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Slip velocity is measured in straight-walled capillary
dies and semihyperbolically converging dies (SHCDs)
in three industrial polymer melts, with and without the
presence of a viscosity reducing stearic acid (SA) addi-
tive. Data taken in shear flow through capillary dies
indicated a substantial increase in the slip velocity
caused by the addition of the SA. Data taken in the
SHCDs showed much less of an increase in the slip ve-
locity of the polymer/additive system relevant to the
neat polymer. One possible explanation of this obser-
vation is that the magnitude of the slip velocity is
directly related to the degree of orientation within the
flowing polymeric material. POLYM. ENG. SCl., 47:159-
167, 2007. © 2007 Society of Plastics Engineers

INTRODUCTION

In fluid flow through a capillary, the “no-slip” bound-
ary condition at the walls is usually assumed. This condi-
tion implies complete adhesion of the fluid to solid boun-
daries. However, this assumption does not always hold
true. Many times, it has been observed that the fluid slips
at the wall, and has a nonvanishing velocity at the solid
interface. This often results in extrudate abnormalities,
such as sharkskin, stick-slip melt fracture, etc. [1-11]. It
has been observed that, in capillary flows, the no-slip con-
dition typically does not hold beyond a critical value of
shear stress [3].

Many researchers have tried to study the nature of slip
and the causes behind it. From the findings of Kalika and
Denn [3], in the study of capillary extrusion of linear
low-density polyethylene (LDPE), one can get a good
idea of transitions that occur between various flow
regimes. They report a stable flow region below a critical
value of the shear stress, where a smooth and regular
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extrudate is produced. At the critical stress, they observed
the onset of the sharkskin texture, after which the extru-
date showed high-frequency surface variations. At higher
stresses, the extrudate showed alternating regions of
smooth surface and sharkskin. At even higher stresses,
melt fracture was observed, which was indicated by a
grossly distorted extrudate. In all, there seems to be a
general agreement among researchers that the main cause
of slip and the resulting onset of surface irregularities in
the extrudate is the breakdown of the adhesion between
the polymer and metal interface [1, 3, 5, 6].

During extrusion, the extrudate abnormalities are first
observed when the volumetric flow rate exceeds a critical
value. As the flow rate increases, the amplitude of these
distortions also increases. These instabilities in the flow
give rise to extrudate surface defects, and hence the pro-
duction rates of commercially available products are lim-
ited to flow rates below the critical values. This is eco-
nomically taxing, and hence to improve the process, aids
are frequently used.

Processing aids help eliminate these flow instabilities, or
at least help delay their occurrence to higher flow rates.
Processing aids used typically include various types of addi-
tives or surface coatings. When used in low concentrations,
dispersed in the neat polymer, additives act as lubricants.
They reduce the apparent viscosities, and hence the reduced
values of pressures can be used in extrusion. Surface coat-
ings modify the melt-wall interactions and decrease the
shear stress required for a specific flow rate. They also pre-
vent the rupture of the polymer as it exits the die. Fluoro-
polymers, stearates, hydrocarbons, boron nitride, and car-
boxylic acids are examples of some additives that have
been the subject of active research in past years [12-24].

It is quite reasonable to speculate that the degree of
adhesion and stick at the walls in capillary flows is some-
how related to the degree of orientation induced in the
fluid as the material flows through the device. The higher
the shear rate, in principle, the higher the degree of orien-
tation of the chain molecules comprising the fluid. As the
molecules stretch out and orient in response to the forces
imparted by the flow field, their adhesive characteristics
can be altered dramatically, leading to the high strain-rate
anomalies mentioned earlier. Although this orientation
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effect seems very plausible, we know of no other experi-
mental studies that set out explicitly to investigate it.

In this article, we examine the effects of orientation on
the adhesive characteristics of several typical industrial
polymer melts through a comparison of experimental data
taken in both straight-walled capillary tubes and semi-
hyperbolically converging dies (SHCDs). This is accom-
plished by comparing stress data for each neat polymer
from both geometries with similar data taken for each
polymer with a viscosity-reducing additive. As discussed
below, for a given applied pressure drop, the degree of
orientation induced in the SHCDs is much greater than
that in the capillary dies. Hence, the degree of reduction
in the stress versus strain-rate curves can provide indica-
tions of the degree of adhesion of the neat polymer as a
function of orientation, as discussed below.

In the following section, we provide a brief overview
of the use of capillaries and SHCDs for determining vis-
cosities and slip velocities of polymeric materials.
Although this material is standard for capillary dies, for
the SHCDs, we have to develop some new approximate
equations to relate pressure drop to slip velocity. In Ex-
perimental Section, we present the details of the experi-
mental measurements, i.e., equipment, materials, etc. In
Results and Discussion Section, we present our experi-
mental results and discuss their implications in depth.
Summary offers our conclusions from this research.

VISCOSITIES AND SLIP VELOCITIES IN
CAPILLARIES AND SEMIHYPERBOLICALLY
CONVERGING DIES

Mooney’s Analysis for Capillary Flow

In 1931, Mooney [25] derived a methodology for quanti-
fying the slip velocity in straight-walled capillary tubes.
Although this analysis is standard and well-known, we pres-
ent it here in some detail since we will alter it in the next
subsection for the SHCDs; it is therefore instructive to con-
sider first the details of the simpler analysis for capillaries.

In capillary rheometry, the Hagen-Poiseuille law quan-
tifies the relationship between the fluid flow rate through
the tube, and the pressure drop over the tube length. This
expression is

nAPR*
8nL -’

0= ey
where Q is the volumetric flow rate, AP = Py — P; is the
pressure drop between the inlet (Py) and outlet (P;) pres-
sures, R is the tube radius, L is the tube length, and 7 is
the shear viscosity of the fluid. Note that this expression
only applies to a fluid with a constant viscosity (i.e., a
Newtonian fluid), and was derived under the no-slip
boundary condition. In a typical experiment of a Newto-
nian fluid, the flow rate is measured as a function of the
applied pressure drop, allowing calculation of the shear
viscosity from Eg. I as a function of pressure drop.
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In the case of a non-Newtonian fluid, the procedure for
calculating the viscosity from the flow rate versus AP
data is more complicated. The shear stress at the capillary
wall, g,.(R) = o, (for flow in the z direction with r as
the radial direction), is given by

_ APR ?)
GW - 2L Y

and the Weissenberg-Rabinowitsch equation allows calcu-
lation of the wall shear rate,

he= o (0 ) 3)

) w
02 doy nR3

with Q given by Eq. 10, below. The shear viscosity at the
wall is then calculated using the equation

nR) = - )

Tw

All of the above-mentioned standard equations of capil-
lary viscometry were developed using the no-slip velocity
condition, discussed in the introductory section of this arti-
cle. Mooney generalized these equations to allow for the
calculation of a nonvanishing fluid velocity at the fluid/wall
interface, i.e., the “slip velocity.” The shear stress at any
radial location within the capillary is given by

_ APr

Grz(i') = T (5)

For r = R, Eq. 2 ensues. Since the velocity in the z
direction, v,, is assumed to be a function of r only, it may
be calculated at any point within the tube through the

equation
v.(r) " dv.(r
/ dv. = / L,r)dr’. 6)
v-(R) g dr

The stress at any point in the tube is defined as

dv,(r)
dr ’

o,.(r) = —n(r) @)

so that Eg. 6 can be written as

R o (1 R Grs ! ,
v.(r) = v,(R) + / ;](E,)) dr' = vgip +/ 7’](5/)) dr'. (8)

Consequently, the velocity at any point can be written
using Egs. 2 and 5 as

RAPB  [® AP,
Vz(’) - 2L, +/] 2L7]("/)d’ ’ (9)
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where f is called the coefficient of slip at the wall
shear stress, o, defined through the relationship vy, =
Owp.

The rate of flow through the capillary can be calcu-
lated from Q = f(f 27nrv,(r)dr using Eq. 9. It can thus be
determined through integration by parts as the expression

Q_nAPR3/3 AP /R r
0

Note that when f# = 0 and 7 is constant, Eq. 10 reduces
to the Hagen-Poiseuille law, Eq. /. By inverting Eq. 5, the
independent variable in this equation can be switched from
r to a,. Thus, in view of Eq. 2, Eq. 10 becomes

R [™ ).
0 = R f} + ”—/ %= _gg,.. (11)
ad Jo n(o.:)

w

Dividing this expression by mR>, and then taking the de-
rivative with respect to 1 holding o, fixed, yields the

R
“Mooney equation,”

(%)

= O-wﬁ = Vdlip- (12)

With this expression, the slip velocity can be determined
as a function of wall shear stress by making measurements
of the same test fluid in capillaries of varying radius.

Analysis of the Slip Velocity in Semihyperbolically
Converging Dies

The semihyperbolically converging die is a tube with a
radius that changes as a function of axial distance [26, 27]:

C
RE) =\ (13)

where the constants B and C are determined by

R2
B=L_¢ C=L
RG —R?

R3R:
R} — R’

(14)

in terms of the entrance, R(0) = R, and exit, R(L) = R.,
radii of the die. According to Eq. 13, the radius of the
tube is much greater at the entrance to the die than at the
exit, and there is a hyperbolic relationship of radius
between the entrance and exit of the die. Ry and R, can
be chosen such that dies with integer values of the
Hencky strain, ¢,, can be manufactured [26, 27]; in our
experiments, we used SHCDs possessing Hencky values
of 4, 5, 6, and 7. In terms of the design parameters, the
Hencky value of a specific die is determined by the rela-
tionship &, = ln[R(z)/Rz] [28].
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In the SHCD, the flow field is much more complicated
than for the straight-walled capillary tube. In this case, not
only are shear effects present, but the primary kinematics
within the die are those of uniaxial elongational flow.
Thus, there is typically a mixture of both types of flow
within the die. In the case of full-slip conditions (no adhe-
sion between the fluid and the die wall), Feigl et al. [28]
showed that the kinematics within the die were virtually
indistinguishable from those of purely uniaxial elongational
flow. However, for no-slip conditions, there is a substantial
boundary layer near to the wall in which shear effects play
a dominant role in the local fluid kinematics [28]. This
boundary layer is rather thin in general, and decreases in
magnitude and thickness for varying degrees of slip at the
wall. In the SHCD, the average strain rate (see below for
the definition of this quantity) is much lower than in the
capillary die; however, the degree of orientation induced
within the test fluid is much greater because of the substan-
tial contribution of the elongational kinematics.

Unless the longest relaxation time of the test fluid is
less than the residence time of a fluid element with the
SHCD, the fluid will not achieve steady state in a Lagran-
gian sense, although the pressure drop measured for a
given flow rate will achieve a steady-state value. Conse-
quently, a true elongational viscosity of the test fluid can-
not be obtained in this fashion; however, an “effective
elongational viscosity,” 7., can be determined. This effec-
tive viscosity is defined as [26, 27]

AP

= s)
&€y

Me

where ¢ is the effective strain rate in the SHCD, expressed
by [28]

&= RL (exp(en) — 1). (16)

According to Ref. 28, when the fluid experiences full-slip
conditions at the wall, all streamlines have this value of
strain rate, which is independent of axial position. For no-
slip conditions, and those in between these two extremes,
Eq. 16 still quantifies the average strain rate within the
die [28].

Now, we wish to extend the Mooney analysis for capil-
lary tubes to the SHCDs; however, this becomes much
more difficult because of the strong presence of exten-
sional characteristics in the flow kinematics. For no-slip
boundary conditions, the shear effects in these dies are
small and limited to a boundary region near the wall [28].
As the degree of slip increases, the shear region is con-
fined closer to the wall, until it eventually disappears
completely for full-slip boundary conditions. Performing a
similar derivation to the Mooney analysis for capillaries
is very difficult for the SHCD under general conditions.
This would involve numerical integration of the partial
differential equations for the momentum equation, coupled
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with a constitutive model for the fluid under investigation.
Although such a detailed simulation might be warranted for
future work, in the meantime, we need some approximate
method by which we can judge whether or not our gross
hypothesis is correct. In other words, we want to make
some limiting assumptions, whereby we can derive an ap-
proximate version of the Mooney equation to judge if the
SHCD does really indicate a direct relationship between
degree of induced orientation and slip at the die wall.

The assumption that we are going to make to simplify
the analysis is as follows. We are going to assume a pri-
ori that a fair degree of slip is occurring within the
SHCD. According to the results of Feigl et al. [28], the
shear effects are then all contained within a very thin
boundary layer near the die wall. As such, the bulk of the
fluid within the die is experiencing purely uniaxial elon-
gational flow. Hence, the pressure drop measured by the
die is almost entirely because of the elongational kinemat-
ics. Whether or not this assumption is valid can be indi-
rectly tested experimentally by comparing measured pres-
sure drops in the dies for neat polymers with those for the
same polymers mixed with viscosity reducing additives.
These experiments have been carried out, as described
below, and seem to indicate that this assumption is rea-
sonably valid.

On the basis of our assumption, the bulk fluid within
the SHCD will follow the stream function, ¥, imposed
by the shape of the die. Therefore, we can set [28]

72

z
P=__" 17
7 A7)
which implies that
2
dV = —rz dr — 5dz. (18)
Along any particular streamline, d¥ =0, so that

dr = —5-dz.

In the SHCD, the z-component of the velocity field is
a function of both r and z. Consequently, in view of Egq.
18 and the definitions j = % and & = %, the differential

of the velocity component in the z-direction is
2
dv, =9 dr — . (19)
r

Note that the shear stress 1is still defined by
0,.(r,z) = —n(r,z)y(r,z), and that ¢ is a constant under
our original assumption. Therefore, at any location within
the die, v, is given by the integral expression

o, (r',z)
n(r'sz)

R .
vo(r,z) = vgip(2) +/ dr' — 2z lnI%. (20)

This equation should be valid near to the wall of the die
under our primary assumption. As before, vg;, can be
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expressed as Vy;, = 0y (z) f§, where o, is the shear stress
at the wall.

Since the radius of the die changes axially, the volu-
metric flow rate divided by nR> Q = % in the die is
also a function of z. The expression for the flow rate is
given by

N 1

R
0(z) = w/{) 2nrv,(r,z)dr, 21

so that the substitution of Eg. 20 into this expression

yields
o) _ 1 2 K . RO',.Z(F/,Z) /
0(z2) = {nR Gw(z)ﬁ+2n/0 r [/ dr' | dr
R,
- 47'CéZ/ rlndr}. (22)
0 R

n(r',z)

Performing the integrations over r in this expression, we
obtain

2 02(7,2)

n(r,z)

In the shear layer near the wall, the shear stress is still
proportional to r, as in the Mooney analysis, so that
changing variables from r to o, yields

1 R
0(z) =5 [nRzaw(z)ﬁ—l—n/o r

dr+nezR2} (23)

~

1 R [T 0.
=— |1R?04f + — —"= _do,. + mizR?|.
0(z2) e [n owf+— /0 0 0., + Tz ]

w Oz Z)

(24)

Finally, moving the last term on the right side over to the
left side, and differentiating with respect to ,1,7, gives

W =owf = Vlip- (25)

2,0y

Equation 25 is the SHCD equivalent of the Mooney
equation for a straight-walled capillary; however, it is
very important to keep in mind the assumption under
which it was derived. The Mooney equation is universally
valid, whereas Eq. 25 is only correct if the assumptions
leading to it are valid. Consequently, the fluid within the
die has to experience a large degree of slip for the pre-
ceding analysis to quantify even approximately the slip
velocity of the fluid.

EXPERIMENTAL

We conducted experiments using three typical, indus-
trially important polymers, ASTM D1238 polypropylene
(PP), low-density polyethylene (LDPE), and high-density
polyethylene (HDPE), both obtained from ExxonMobil.
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The melt indices of these polymers were 2.4, 0.75, and
0.24 g/min, and the densities at ambient conditions were
0.90, 0.915, and 0.964 g/ml.

As an additive to the neat polymers, we used commer-
cially available stearic acid (SA), obtained from Fisher
Scientific. The molecular weight of the SA was 284.49 g/
mol, and its melting and boiling points at 1 atm. were
reported as 68 and 361°C, respectively. This compound
was chosen as the additive because it is known to act as a
lubricant when combined with typical industrial polymers
[12]. In our initial experiments, various weight percen-
tages of SA were added to the neat polymers (1, 2, and
5%). These results are discussed below. After the prelimi-
nary analysis was completed, we used 2% mixtures to
perform experiments to quantify the degree of slip at the
die wall. The SA was added to the neat polymer using a
twin-screw extruder at 200°C. The extrudate was then pel-
letized using an in-line pelletizer. All of the experiments
were conducted at 220°C.

Stress measurements were performed using the Ad-
vanced Capillary Extrusion Rheometer (ACER) and the
Advanced Rheometric Expansion System (ARES), manu-
factured by Rheometric Scientific™. ACER can be fitted
with either the straight-walled capillary tubes or the
SHCDs. All dies were manufactured from the same mate-
rial (stainless steel), and were 25 mm in length. For
imposed values of the flow rate, the pressure drop over
the length of the die is measured via transducer. ARES, a
rotational viscometer, was used with a cone-and-plate ge-
ometry. For imposed values of rotation of the plate, a
transducer measures the torque applied by the test fluid to
the cone. ARES was used to measure the shear viscosities
of the samples at low shear rates. ACER was used to
measure the shear viscosities at high shear rates, and also
the apparent elongational viscosities of the samples using
the SHCDs. Steady shear viscosity data were obtained
over a broad range of shear rates (0.01-10,000 sfl).
Apparent elongational viscosity data was obtained with
SHCDs of applied Hencky strain values 4, 5, 6, and 7

over effective elongation rates of roughly 1-1000 s .

RESULTS AND DISCUSSION

Determination of Lubricant Concentration for
Experimental Measurements

The three polymers examined in this work were char-
acterized using ARES to determine the extent of reduction
in the shear stress values due to the additive. Three differ-
ent weight percentages of SA, 1, 2, and 5%, were tested.
Steady shear-rate sweeps were performed on all samples
using the cone-and-plate geometry at 220°C.

In Figure 1, shear stress versus shear rate is plotted for
neat PP and the polymer including three concentrations of
SA. We observed a reduction in the apparent shear stress
in all samples that contained SA. For PP +1% SA, the
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extent of reduction averages about 30% over the whole
range of shear rates examined herein. The extent of
reduction increases for the 2% sample to an average of
40%, but increasing the additive to 5% seems to have no
further effect on viscosity reduction. Presumably, once
the lubricant has completely coated the walls of the mea-
suring instrument, no further increase in additive concen-
tration will drastically alter the viscous properties of the
neat polymer. (Of course, this explanation is under inves-
tigation herein. The action of the additive may be thermo-
dynamic, as opposed to kinetic. If the additive induces
greater flexibility in the polymer chain architecture, its
action would be to lower viscous effects because of the
conformational rearrangements in the neat polymer. Such
an effect would probably be mitigated at increased addi-
tive concentrations.)

Figure 1 also presents similar data for HDPE, with and
without the additive. Again, there seems to be an upper
limit of concentration, this time at 1% SA, after which no
further viscosity reduction is evident. For 1% SA, the
shear stress reduction averaged about 27%, whereas for
2% SA, the average was 28%. The LDPE showed similar
results to HDPE. Consequently, in the ensuing experi-
ments, we used only one concentration of SA, 2%, since
the maximum viscosity reduction occurred for all three
neat polymers at this percentage.

Steady-State Shear Flow in Capillary Dies

Experiments with ACER for the three neat polymers
and the polymer plus 2% SA were carried out using six
capillary dies with different diameters: 0.9, 1.0, 1.25, 1.5,
1.75, and 2.0 mm. All experiments were conducted at
220°C. Figures 2 and 3 show sample results for the effect
of the SA additive on the shear stress of the three poly-
mers at higher shear rates than those obtained using
ARES, which were displayed in Figure 1. For all three

10000
g .
1000 E il
g 20 et
8 . !
2 100 4 B =1
i o .
5 g *
2 L] ® PP
£ ¥ B PP + 1%SA
. ® PP +2%3A
10 : A PP+ 5%SA
i o HDPE
OHDPE + 1%SA
[ & HDPE + 2%SA
; . : . . I
0.001 0. 0.1 1 10 100

Shear rate (s1)

FIG. 1. Effects of the stearic acid additive on the shear stress of PP
and HDPE in steady shear flow using a cone-and-plate geometry.
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FIG. 2. Shear stress versus apparent shear rate for PP and PP +2% SA

in a capillary die of diameter 0.9 mm, and the same for HDPE and
HDPE +2% SA in a capillary die of diameter 1.25 mm.

polymers and for all sizes of die diameter, the degree of
stress reduction is largest in the low shear rate regime,
ranging from 15-30%, and roughly 5% for very high
shear rates where the polymer experiences a high degree
of shear thinning. This lends credence to the notion that
the viscosity reducing action of the additive is to allow
for greater chain flexibility in intramolecular conforma-
tional rearrangements of the individual polymer structures.
It is well known that the degree of shear thinning is deter-
mined by the conformational and orientational state of the
flowing polymer chains: at higher shear rates, the chain
are more stretched and oriented toward the direction of
flow, thereby mitigating to some degree the increased
shear force within the fluid. Consequently, as the mole-
cules become more fully extended, the additive effects

1.E+06
4
o**
L
© 1.E+05
g o
2 $
2 '
» 38
5 $
@
& 1-E+04 o
* D =0.9mm
®
*
e LDPE
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1.E+03 + t t t 1
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05
Shear rate (s™)
FIG. 3. Shear stress versus apparent shear rate for LDPE and LDPE

+2% SA in a capillary die of diameter 0.9 mm.
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FIG. 4. Shear stress versus apparent shear rate in capillaries of various
diameters for HDPE +2% SA.

are also mitigated. Hence the SA has minimal, if any,
impact on the measured viscosities at very high shear
rates.

Figure 4 displays typical shear stress data as a function
of capillary diameter, in this case for HDPE with 2% SA.
This data allows us to calculate the slip velocity of the
fluid within the dies as a function of wall shear stress, as
described earlier. As one would expect, the stresses mea-
sured in different dies are much less spread out for the
HDPE +2% SA melt than with the neat polymer (not
shown), since the slip velocity is greater for the samples
with the additive.

To perform the Mooney analysis, we need to use the
data from the measurements of the sort displayed in Fig-
ure 5 at specified values of the wall shear stress. Hence,
the data from the six capillary dies of varying diameter
are collected at wall shear stress values of 0.01, 0.02,
0.03, 0.05, 0.07, 0.1, and 0.15 MPa. Thus plots of % VS.

900
[ e 0.01MPa y=12733x+539.07 m
800 [f -
700 x 0.02 MPa L —u
_ 4 003MPa | # ™
" 800 B o 005MPa
2 500
E y=57532x + 277.16 .
» 400 ——
E — R
S 300
=4.0641 103.12
200 | Y e
[ —h — A
) = 2.3507x + 63542 &= 4 —4 e
100 [ e
Ly = 0.5974x + 26.253 ¢ —
o B e e
0 5 10 15 20 25
1R (cm™)

FIG. 5. Plot of apparent shear rate versus reciprocal radius of capillary
die at various constant values of the wall shear stress for PP +2% SA.
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FIG. 6. Slip velocity versus shear stress for all three polymers, with
and without additive.

El at constant wall stress values will yield the slip veloc-
ities that we seek. In the sample plot for PP +2% SA of

Figure 5, the apparent shear rate, % is plotted versus +

for various shear stress values, so that the value of thg
slip velocity is equal to the slope of these curves divided
by four.

The results of the Mooney analysis for the three poly-
mers under investigation are presented in Figure 6. In all
three cases, for the neat polymers the slip velocities are
relatively small. For low values of the wall stress, the slip
velocities are practically zero, but for high stress values,
well into the shear-thinning regime, small but finite slip
velocities are obtained, indicating the possibility that the
degree of slip at the capillary wall is somehow correlated
with the conformation rearrangements and orientation de-
velopment of the constituent chains imposed by the flow
field. However, in all three cases, even at the highest
shear rates examined, there appeared to be little slip at
the wall.

All three polymers, when combined with additives, dis-
played significant slip velocities relative to the neat poly-
mers, and this effect became more pronounced with
increasing shear stress. For all three of the polymer sam-
ples, the ratios of the slip velocities of the neat polymers
to polymers plus additive were generally constant, within
experimental error, over the entire range of shear stress
values. The average values of this ratio taken over all val-
ues of shear stress were 0.073 for PP, 0.185 for HDPE,
and 0.150 for LDPE. The magnitudes of these ratios pro-
vide quantitative comparative measures for the amount of
slip enhancement experienced by the particular polymer
in the capillary dies, i.e., the smaller this ratio, the greater
the degree of viscosity reduction and slip enhancement
within the dies.

Flow in Semihyperbolically Converging Dies
Experiments with ACER for the three neat polymers

and the polymer plus 2% SA were carried out using four
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FIG. 7. Effective elongational stress versus strain rate for HDPE and
HDPE +2% SA in SHCDs of Hencky values 4, 5, 6, and 7.

SHCDs with nominal Hencky strain values of 4, 5, 6, and
7. All experiments were conducted at 220°C. Figures 7 and
8 display results for the effect of the SA additive on the
apparent elongational viscosity of HDPE and LDPE, with
and without additive. (We display only the Hencky values
6 and 7 for LDPE, for conciseness. The data for PP are
very similar to that of LDPE, and are also not presented.)
For all three polymers, and for all values of Hencky die,
the degree of effective stress reduction because of the addi-
tive is relatively insensitive to the applied strain rate. Also,
the degree of stress reduction is relatively weak, when
compared with the shear viscosity data measured in the
capillary tubes. The typical range of viscosity reduction is
0-10%. We hypothesize that these observations are
because of the enhancement of orientational effects that
occur within the SHCDs relative to the capillary dies.
Since the SHCDs impose a strong elongational component
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FIG. 8. Effective elongational stress versus strain rate for LDPE and
LDPE +2% SA in SHCDs of Hencky values 6 and 7.
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FIG. 9. Slip velocity versus applied stress for (a) HDPE and (b) PP
with and without 2% stearic acid additive in SHCDs.

to the flow kinematics, it is very likely that the polymer
orientation within these dies is much greater than in the
straight-walled capillary tubes. As the samples are highly
oriented by the kinematics in the SHCDs even in the ab-
sence of the SA, the presence of this additive cannot have
as large an impact on the orientational properties of the
polymers as it does in purely shear flow.

Note that in all three cases, the degree of stress reduc-
tion decreases as the Hencky value of the die increases
(although this effect cannot be discerned well from the
logarithmic plots presented herein) for all values of strain
rates. For the HDPE data presented in Figure 7, the effect
of the additive is essentially completely insignificant al-
ready for a SHCD of Hencky value 6. For the LDPE data,
the viscosity reduction is still evident at Hencky 7,
although it has been substantially reduced relative to the
other SHCDs of lesser Hencky values. Because of the
elongational character of the kinematics in these dies, it is
apparent that a high degree of orientation is induced in
the polymer samples as they flow through the dies. As the
Hencky value of the die increases, the degree of orienta-
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tion will increase as well. Hence, once again, we observe
direct experimental evidence from Figures 7 and 8 that
the enhanced orientation of the polymer samples mitigates
the effect of the additive, i.e., the additive does not alter
the orientational state of the polymer chains to as signifi-
cant of a degree since the chains are already strongly ori-
ented even in the absence of the additive.

The modified Mooney analysis discussed in Analysis
of the Slip Velocity in Semihyperbolically Converging
Dies Section was applied to the data presented earlier to
calculate an effective sli]p velocity at the die exit (z = 25

mm). Plots of nRg =] vs. 11e’ similar to those of Figure
5, were constructed for various specific values of the
measured fluid stress. Again, evaluation of the slopes of
the resulting curves allowed calculation of the presumed
slip velocity of the fluid at the die exit.

Figure 9 displays plots of slip velocity versus effective
stress 'Sﬁp for HDPE and PP, with and without the addi-
tive. (The plot of LDPE was similar to that of PP, and is
not presented for conciseness. It is assumed that the wall
shear stress is proportional to the effective stress, but in
this approximate analysis, there is no way to determine
accurately the exact value of the wall stress.) In all three
cases, the slip velocity of the neat polymers was signifi-
cant on an absolute basis, even at low strain rates, indicat-
ing that pronounced slip occurs within these dies even
without the additive. This is in contrast to the capillary
dies, wherein the neat polymers did not experience much
die slip at all. This effect is amplified by the fact that the
effective strain rates applied in the SHCDs are two orders
of magnitude lower than in the capillary dies-compare the
abscissas of Figures 7 and 2. Since, we fully expect a
much greater degree of orientation to occur in the SHCDs
relative to the straight-walled tubes, this seems to imply a
direct relationship between the degree of orientation and
the magnitude of the slip velocity.

Figure 9 also indicates that the degree of slip enhance-
ment experienced within these dies because of the pres-
ence of the additive is relatively small when compared
with that which occurs within the capillaries. Again, the
enhancement of the chain mobility because of the additive
has a lesser effect once the chains are more fully
stretched and oriented. This results in only a relatively
modest increase in the slip velocities for the polymers
with additive in the SHCDs, as opposed to the case for
the straight-walled tubes. Again, the linear scale on the
ordinates in Figure 9 hides the fact that the additive
seems to have a greater effect at low stress values,
although this effect is hard to quantify because of the ex-
perimental error at low strain rate values.

By calculating an average value for the ratio of the slip
velocities of the neat polymers relative to the slip veloc-
ities of the polymers plus additive, one obtains the values
0.871 for HDPE, 0.610 for PP, and 0.638 for LDPE.
These values are compared with the similar averages from
the capillary dies of 0.185 for HDPE, 0.073 for PP, and
0.150 for LDPE. In all cases, the value of this ratio is
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much greater for the same polymer in the SHCDs than in
the straight-walled capillaries, even though the effectively
applied strain rate is much lower in the SHCDs. (Recall
that the value for this ratio is fairly independent of the
stress value in both the capillary and SHCDs.) This again
lends credence to the hypothesis that the degree of orien-
tation induced in the flowing polymer is directly related
to the degree of slip occurring within the material.

SUMMARY

Experiments were conducted to measure the stress
reduction occurring after adding SA to three different poly-
mer samples, in both straight-walled capillary tubes and
SHCDs. This stress reduction was much more severe in the
capillaries, presumably because the neat polymer experi-
enced a greater degree of slip in the SHCDs relative to the
straight-walled tubes. Slip velocities for the samples were
calculated from the experimental data, with and without
additive. These showed that the increase in slip velocity
because of the action of the additive was much less in the
SHCDs than in the capillaries. It was hypothesized that the
degree of wall slip was related to the orientational state
within the fluid, and that the SHCDs produced a greater
degree of orientation than the pure shear flow generated in
the capillary dies. Furthermore, a very thin boundary layer
of shear flow near to the wall could produce a high degree
of orientation therein, even for a relatively low flow rate:
shear rate is inversely proportional to the channel width, so
a thin boundary layer would produce a relatively high
shear rate. For example, for a nominal elongational strain
rate of 1 s~', the shear rate in the boundary layer could be
several orders of magnitude larger, depending on the exact
width of the boundary layer.
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