Elongational Viscosity of LDPEs and Polystyrenes

Using Entrance Loss Data
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For two low-density polyethylenes and two polystyr-
enes, axisymmetric and planar elongational viscosities
are estimated using entrance loss data from capillary
and slit rheometers, respectively. The elongational vis-
cosity is estimated by optimizing the values of various
parameters in the Sarkar-Gupta elongational viscosity
model such that the entrance loss predicted by a finite
element simulation agrees with the corresponding ex-
perimental data. The predicted entrance loss is in good
agreement with the experimental data at high flow
rates. The difference in the experimental and predicted
entrance loss at lower flow rates might have been
caused by large error in the experimental data in this
range. POLYM. ENG. SCI., 48:223-232, 2008. © 2007 Society
of Plastics Engineers

INTRODUCTION

Owing to their long chain molecules, polymers exhibit
very complex rheological behavior. Some of the phenom-
ena due to this macromolecular structure of polymers
such as die swell and rod climbing in shear flow [1] are
unique to polymers and are not experienced by any non-
polymeric fluid. One of these peculiar characteristics of
polymers is their high resistance to elongational deforma-
tion. Even though the highly entangled long chain mole-
cules of polymers can slip past each other rather easily in
a shear flow leading to their shear-thinning behavior, the
long chain molecules do not align and flow as easily in
elongational flows. Therefore, elongational viscosity of
polymers, which characterizes the resistance of a polymer
to elongational deformation, is very high.

Trouton [2] was the first person to measure the elonga-
tional viscosity of a fluid. Using various methods such as
torsion of a bar and sagging of a beam, Trouton estimated
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that for axisymmetric flows the elongational viscosity of
materials, such as pitch and wax, is three times their shear
viscosity. The ratio of axisymmetric elongational viscosity
to shear viscosity, which is called Trouton ratio, is 3 for
most Newtonian fluids. It can also be shown analytically
that the axisymmetric elongational viscosity for Newto-
nian fluids should be three times the shear viscosity and
that the elongational viscosity for planar flows should be
four times the shear viscosity.

For polymeric fluids, the Trouton ratio is 3 and 4 for
axisymmetric and planar flows, respectively, only at low
elongation rates within what is known as the Newtonian
region of polymeric viscosity. Direct measurement of
elongational viscosity by various techniques such as uni-
axial extension, lubricated compression, fiber spinning,
bubble collapse, stagnation flow, etc. [1, 3] shows that the
ratio of elongational viscosity to shear viscosity for poly-
mers at intermediate elongation rates is typically much
higher than its value for Newtonian fluids. Unfortunately,
at higher elongation rates it is extremely difficult to main-
tain a purely elongational steady flow. Therefore, direct
measurement techniques can only be used to determine
elongational viscosity at relatively small elongation rates
(less than 10 sfl). This limitation on elongation rate is
particularly restrictive because in most polymer process-
ing techniques, such as extrusion and injection molding,
elongation rate is typically in the range of 1000—
100,000 s Therefore, the experimental data from vari-
ous techniques for direct measurement of elongational
viscosity is not adequate for simulation of most polymer
processing techniques.

Due to the limitation of direct measurement techni-
ques, the entrance flow method has been used in the past
with various degrees of sophistication to estimate the
elongational viscosity of polymers. A highly elongation-
dominated flow can be conveniently obtained near an ab-
rupt contraction in a channel. This highly elongation-
dominated flow is referred to as entrance flow. Because
of the high elongational viscosity of polymers, a large
pressure drop, called entrance loss, is encountered near an
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abrupt contraction, which can be used for indirect mea-
surements of elongational viscosity. However, the flow
near an abrupt contraction is not purely elongational in
nature, but a mixture of shear and elongational flows.
Therefore, an analysis based upon a purely elongational
flow, such as the sink flow analysis of Metzner and Metz-
ner [4], is expected to have a large error in the estimated
entrance loss and elongational viscosity.

Cogswell [5] was the first one to perform a combined
analysis of shear and elongational flows near an abrupt
contraction. However, to simplify the analysis, Cogswell
made a large number of simplifying assumptions. Binding
[6] relaxed some of the assumptions of Cogswell and per-
formed a more accurate analysis of entrance flow using
the energy principle. The assumptions made by Cogswell
and Binding were listed in Ref. 7. Cogswell and Bind-
ing’s equations for axisymmetric and planar elongational
viscosity, which were also given in Refs. 8 and 9, are
summarized below.

Cogswell’s equations:
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where ¢ is the elongation rate, 1. the elongational viscos-
ity, n the power law index for shear viscosity, P, the en-
trance loss, 1, the shear stress at the wall in the down-
stream channel, and 7, is the apparent shear rate. Values
of ty, J,, and the parameters k; and k, for axisymmetric
and planar flows are given in Table 1. The value of &, for
planar flow in Table 1 is slightly different than the value
given in Ref. 9. Beaupre [8] derived the equation for pla-
nar flow based upon Cogswell’s analysis, and used the
equation Gyye = %neé for planar flows, which was given by
Cogswell in Ref. 5. However, in this planar flow equation
Cogswell still used axisymmetric elongational viscosity
for n., whereas it was interpreted as planar elongation vis-
cosity by Beaupre [8], resulting in the erroneous values of
parameter k, in Refs. 8 and 9.

TABLE 1. Cogswell analysis parameters for axisymmetric and planar
flows.
Axisymmetric flow Planar flow
ky 4/3 2/3
ka 3/8 12
Tw (Plotal - Pe)r (AP)HO
2L L(1+%)
Ta 30 2
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TABLE 2. Binding’s analysis parameters for axisymmetric and planar
flows.

Axisymmetric Planar
81 2/3 1/2
23 3n+1 2n+1
83 3 2
84 2 1
o Ro/Ry Ho/H,
T (Bn+1)Q (@nt+1)Q
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Binding’s equations:
For a power-law fluid with shear viscosity 7, = A(7)" "
and the elongational viscosity 7, = B(&)" ",
- ;311’1:“}

3

where P, is the entrance loss and j,, is the shear rate at
the wall. Values of },, and the parameters g, g,, g3, and
o, which are different for axisymmetric and planar flows,
are given in Table 2. In Table 2, R, (H,) and R, (H,) are
the radii (height) of the downstream and upstream chan-
nels, respectively, Q is the flow rate, and W is the width
of the slit in the planar case. In Eq. 3, I,,,, is given by the
following equation:

P,

_glA(l+m)2 Bmg2nm[nm ﬁ ’“5”*')
= . w

“

PROCEDURE FOR ESTIMATION OF
ELONGATIONAL VISCOSITY

In the present work, PELDOM software [10] was used
to estimate the elongational viscosity of four different
polymers. The Carreau model was used for shear viscosity

(ns) [11]:

(n-1)

ng = no(1+ (Jei)’) )

The model proposed by Sarkar and Gupta [12] was
employed for elongational viscosity (7).

1
Ne =M |Tr +041—

1 —+ (/116,‘,')2
(6)

where e; = v/2¢ €, the second invariant of the strain-rate
tensor (e), is the same as shear rate, 7, in the shear viscos-
ity equation, whereas in the elongational viscosity equa-
tion e; = v/3& for axisymmetric flows and e;; = 2¢ for pla-
nar flows, with ¢ being the elongation rate. In Eq. 6, T,,
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the Trouton ratio at low strain rates, is 3 for axisymmetric
flows and 4 for planar flows, and Ay, 4, n, d, 4y, 45, and
m are the material parameters. It should be noted that the
Sarkar—Gupta model (Eq. 6) can capture the elongation-
thickening followed by elongation-thinning behavior of
elongational viscosity curve. Effect of the four elonga-
tional viscosity parameters (6, 4y, 4,, and m) on the shape
of the elongational viscosity curve was discussed in Ref.
7. In particular, parameter A, specifies 1/e; for transition
between Newtonian and elongation-thickening portions of
the viscosity strain-rate curve, whereas J characterizes the
total increase in viscosity in the elongation-thickening
portion. Parameter 4, specifies 1/e; for transition between
the elongation-thickening and power-law region, and m is
the power-law index for elongational viscosity.

To capture the temperature dependency of shear and
elongational viscosities, an Arrhenius type model was
used for the zero-shear viscosity (1,) in Egs. 5 and 6.

T,
o = A CXP<T> (N

where, T is the temperature of the polymer, and A and T,
are material parameters. Besides the zero-shear viscosity,
the parameters A, 4;, and 4, in Egs. 5 and 6 also depend
on temperature. Following the time—temperature superpo-
sition principle, values of these parameters at a specific
temperature can be calculated using the equation given
below.

3 =2 7 ®)
Hoa

where 4; is 4, Ay, or A,, and 1, is the zero-shear viscosity at
the same temperature at which 4; is to be calculated, and
Aia and 7., are the values of 4;, and 7, at temperature T,.

PELDOM estimates the elongational viscosity of a
polymer by optimizing the values of the four parameters,
0, A1, A2, and m, in the elongational viscosity model (Egq.
6), such that the difference between the entrance loss pre-
dicted by a finite element simulation and the correspond-
ing experimental data for a range of flow rates in capil-
lary or slit rheometer is minimized. The optimization
scheme used in PELDOM for estimating the four elonga-
tion viscosity parameters was described in Ref. 7. PEL-
DOM estimates the elongational viscosity for the tempera-
ture at which the capillary or slit rheometer experiments
are conducted. In the present work, the shear and elonga-
tional viscosities were determined at two different temper-
atures for four polymers. The time—temperature superposi-
tion along with the Arrhenius model for the zero-shear
viscosity (Eq. 7) was then used to determine the tempera-
ture dependence of viscosities. As expected, the values of
power-law indices (n and m) and A;/n, were slightly dif-
ferent for different temperatures. The values of these pa-
rameters for various polymers given later in this paper are
the average values for each polymer.
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EQUIPMENT AND EXPERIMENTAL PROCEDURE

A Goettfert Rheometer 3000 [13] was used at Data-
point Labs [14] to conduct the capillary and slit rheometer
experiments. Capillary experiments were conducted with
capillary diameter of 1 mm and capillary lengths of 5 and
20 mm. For the planar flow, the height and width of the
die opening in the slit die were 0.5 and 10 mm, respec-
tively. The slit die had a pressure transducer located in
the reservoir, and three transducers in the slit. The trans-
ducers in the slit were located at a distance of 30, 55, and
80 mm from the slit entrance.

To determine the entrance loss for axisymmetric flow,
Bagley plots [3] were prepared using the pressure data
from the capillary experiments. The entrance loss was
used to estimate the axisymmetric elongational viscosity
as well as the Bagley correction for shear viscosity esti-
mation. For the planar flow in the slit theometer, the pres-
sure readings from the three transducers in the slit were
extrapolated to the slit entrance. The difference between
the extrapolated pressure and the pressure reading from
the transducer in the reservoir was used as the entrance
loss for planar flows. For the capillary as well as slit rhe-
ometer data, Weissenberg—Rabinowitsch correction was
applied to determine the true viscosity.

To measure the shear viscosity at low shear rates, an
ARES parallel plate viscometer from TA Instruments [15]
was used at The Dow Chemical Company. The dynamic
viscosity experiments with the ARES viscometer were
conducted using 25-mm parallel plates at the same tem-
peratures as those used for capillary and slit rtheometer
experiments. The combined data from the parallel plate
viscometer and from capillary and slit rtheometers was
then used to fit the Carreau model parameters for shear
viscosity.

The experiments were conducted for four different
polymers. All four polymers used were from The Dow
Chemical Company. Two of the four polymers were low-
density polyethylenes with melt index of 8.0 (LDPEI)
and 2.0 (LDPE2) g/10 min (190°C, 2.16 kg) and the other
two polymers were polystyrenes with melt index of 5.0
(PS1) and 10.0 (PS2) g/10 min (200°C, 5 kg). For the
two LDPEs the experiments were performed at 200 and
215°C, whereas 200 and 220°C temperatures were used
for the two polystyrenes.

RESULTS AND DISCUSSION

For LDPEI, the entrance loss data from capillary and
slit rheometers are shown in Figs. 1 and 2, respectively.
On the log—log graphs, at higher flow rates the entrance
loss increases almost linearly with flow rate. The devia-
tion from this linear behavior at low flow rates in Figs. 1
and 2 may be due to larger error in the entrance loss data.
The error in the entrance loss, which is determined as a
small difference between two large numbers, generally
increases at lower flow rates.
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FIG. 1. Axisymmetric entrance loss for LDPEI.

The axisymmetric and planar elongational viscosities
estimated using the entrance loss data in Figs. 1 and 2
and employing the elongation viscosity estimate proce-
dure discussed earlier are shown in Figs. 3 and 4, respec-
tively. Shear viscosity for LDPE1, which is also required
for estimating the elongational viscosities, is also shown
in Figs. 3 and 4. As mentioned earlier, shear viscosity at
low shear rates was determined using a parallel plate vis-
cometer, whereas at higher shear rates the viscosity was
determined using capillary and slit theometers. The data
from parallel plate viscometer, which ranges for shear
rates from 107> to 10% s~', is shown in Fig. 3 as well as
in Fig. 4. The data from capillary rheometer
(» > 1000s~!) is shown in Fig. 3 only, whereas the data
from slit theometer (7 > 1000s~") is shown in Fig. 4. The
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FIG. 2. Planar entrance loss for LDPEI.
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FIG. 3. Axisymmetric elongational viscosity of LDPEI.

combined shear viscosity data from all three sources was
used to fit the Carreau model curves shown in Figs. 3 and
4. The Carreau model parameters for the shear viscosity
curves in Figs. 3 and 4 are given in Table 3.

For LDPE2, The entrance loss and the shear and elon-
gational viscosities are shown in Figs. 5-8. For the elon-
gational viscosity curves in Figs. 3, 4, 7, and 8 the values
of various parameters for the Sarkar—Gupta model for axi-
symmetric and planar elongational viscosities are given in
Tables 4 and 5, respectively. At low strain rates, the axi-
symmetric and planar elongational viscosities are, respec-
tively, 3 and 4 times the shear viscosity. At higher flow
rates, even though they are different in magnitude, the
predicted elongational viscosity curves for LDPE1 and
LDPE2 in Figs. 3, 4, 7, and 8 have similar trends, and are
also similar to those for LDPE 132i given in Ref. 9. In
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FIG. 4. Planar elongational viscosity of LDPEI.
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TABLE 3. Carreau model parameters for shear viscosity of the four

polymers.

Material A (Pa) T, (K) Ja (8) n

LDPE1 5.39 x 1072 3.82 x 10° 2.19 x 1074 0.50
LDPE2 574 x 107° 8.71 x 10° 1.55 x 1078 0.44
PSI1 1.59 x 1076 121 x 10* 7.59 x 1071° 0.31
PS2 481 x 107° 1.09 x 10* 277 x 107° 0.32

particular, it is noted that for LDPE1, LDPE2, as well as
LDPE 132i [9], the planar elongational viscosity is always
higher than the axisymmetric elongational viscosity,
which is larger than the shear viscosity. The axisymmetric
as well as planar elongational viscosities of LDPE1 and
LDPE2 exhibit an elongation-thickening region, which is
followed by an elongation-thinning region at higher elon-
gation rates. Similar behavior was observed for planar
elongational viscosity of LDPE 132i in Ref. 9. However,
the elongation-thickening region of axisymmetric elonga-
tional viscosity for LDPE 132i could not be captured in
Ref. 9. For LDPE1 and LDPE2, the axisymmetric and
planar elongational viscosities predicted by Cogswell’s
and Binding’s analyses (Egs. [-4) are also shown in Figs.
3,4, 7, and 8. In general, for LDPE1 and LDPE2 axisym-
metric and planar elongational viscosities predicted by the
Cogswell’s analysis are higher than the corresponding fi-
nite element based predictions from PELDOM. For the
two LDPEs, predictions from Binding analysis for axi-
symmetric elongational viscosity are in good agreement
with those from PELDOM, whereas for planar elonga-
tional viscosity the predictions are higher. Similar discrep-
ancy between the predictions from Cogswell’s and Bind-
ing’s analyses and those from PELDOM was also
observed for LDPE 132i in Ref. 9. For LDPE 132i in
Ref. 9, the elongational viscosities predicted by Cogs-
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FIG. 5. Axisymmetric entrance loss for LDPE2.
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FIG. 6. Planar entrance loss for LDPE2.

well’s analysis decreased almost linearly with elongation
rate on a log—log plot. However, in Figs. 3, 4, 7, and 8
the elongational viscosities for LDPE1 and LDPE2 pre-
dicted by Cogswell’s analysis have some scatter. In par-
ticular, axisymmetric elongational viscosity predicted by
Cogswell analysis first increases and then decreases as the
elongation rate is increased. This unexpected behavior of
elongational viscosity from Cogswell’s analysis may be
due to inaccuracy in the pressure measured at low flow
rates. As discussed in Ref. 7, two entrance loss data
points at higher flow rates are used in PELDOM to esti-
mate the values of the two power-law parameters (41, and
m) in the Sarkar—Gupta model. The same two points were
also used to estimate the elongational viscosity from the
Binding’s analysis. At the two different temperatures, the

v 1, Cogswell 200°C

10°} + n,, Cogswell 215°C
O n, Experimental 200°C
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10 : - « -
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FIG. 7. Axisymmetric elongational viscosity of LDPE2.
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FIG. 8. Planar elongational viscosity of LDPE2.

values of m predicted by Binding’s analysis were slightly
different. A similar difference was also found in the val-
ues of m predicted by PELDOM. Therefore, an average
value of m for each resin at the two temperatures was
used for the elongational viscosity given in this paper.
Also, the values of 1, 4, in the Sarkar-Gupta model and
that of B in the power-law model for the elongational vis-
cosity were averaged according to the time—temperature
superposition.

At higher flow rates the experimental entrance loss
data for LDPE1 and LDPE2 in Figs. 1, 2, 5, and 6 and
the corresponding predictions by the PELDOM software
including the elongational viscosity effects are in good
agreement. The discrepancy between the entrance loss
data at lower flow rates and the predictions from PEL-
DOM again raises doubts about the accuracy of the exper-
imental data at lower flow rates. Figures 1, 2, 5, and 6
also show the entrance loss data predicted by the Carreau
model without including the effect of the high elonga-
tional viscosity of LDPEs. When the effect of the high
elongational viscosity is ignored, for both LDPEs the pre-
dicted entrance loss is only about 20% of the experimen-
tal value for axisymmetric flow and about 10% of the ex-
perimental value for the planar flow. Similar errors were
obtained for LDPE 132i also in Ref. 9 when the effect of
high elongational viscosity was ignored in the simulation.

TABLE 4. Sarkar—Gupta model parameters for axisymmetric elongational
viscosity of the four polymers.

Material o Aa (8) Joa (S) m
LDPE1 29.0 8.22 x 1072 7.90 x 1073 0.62
LDPE2 72.3 481 x 107¢ 4.89 x 1077 0.47
PS1 0.00 1.44 x 10" 3.48 x 1077 0.67
PS2 0.00 3.77 x 10 1.48 x 1076 0.72
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TABLE 5. Sarka—Gupta model parameters for planar elongational
viscosity of the four polymers.

Material B Ata () Aoa (8) m
LDPE1 1.87 x 1072 531 x 107! 3.60 x 1072 0.70
LDPE2 2.10 x 1072 9.00 x 1076 496 x 1077 0.59
PS1 65.95 1.24 x 1077 229 x 1078 0.57
PS2 35.76 377 x 1078 3.53 x 107° 0.47

For estimation of axisymmetric elongational viscosity,
dies with different capillary lengths were used to estimate
the entrance loss with the only pressure transducer being
located in the reservoir. Therefore, it is difficult to com-
pare the predicted pressure distribution in the axisymmet-
ric entrance flow with the experimental data. However,
for the planar flow, three pressure transducers were
located in the slit die and one transducer was located in
the reservoir. For the two LDPEs the pressure recorded
from these four transducers and the corresponding predic-
tions in the planar entrance flow are shown in Fig. 9. For
both LDPEs, the pressure distributions in Fig. 9 are for
the flow rate of 2.88 x 10~7 m¥/s. To estimate the en-
trance loss, as shown in Fig. 9, the pressure drop in the
reservoir is neglected and a linear fit to the pressure data
in the slit is extrapolated until the slit entrance. For
LDPE1 as well as LDPE2 the predicted entrance loss
(AP.) including elongational viscosity effects is in good
agreement with the experimental data. However, for
LDPEI the predicted pressure is significantly higher than
the experimental data. The reason for the difference
between the prediction and the experimental data for
LDPEI is evident from the viscosity plots in Figs. 3 and
4. As mentioned earlier, the combined shear viscosity data

6 . :
_____ LDPE1 Without n_
——LDPE1 Withn
[ — o) .e )
~©- LDPE1 Experimental
............ - LDPE2 Without n
Al -—--LDPE2 Withn_
AP, ~&- | DPE2 Experimental

Pressure (MPa)

0 0.02 0.04 0.06 0.08 07'1)
Centerline Distance (m)

FIG. 9. Pressure distributions along the slit die for LDPE1 and LDPE2.

The slit entrance is located at centerline distance of zero, and AP, is the
entrance loss.
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FIG. 10. Axisymmetric entrance loss for PS1.

from capillary and slit rheometers was used to fit the Car-
reau model parameters. In Fig. 4, the viscosity from the
Carreau model is slightly higher than the viscosity data
from the slit rheometer. Since the shear viscosity from the
Carreau model is higher than the viscosity data from the
slit rheometer, as expected, the pressure in the slit die
predicted by the finite element simulation of the entrance
flow for LDPEI1 is higher than the corresponding experi-
mental data. Since the shear viscosity for LDPE2 from
the capillary and slit theometer in Figs. 7 and 8, respec-
tively, are in good agreement and match accurately with
Carreau model, the predicted pressure variation for
LDPE2 in Fig. 9 is in good agreement with the experi-
mental data. It should also be noted that in Fig. 9, for
LDPEI, as well as LDPE2, entrance loss predicted with-
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FIG. 11. Planar entrance loss for PS1.
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FIG. 12. Axisymmetric elongational viscosity of PSI.

out elongational viscosity effects is much smaller than the
entrance loss obtained in experimental data. Also, since
the flow in the slit die is purely shearing in nature, in Fig.
9, elongational viscosity has no effect on the predicted
pressure down stream of the abrupt contraction, that is, in
the slit die.

The entrance loss data and the estimated elongational
viscosity for PS1 and PS2 are shown in Figs. 10-17.
Again, the shear viscosity data at low shear rate is the
dynamic viscosity data from a parallel plate viscometer,
whereas the higher shear rate data in Figs. 12 and 13 is
from capillary and slit rheometers, respectively.

The planar elongational viscosities of PS1 and PS2 in
Figs. 13 and 17 show variation similar to that of the pla-
nar elongational viscosities of LDPEs in Figs. 4 and 8.
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FIG. 13. Planar elongational viscosity of PS1.
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FIG. 14. Axisymmetric entrance loss for PS2.

For the two polystyrenes, the values of various parameters
for the Sarkar—Gupta elongational viscosity model are
also given in Tables 4 and 5. The planar elongational vis-
cosities for the two polystyrenes also go through an elon-
gation-thickening region, which is followed by a decrease
in the elongational viscosity. Also, the planar elongational
viscosity of the two polystyrenes is higher than the axi-
symmetric elongational viscosity and the shear viscosity.
In contrast, the estimated axisymmetric elongational vis-
cosity of polystyrenes in Figs. 12 and 16 does not have
any elongational-thickening region. Unexpectedly, the axi-
symmetric elongational viscosities of polystyrenes at in-
termediate elongation rates (0.01-1 s 1) is below their
shear viscosities. The elongational viscosity of polysty-
rene predicted by the Cogswell’s analysis has similar
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FIG. 15. Planar entrance loss of PS2.
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FIG. 16. Axisymmetric elongational viscosity of PS2.

behavior as that of the LDPEs. The predictions from Cogs-
well’s analysis are higher than the corresponding predic-
tions from the PELDOM software. Also, at lower elonga-
tion rates, the axisymmetric elongational viscosity pre-
dicted by Cogswell’s analysis is unexpectedly lower than
the linear behavior at higher elongation rates. In Figs. 13
and 17, planar elongational viscosity predicted by Binding
analysis is also higher than the corresponding predictions
from PELDOM. However, the planar elongational viscos-
ity curves from the two analyses have similar slopes in the
power-law region. In contrast, for the axisymmetric flow
in Figs. 12 and 16, the slopes of the elongational viscosity
curves from the two analyses are quite different.

In Figs. 10, 11, 14, and 15, the entrance loss predicted
by the PELDOM software including the elongational vis-
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FIG. 17. Planar elongational viscosity of PS2.
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FIG. 18. Pressure distributions along the slit die for PS1 and PS2.

cosity effects is in good agreement with the experimental
data at higher flow rates. However, the agreement is not
as good at lower flow rates, particularly for the axisym-
metric flow data from the capillary rheometer. Since the
estimated planar elongational viscosity of the two poly-
styrenes at all elongational rates was higher than that for
the shear thinning fluids using the Carreau model (which
is four times the shear viscosity at all elongation rates),
the entrance loss predicted by PELDOM in Figs. 11 and
15 is higher than the corresponding predictions using Car-
reau model without including the effect of higher elonga-
tional viscosity. At intermediate elongation rates, the axi-
symmetric elongational viscosity of the two polystyrenes
predicted by PELDOM software was lower than that for
shear-thinning fluids using the Carreau model (which is
three times the shear viscosity at all elongation rates).
Therefore, at lower flow rates in Figs. 10 and 14, the en-
trance loss predicted by PELDOM software is lower than
that predicted by the Carreau model without elongational
viscosity effects. The entrance loss predicted by PEL-
DOM software in Figs. 10 and 14 is larger at higher flow
rates, because at higher elongational rates the axisymmet-
ric elongational viscosity predicted by PELDOM in Figs.
12 and 16 is larger than the elongational viscosity for
shear-thinning fluids using Carreau model.

For the two polystyrenes, Fig. 18 compares the pre-
dicted pressure distribution in the slit rheometer with the
corresponding experimental data. The pressure distribution
for PS1 and PS2 are for flow rates of 1.04 x 10’ and
417 x 1077 m’/s, respectively. As was observed for
LDPEs in Fig. 9, for the two polystyrenes in Fig. 18,
downstream of the abrupt contraction, the predicted pres-
sure in the slit die with elongational effects included in
the simulation is the same as the pressure without the
elongation viscosity effects. But, the entrance loss pre-
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dicted with the elongational viscosity effect included in
the simulation is in good agreement with the experimental
data, whereas without elongational viscosity effects, the
predicted entrance loss is much smaller than the experi-
mental value. Even though the predicted entrance loss
with elongational viscosity effects included in the simula-
tion matches well with the experimental data, the pressure
predicted is lower than the experimental value for both
polystyrenes. Again, the reason for this disagreement is
the difference in the shear viscosity from the Carreau
model and the viscosity measured from the slit die experi-
ments. In Figs. 13 and 17 for both polystyrenes, the vis-
cosity from the Carreau model is slightly lower than the
viscosity data from the slit rtheometer, resulting in the
lower pressure predictions in Fig. 18.

As discussed in Ref. 7, the elongational viscosities
reported here should be treated as estimates of resistance
to elongational deformation. Because of simplifications
involved in the flow simulation, for instance, no account
of the first and second normal stress differences, the esti-
mated elongational viscosity may be some what different
from the intrinsic elongational viscosity of the polymer.
However, because of various difficulties involved in direct
measurements of elongational viscosity at higher elonga-
tional rates, the current method is an excellent alternative
for elongational viscosity estimation. The elongational
viscosity estimations obtained here, even though approxi-
mate, are useful because they can be used to improve the
predications from simulations of more complex three-
dimensional flows. Such an example for the use of esti-
mated elongational viscosity to simulate a three-dimen-
sional flow was presented in Ref. 16, where the flow of
LDPE 132i in an extrusion die was simulated.

CONCLUSIONS

The planar and axisymmetric elongational viscosities
of two LDPEs and polystyrenes were estimated by mini-
mizing the difference between the entrance loss predicted
by a finite element simulation and the corresponding data
from slit and capillary rheometers, respectively. For each
of the four polymers, elongational viscosities were esti-
mated at two different temperatures. Planar elongational
viscosity of all four polymers exhibited an elongation-
thickening region, which was followed by an elongation-
thinning region. Similar variation was obtained in the
axisymmetric elongational viscosity of the two LDPEs.
However, the elongation-thickening behavior could not be
captured for the axisymmetric elongational viscosity of
the two polystyrenes. Unexpectedly, at intermediate elon-
gation rates, axisymmetric elongational viscosities of the
two polystyrenes were below their shear viscosity.
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