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ABSTRACT: The end effect of a capillary die was investi-
gated on concentrated suspensions with different particle
concentrations, using dies with different diameters and at
different temperatures. Nonlinearity in the Bagley plots was
observed experimentally, and the nonlinearity increased
with increasing particle concentration, decreasing tempera-
ture, and smaller capillary dies. Calculated end pressures
based on the nonlinear Bagley plots were compared with
those measured using an orifice die. As the extruded melts
tended to stick on the exit wall of the capillary die, meas-
urements by orifice die registered (40–50%) higher losses

than those obtained from Bagley corrections. The key fac-
tors, which include particle concentration, contraction ratio,
temperature, and flow rate, were discussed for their effects
on end pressure. A formula was proposed combining the
effects of these factors. Good agreement was obtained
between the calculated end pressures with predicted results
by the proposed formula. VVC 2009 Wiley Periodicals, Inc. J Appl
Polym Sci 114: 1738–1745, 2009
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INTRODUCTION

In capillary rheometry, there is a large pressure
drop associated with the flow in the entrance and
exit regions. These two pressure losses are collec-
tively known as the end pressure,1 DPe. Its determi-
nation is important for the proper evaluation of the
true wall shear stress and shear viscosity. DPe has
also been used for estimation of extensional viscos-
ity.2–4 Zirnsak et al.5 gave a good review of the
theories related to suspension, and their ability to
predict the steady shear and extensional viscosities,
as well as the first normal stresses observed in dilute
and semiconcentrated solutions.

Entrance loss plays a major role in the end pres-
sure. Thus, some researchers ignored the effect of
exit loss and assumed that the total pressure loss to
be the entrance loss.6,7 However, the total pressure
loss determined (either by Bagley correction or
measured directly by orifice die) should be consid-
ered as the sum of entrance and exit losses.8,9 En-
trance loss is dependent on the ratio of capillary
diameter to barrel diameter (D/Dbarrel) and
decreases with increasing ratio. If the ratio reaches
unity, there is no entrance loss.

A Bagley plot is a graph showing capillary pressure
drop versus the die length to radius (L/R) ratio, with
apparent wall shear rate as a parameter. The end
pressure is obtained by extrapolating to L/R ¼ 0. For
Newtonian fluids at low Reynolds numbers, exit loss
should be zero and the entrance loss should be very
small. Thus, the end pressure drop is thought to
reflect the elasticity of the melt.10 However, for non-
Newtonian polymeric melts, the interpretation of the
end pressure is complicated by the dependence of vis-
cosity on pressure, viscous heating, and/or wall slip.
If all these factors are negligible, the Bagley plot is
expected to be linear. If the viscosity is dependent on
pressure, the Bagley plot exhibits an upward curva-
ture.11 The deviation from linearity in the Bagley plot
could have its origin in viscous heating and/or wall
slip. Wall slip reduces the shear rate. With slip veloc-
ity decreases with hydraulic pressure, the shear rate
will depend on the axial position in the channel. This
will result in a concave Bagley plot.12

For a concentrated suspension with particles dis-
persed in a polymeric melt, particle migration is a
potentially important parameter to be considered but
hitherto received little attention. The nonuniform ve-
locity gradient, and thus shear rate, in a capillary flow
results in particles migrating from regions of high
shear to regions of low shear.8,13,14 Thus a homogene-
ous suspension becomes inhomogeneous as it flows
down the capillary, with particle migrating away from
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the wall to the center of the capillary. The effect of par-
ticle migration increases with increasing ratio of die
length to die radius, resulting in a convex Bagley plot.

Orifice die is an alternative to Bagley correction
for the determination of DPe. With minimum die
length, it has the potential to avoid errors due to the
pressure dependency of viscosity, viscous heating,
and wall slip. The important parameters of an orifice
die for the measurement of DPe include the L/R of
the orifice, the entrance angle, and the contraction
ratio (barrel diameter over orifice diameter). Kelly et
al.15 found that if the land, L, is not longer than 0.5
mm, it has little effect on the experimental result.

However, there have been reports of discrepancies
between the end pressure determined by an orifice
die and by Bagley plot. Padmanabhan16 found that
DPe from Bagley plots are higher than those meas-
ured using an orifice die for the material IUPAC-X.
In contrast, Rides et al.17 reported that DPe measured
by an orifice die was about 10% higher than those
determined by Bagley plot for the polymer HDPE.

The diameter in the orifice exit section is an im-
portant parameter as it affects the flow of the
extruded melt.7 If the melt is stuck in the expansion
region, it would result in a higher measured DPe

than what should be the true value.
While it is clear that the end pressure is related to

many parameters, there are few in-depth studies on
their effects, and their mutual interactions. A notable
exception is the work by Jastrzebski,6 who proposed
a formula correlating end pressure with flow rate
and die diameter. However, the effect of tempera-
ture has not been considered, and there is a lack of
experimental verification. These will be the focus of
this investigation.

EXPERIMENTAL

Materials

The model materials employed are pure polymer eth-
ylene vinyl acetate 460 (EVA460), with density of 941
kg/m3, and concentrated suspensions consisting of
EVA460 mixed with spherical glass microspheres with
sizes ranging from 53 to 63 lm. The density of glass
beads is 2500 kg/m3. Polymer EVA460 was manufac-
tured by Dupont (USA) under the trade name ELVAX.
EVA is a copolymer of ethylene and vinyl acetate
(VA); EVA460 contains 18% VA by weight with melt
index of 2.5 and melting point of 88�C. Glass powder
is manufactured by MO-SCI Corp. (USA). The soda-
lime glass contains more than 60% silicon, with a mini-
mum of 90% true spheres in the specified size range.

Equipment

A capillary rheometer (Göttfert Capillary Rheograph
6000) with a continuously variable piston speed was

used in this work. A standard barrel with diameter
of 12 mm and a length of 200 mm was employed.
Capillary dies with diameter of 0.5, 1, and 2 mm
were used in the Bagley correction, with the ratio
(L/D) ranging from 5 to 80. An orifice die with di-
ameter of 1 mm and die length of 0.5 mm was also
employed (Fig. 1).

RESULTS AND DISCUSSIONS

In the characterization of the flow behavior of con-
centrated suspension by capillary rheometry, the
important factors, which include buoyancy effect,
pressure-dependent viscosity, viscous heating, parti-
cle migration, and wall slip, should be discussed as
they may be dominant in some cases and thus affect
the measured pressure.

Buoyancy effect

In addition to the diffusive effect of particles, buoy-
ancy forces could also affect particle migration when
the particle density differs significantly from that
of the suspending fluid. The effect of buoyant
forces can be evaluated by the buoyant number as
follows18:

NB ¼ 2ðqp � qbÞgR2

9gU
(1)

where qp is the density of the particles, qb is the den-
sity of the fluid, e.g., a polymer melt, g is the acceler-
ation due to gravity, R is the radius of the pipe, g is
the viscosity, and U is the average axial velocity.
Carpen and Brady19 found that as the density

difference between the particles and the suspending
fluid increases, instability becomes more pronounced.
However, the effect of buoyancy of particles on

particle flux can be neglected in this study because
of the high viscosity of EVA employed and the small
difference of density between the polymer matrix

Figure 1 Sketch of a capillary orifice die.
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and the glass particles in the investigation, where
the buoyant number NB is less than 0.01.20

Pressure-dependent viscosity

Pressure-dependent viscosity can be determined ei-
ther from the nonlinearity in a Bagley plot or from
the pressure profile generated during flow in a slit
geometry.21–24

Figure 2 shows the Bagley plot of pure EVA460 at
180�C. The experiments were repeated three times at
the same conditions. The error bars indicate that the
repeatability of the measurements was good, with
less than 4% difference between the experiments at
the same conditions. A good repeatability of EVA-
silica suspensions at different conditions implied
that it is a stable system.

The curves in this figure show good linearity,
indicating pressure-dependent viscosity negligible.
Compared with the case of pure binder, the effect of
pressure-dependent viscosity should be lower for
concentrated suspension as rigid particles suspended

in the polymer system reduce the compressibility.20

Therefore, the nonlinearity in the Bagley plot of con-
centrated suspension can only be attributed to other
effects.

Nonlinear Bagley plot

As the effects of buoyancy effect and pressure-
dependent viscosity are negligible, the flow of con-
centrated suspension in this investigation will be
mainly controlled by particle migration, wall slip,
and viscous heating. The effect of viscous heating is
related to shear rate. In this study, the shear rate
was set in a relatively low range of 0–750 s�1, where
the viscous heating effect can be ignored,20 and thus
the fluid can be regarded to be in an isothermal
condition.
Therefore, particle migration and wall slip are two

important issues remaining in our study of the sus-
pension rheology. Both of them affect pressure, but
in a different way. As presented in our previous
work,20 a Bagley plot will become convex with parti-
cle migration, and in contrast, it will become con-
cave with wall slip.
Figures 3–5 show examples of Bagley plots for

suspensions with the same particle concentration of

Figure 2 Bagley plot of pure EVA460 at 180�C for 1 mm
die diameter (Q, cm3/s).

Figure 4 Bagley plot for concentrated suspension with /
¼ 40% for 1 mm die diameter at 180�C (Q, cm3/s).

Figure 3 Bagley plot for concentrated suspension with /
¼ 40% for 0.5 mm die diameter at 180�C (Q, cm3/s).

Figure 5 Bagley plot for concentrated suspension with /
¼ 40% for 2 mm die diameter at 180�C (Q, cm3/s).
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40% by volume, but for different die diameters at
180�C. All experiments were conducted at least three
times. The repeatability of the data was indicated by
the small error bars in the figures. The nonlinearity
in the Bagley plot increases with decreasing capillary
diameter and also with flow rate significantly.

In addition to die diameter, the curves in the Bag-
ley plot are also affected by particle concentration
and temperature. Figures 4 and 6 show the effect of
particle concentrations of 40 and 45%, respectively.
Figures 4 and 7 show the effect of temperature at
180 and 160�C, respectively. The results in these
figures indicate that the nonlinearity of the curves
increases with increasing particle concentration and/
or with decreasing temperature.

The shear-induced particle migration is greater for
smaller capillaries, higher shear rate, and higher par-
ticle concentration. However, it also causes larger
slip along the wall because of the formation of a
thin, dilute layer near the wall with low viscosity.
The concave nonlinearity in the Bagley plots implied
that the effect of wall slip is larger than that of parti-
cle migration.

Determination of end pressure

For pure EVA460, linear prediction can be employed
to estimate the end pressure. However, for concen-
trated suspension, the end pressures would not be
predicted well using linear prediction because of the
nonlinearity in the Bagley plots (other than 2 mm di-
ameter die). Instead, the end pressure can be deter-
mined by correcting for pressure associated with the
end effects in a Bagley plot using a second order
polynomial8:

DP ¼ aðL=RÞ2 þ bðL=RÞ þ DPe (2)

where DP is the total measured pressure, a and b
are constants related to the flow rate, particle con-
centration, and temperature; DPe is the end
pressure.
DPe, a, and b in eq. (2) can be determined by poly-

nomial curve fitting. Table I lists the fitting results at
the same temperature but with different particle con-
centrations. It is observed that with increasing parti-
cle concentration, both the constants and the end
pressure increase. Table II shows the results of end
pressures with the same particle concentration of

Figure 7 Bagley plot for concentrated suspension with /
¼ 40% for 1 mm die diameter at 160�C (Q, cm3/s).Figure 6 Bagley plot for concentrated suspension with /

¼ 45% for 1 mm die diameter at 180�C (Q, cm3/s).

TABLE I
Fitted Results of End Pressure at 180�C with Different Particle Concentrations for 1 mm Die Diameter

Q (cm3/s)

Fitted results at same temperature

35% 40% 45%

a (MPa) b (MPa) DPe (MPa) a (MPa) b (MPa) DPe (MPa) a (MPa) b (MPa) DPe (MPa)

9.84 E-04 0.0002 0.01 0.31 0.0002 0.11 0.36 0.0002 0.13 0.38
1.96 E-03 0.0003 0.13 0.48 0.0003 0.15 0.51 0.00032 0.17 0.54
4.90 E-03 0.0006 0.20 0.79 0.0006 0.23 0.82 0.00064 0.24 0.86
9.82 E-03 0.0007 0.28 1.12 0.0008 0.31 1.16 0.00093 0.33 1.20
1.47 E-02 0.0008 0.34 1.38 0.0009 0.37 1.40 0.0011 0.38 1.46
1.96 E-02 0.0009 0.38 1.56 0.001 0.41 1.61 0.00125 0.43 1.68
3.44 E-02 0.0011 0.47 2.03 0.0012 0.52 2.06 0.0015 0.53 2.24
4.90 E-02 0.013 0.53 2.40 0.0014 0.59 2.50 0.0017 0.61 2.61
7.36 E-02 0.0015 0.63 2.88 0.0017 0.68 3.02 0.0019 0.71 3.17
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40% but at different temperatures. The constants a
and b and the end pressure DPe increase with
decreasing temperature. The standard deviations
between the predicted pressures with experimental
data are less than 0.08 MPa, showing good agree-
ment between them.

Formula of end pressure

By curve fitting, end pressures were obtained for
various flow rates, capillary radii, particle concentra-
tions, and temperatures. However, a proper expres-
sion to correlate their relationship is yet to be
developed. In 1967, Jastrzebski proposed a power-
law function to correlate DPe with the volumetric
flow rate, Q, as follows:

DPe ¼ BecRQn (3)

where B is a characteristic constant for a given con-
centration, c is a constant related to die radius R,
and n is the flow index.

However, Jastrzebski6 did not consider the effect
of temperature. Experimental results showed that
temperature affects the constant n. The higher the
temperature, the larger the constant n, and thus the
lower the end pressure. The parameter B is found to
be dependent on particle concentration. In addition,
the end pressure relates directly to the contraction
ratio of capillary diameter to barrel diameter, which
is not well reflected by eq. (3). Therefore, the expres-
sion for end pressure is modified to

DPe ¼ f ð/Þf ðD=DbarrelÞQf ðTÞ (4)

where /, D, and T are particle concentration, die di-
ameter, and temperature, respectively. In our experi-
ment, Dbarrel ¼ 12 mm.

The functions of f(/), f(D/Dbarrel), f(T) in eq. (4)
can be obtained from experimental data in the fol-
lowing sequence:

1. For a given particle concentration and die diam-
eter, plot log(DPe) versus log(Q) at different
temperatures (Fig. 8). It shows that log(DPe) is
linear to log(Q) at high flow rates, but data
points deviated from linearity at very low flow
rates. This is due to the reason that any small
experimental error in pressure measurement
can result in significant percentage error
because of the small pressure registered at low
flow rate. Therefore, the deviation from the lin-
earity at very low flow rates can be neglected,
and from the slopes of the curves in Figure 8,
f(T) can be determined.

2. At a given temperature, the plot of log(DPe/
Qf(T)) versus log(D/Dbarrel) for a given particle
concentration is shown in Figure 9, showing a
linear relationship between them. Therefore,
f(D/Dbarrel) can be expressed as follows:

f ðD=DbarrelÞ ¼ D

Dbarrel

� �k

(5)

where the constant k can be obtained by the
slope in Figure 9.

TABLE II
Fitted End Pressures at Different Temperatures for Concentrated Suspension of / 5 40% for 1 mm Die Diameter

Q (cm3/s)

Fitted end pressure results at same particle concentration

T ¼ 210�C T ¼ 180�C T ¼ 160�C

a (MPa) b (MPa) DPe (MPa) a (MPa) b (MPa) DPe (MPa) a (MPa) b (MPa) DPe (MPa)

9.84 E-04 0.00009 0.07 0.08 0.0002 0.11 0.36 0.0003 0.13 0.64
1.96 E-03 0.0001 0.11 0.17 0.0003 0.15 0.51 0.0005 0.17 0.81
4.90 E-03 0.0004 0.15 0.47 0.0006 0.23 0.82 0.0007 0.28 1.30
9.82 E-03 0.0005 0.22 0.70 0.0008 0.31 1.16 0.0009 0.38 1.68
1.47 E-02 0.0007 0.26 0.91 0.0009 0.37 1.40 0.0011 0.43 2.11
1.96 E-02 0.0008 0.28 1.14 0.001 0.41 1.61 0.0012 0.48 2.36
3.44 E-02 0.001 0.37 1.53 0.0012 0.52 2.06 0.0014 0.59 2.87
4.90 E-02 0.0012 0.43 1.90 0.0014 0.59 2.50 0.0016 0.66 3.28
7.36 E-02 0.0014 0.51 2.26 0.0017 0.68 3.02 0.002 0.76 3.75

Figure 8 log(DPe) versus log(Q) for concentrated suspen-
sions with / ¼ 40% at different temperatures for 1 mm
die diameter.
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3. For a given die diameter and temperature, plot
f ð/Þ ¼ DPe

ðD=DbÞkQf ðTÞ versus / for suspensions with
different particle concentrations (Fig. 10). f(/),
which is a linear function of /, can be deter-
mined from the fitted line.

Particle concentration affects the end pressure, but
its effect is not as significant as the contraction ratio
and temperature. This is because with a relatively
small increase in particle concentration, the flow
profile at the contraction will remain similar, and
thus the pressure loss will not differ significantly. In
contrast, the contraction ratio has a significant effect
on the flow profile, and the temperature affects the
overall viscosity. Thus, these two parameters can be
expected to have much more significant effects on
end pressure than particle concentration.

From these experimental investigations, eq. (4) can
be rewritten as follows:

DPe ¼ c1ð/þ c2Þ D

Dbarrel

� �k

Qm1Tþm2 (6)

where c1, c2, m1, and m2 are material constants. The
fitted parameters for the system investigated are
listed in Table III. These fitted values were specific
to the investigated system and should be different

for different fillers because of different surface inter-
action between particles and polymer matrix. How-
ever, the same methodology can be extended to
these systems.
When D ¼ Dbarrel, there is no entrance loss and

eq. (6) should predict exit loss only.

End pressure by orifice die

End pressure can also be estimated directly using an
orifice die. Figure 11 shows a comparison of the end
pressures measured by orifice die and nonlinear
Bagley correction, with the data obtained by orifice
die higher by 40–50%. Careful examination of our
experiments indicated that the extruded melt had a
tendency to stick to the exit wall, with insufficient
time for the extruded melt to cool down before it
touched the wall of the design, as shown in Figure
1. This is consistent with the finding of Kim and
Dealy,7 in which the exit shape of an orifice die is
important as it affects the flow of the extruded melt.
If the melt is stuck in the expansion region, it will
result in higher flow resistance, and thus a higher
end pressure measured than what it should be.

Discussions

The end pressures calculated by Bagley correction
were compared with the predicted values by eq. (6)

Figure 9 log(DPe/Q
f(T)) versus log(D/Dbarrel) for concen-

trated suspension with /¼ 40% at 180�C for different dies.

Figure 10 f(/) versus / for suspensions with different
particle concentrations at 180�C for 1 mm die diameter.

TABLE III
Fitted Parameters in Eq. (6)

f(/) c1 0.1
c2 0.7

f(D/Dbarrel) k �1.84
f(T) m1 (1/K) 4 � 10�3

m2 �1.32

Figure 11 Comparison of end pressures by orifice die
and nonlinear Bagley plot for suspensions with different
particle concentrations at 180�C for 1 mm die diameter.
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for both pure binder and concentrated suspensions
(Figs. 12–14). For pure polymer melts, the end pres-
sure can be predicted by setting / ¼ 0.

Figure 12 shows the end pressures with different
particle concentrations (/ ¼ 0, 35%, 40%, 45%).
Good agreement was obtained between Bagley cor-
rection and eq. (6).

Figure 13 shows the good agreement obtained for
end pressure between nonlinear Bagley correction
and eq. (6) for different contraction ratios (D/Dbarrel

¼ 1/24, 1/12, 1/6), for a suspension with 40% parti-
cle concentration at 180�C. This agrees with the sug-
gestion of Rides and Allen25 that end pressure is a
function of the contraction ratio. With small dies
(i.e., higher ratio of barrel diameter to capillary di-
ameter), DPe is higher and is sensitive to flow rate.

Figure 14 shows good agreement obtained for the
effect of temperature on end pressure between non-

linear Bagley correction and eq. (6) for a suspension
with 40% particle concentration and die diameter of
1 mm.

CONCLUSIONS

Our investigation indicated that for concentrated
suspension, end pressures should be obtained with
nonlinear Bagley corrections as the nonlinearity in
the Bagley plot could be significant. End pressure
obtained by orifice die could be higher than the
actual values because of the sticking of the polymer
on the exit die wall. The expression developed in
this investigation correlating the combined effects of
particle concentration, contraction ratio, and temper-
ature could predict well the end pressure.
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