute to the network and up to about 79, at é, =~ 35 s™! contribute to the matrix
component. These figures suggest that a large fraction of a conventional polymer melt plays
an essentially passive role acting as a lubricating matrix for a small but important number of
chains that generate orientation and stress. The mathematical complexities associated with
taking into account all these factors are formidable and in our view partially explain the
difficulties associated with deriving a generalized constitutive equation for commercial polymer
melts. In addition it can be seen that even for the relatively simple geometry we have examined,
the flow history of fluid elements will be different for different streamlines in the flow. Thus
macroscopic effects, such as overall pressure drop and die swell, will necessarily be a complex
integration of effects occurring along each streamline.

We have been able to follow the evolution of stress in the entrance region of the duct together
with subsequent relaxation behaviour within the slit and at the exit. In particular we have
established the boundary conditions at the exit of the slit and for the fluids we examined shown
that these conditions were not viscometric. We have also observed the onset of instabilities
and established that these grow from small oscillations seen initially at the edges of the throat.
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Finally, we have presented extensive stress distribution data that we hope we or others may be
able to use in future attempts to model the behaviour of melts flowing through ducts.

We wish to thank the S.E.R.C. for financial support of this work. One of us (D.M.) thanks
the Churchill Fellowship Trust for supporting him during his stay at Cambridge. Finally M.R.M.
wishes to thank Professor A. Keller, F.R.S., and Dr J. Odell for assistance in applying the log
normal distribution to the relaxation time problem.
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Ficure 8. Flow birefringence within duct: effect of mean flow (HDPE 006, 7" = 170 °C). (a) v = 10.1 mm?3/s,
(b) » = 101 mm3/s, (¢) » = 395 mm?3/s. Polars are crossed at 45° to centre line.
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FiGure 9. Flow birefringence within duct: effect of temperature (HDPE 006, ¥ = 395 mm?3/s). (a) T = 190 °C,
(b) T = 150°C, (¢) T = 140 °C. Polars are crossed at 45° to centre line.
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Ficure 10. Flow birefringence within duct: effect of relative molecular mass (v = 395 mm?/s, T = 170 °C).

(@) HDPE 140-60 (M, = 1.4x10%, M, = 6.5x 10%), (b)) HDPE 006 (M, = 2x10%, M, = 13x 10%),

W 1

(¢) HDPE 20-54P (M, = 3.2x 10%, M_ = 29 x 10%). Polars are crossed at 45° to centre line.
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Ficure 25. Flow birefringence observed for tapered entrance for HDPE 006 at 190 °C: (a) v = 42.6 mm?3/s,
(b) 130 mm?3/s, (¢) 517 mm?/s. Polars are crossed at 45°.
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Ficure 26. Flow birefringence showing ‘symmetric oscillation’ effect for HDPE 20-54P at 190 °C with
v = 258 mm?/s. Polars are crossed at 45°.
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Ficure 27. Development of W fringes and ‘asymmetrical oscillations’ for polypropylene copolymer GPE-102 at
193°C: (a) 7 = 300 mm?3/s, (b)) v = 400 mm?3/s, (¢) v = 500 mm3®/s. (d)-(f) v = 510 mm?®/s, Polars are
crossed at 4°5.
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FiGure 30. Flow birefringence at slit exit for HDPE 02-55 at 210 °C with L/D = 16 mm/l mm, v = 639 mm?®/s.
Polars are crossed at 45°.
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FIGURrE 31. Flow birefringence within duct for polypropylene GSE-16 at 230 °C. Polars are crossed at 45°.

(a)-(c) L/D = 0.1 mm/l mm; (a) = 63 mm3/s, (b) 318 mm3/s, (¢c) 574 mm?3/s.
(d,}“(f) L/D = 2.3 mm/l mm; (d) v = 63 mm?3/s, (¢) 318 mm3/s, (f) 574 mm?/s.
(g)-(i) L/D = 8 mm/l mm; (g) ¥ = 63 mm?3/s, (k) 318 mm3/s, (i) 574 mm?3/s.
(

L] =

J)—(l) L/D = 16 mm/l mm; (j) v = 63 mm3/s, (k) 318 mm?3/s, (/) 574 mm?3/s.
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FiGure 31 (d)-(f). For description see plate 6.
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FiGure 31 (g)-(/). For description see plate 6.
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