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ABSTRACT: A bell-mouthed die geometry was designed to cause convergent flow at a
constant, uniform, elongational strain rate. An equation was derived, which showed
that steady-state elongational viscosity could be calculated from a plot of pressure drop
due to elongation against a simple function of die length. To obtain values of pressure
drop due to elongation, it was necessary to correct the total pressure drop measured
across the bell-mouthed dies for the contribution from shear occurring near the die
wall. For this purpose, a simplified shape for the bell-mouthed dies was assumed,
comprising several parallel sided segments. Applying a formula to pressure drop data
measured across straight dies corresponding to these segments gave an estimate of the
pressure drop due to shear across the bell-mouthed dies. Pressure drops due to elonga-
tion were determined by subtracting the pressure drop due to shear from the total
pressure drop measured across the bell-mouthed dies. Measurements were also carried
out with lubrication to validate the shear correction method. The results indicate that
for the compound used in this study, a combination of bell-mouthed and straight-
sided dies can be used in a conventional capillary rheometer to determine steady-state
elongational viscosity. An elongational viscosity of 190 kPa s at 907C and at a strain
rate of 10 s01 was determined for a simple styrene–butadiene rubber compound.
q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 1139–1150, 1997
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INTRODUCTION from elongational relaxation.1 Somewhat less ob-
viously, convergent flow occurs during mixing,

Practically all rubber processing operations in- where material in front of the rotor wing is forced
volve a substantial amount of convergent flow, through the small clearance between the chamber
which results in elongational deformation. The wall and the tip of the wing. The significance of
most obvious case is extrusion, where material elongational flow during mixing is that the
passes from a large cross section in the barrel stresses reached are higher than in shear flow;
to a small cross section in the die. Elongational hence, the rates of filler dispersion tend to be
deformation during extrusion is not only im- greater.2–4

portant in determining the level of back pressure, Despite the obvious importance of elongational
but also affects the extent of die swell resulting rheology, it is the shear behavior of rubbers that

receives the most attention, mostly because of the
ease of measurement. By contrast, elongational

Correspondence to: J. Clarke.
rheology is very difficult to assess, and there is no

Journal of Applied Polymer Science, Vol. 66, 1139–1150 (1997)
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/061139-12 well-established, simple way of measuring steady-
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1140 CLARKE AND PETERA

state elongational viscosity at the relatively high ideally be reached during measurement. We can
say that a material is subjected to homogeneousstrain rates likely to be encountered during pro-

cessing. With the advent of finite element analysis steady simple extension in a flow that is spatially
uniform with a constant rate of elongation 1

g

in(FEA) techniques capable of modelling compli-
cated geometries and potentially complex mate- the x1-direction and 01

21h in any direction perpen-
rial behavior, it has become particularly im- dicular to the x1-direction.2 The ratio of net tensile
portant to be able to accurately quantify all as- stress (sE Å s11 0 s22) to rate of strain is moni-
pects of flow behavior, including elongational tored as a function of time and elongational vis-
viscosity. cosity (hE ) is defined as

Attempts to develop methods of quantifying
elongational rheology at relatively high strain

hE Å lim
tr`

sE

1
h

rates have generally centered around spinning ex-
periments5–9 and the analysis of convergent flow
regimes.1,10–12 For applicability to rubber pro- However, this definition is very difficult to real-
cessing and the ability to achieve a steady rate of ize in practice, even with highly viscous liquids;
deformation, the use of convergent flows to deter- and great care is needed, for example, in satis-
mine elongational viscosity is clearly more suit- fying uniformity of flow, for reliable measure-
able. Cogswell published a review of convergent ments to be obtained.10,15

flow analysis and suggested an ideal converging It is well known that for fluid flow in a converg-
flow rheometer for measuring elongational rheol- ing geometry, a substantial contribution to the
ogy.1 One of the main problems encountered in resultant pressure drop has its origin in elonga-
using convergent flow is the occurrence of shear at tional deformation. Thus, in principle, the geome-
the die wall, which makes analysis more difficult. try can be used for measuring elongational viscos-
Lubrication has been used to overcome this prob- ity, provided that the elongation rate is constant
lem, although the thickness of the lubricating over the whole domain, or at least a predominant
layer complicates die design, and the requirement part of the domain. In addition to achieving steady
for ancillary equipment makes experimentation elongation in this way, the shear contribution
more difficult.13,14 James et al. did not use lubrica- should be eliminated or reduced to a minimum.
tion but made allowance for shear theoretically; The derivation below leads to a definition of a
however, because of assumptions made, this cor- converging geometry, which assures a constant
rection is rather unsatisfactory.12 A further prob- elongation rate.
lem with their method is the technical difficulty To conserve continuity, the volumetric flow rate
of measurement and the need for custom-made (V ) along a die must be constant and thus, the
pressure transducers. mean velocity (v ) increases rapidly as the radius

Our approach is similar to that of James et of the die (R ) decreases along the axial direction
al.,12 but the equipment is simpler, and the correc- (z ) , according to
tion for shear is more practical. The basic appara-
tus used is an ordinary capillary rheometer fitted v Å V

pR2 (1)
with a single pressure transducer in the barrel.
The use of bell-mouthed dies of different lengths

From the definition of rate of elongation,16 afternegates the use of several pressure transducers.
differentiating eq. (1),Allowance for shear is made by practical measure-

ments using parallel sided dies of varying diame-
ters and lengths. This experimental method is a Ìvz

Ìz
Å 1

h
Å 0 V

p

2
R2

dR
dz

(2)
more satisfactory means of shear correction than
a purely theoretical one and also means that it is

and integration by separation of the variables,not necessary to use lubrication, with its atten-
dant technical and theoretical difficulties.

*
r (z )

Ro

dR
R3 Å 0

p1
h

2V *
z

0
dz (3)

THEORY
one obtains

Converging Die Geometry

In order to determine elongational viscosity ex- 1
r (z )2 0

1
R2

0
Å p1

h

V
z (4)

perimentally, a steady rate of extension should
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STEADY-STATE ELONGATIONAL VISCOSITY 1141

where R0 is the maximum radius of the die at the
inlet. After rearranging, one obtains an equation
describing the converging geometry as a function
of axial position.

r (z ) Å R0√
1 / 1

h

v0
z

(5)

Equation (5) can be reformulated as follows:

r (z ) Å R0√
1 / Az

, A Å 1
h

v0
(6)

indicating that A is a geometric constant de-
termining the rate of convergence and which is

Figure 1 Diagram to show the main features and as-related to the elongational rate and the mean inlet
sumptions concerning flow of rubber through the bell-velocity v0 Å V /pR2

0 .
mouthed die.

The Main Assumptions
Pure ElongationThe rheological behavior of rubber must be taken

into consideration when analyzing convergent The first coordinate system shown in Figure 2(a)
flow with a view to obtaining elongational viscos- is defined by the following equations, where (x ,
ity. For small deformations, rubber behaves as an y , z ) are the Cartesian coordinates and the triple
elastic solid with full recovery after releasing the (R , u, Z ) denotes the new coordinate system, in-
stress. At low rates of deformation, rubber exhib- trinsic to the die geometry.
its highly viscoelastic properties with a yield
stress and elastic recovery with a large spectrum
of relaxation times, giving strong history-of-defor-

x Å R√
1 / AZ

cos umation dependence. For higher deformation rates,
the non-Newtonian properties are enhanced ex-
hibiting, for example, considerable shear thin- y Å R√

1 / AZ
sin u

ning. As a result of the small non-Newtonian in-
dex (n ) , the velocity profile for flow in a parallel

z Å Z (7)sided pipe is much flatter than the parabolic one
observed for Newtonian liquids. Wall slippage is
also very likely to occur under conditions of high The vectors tangent to the parametric coordi-
stress and deformation rate. nate lines (versors) are calculated as follows:

On the basis of the above considerations and
experimental observations, the main assumptions
concerning flow in a converging die are illustrated
in Figure 1 and can be summarized as follows:

e (R ) Å

cos u

(1 / AZ )1/2

sin u

(1 / AZ )1/2

0

e (u ) Å

0sin u

(1 / AZ )1/2

cos u

(1 / AZ )1/2

0

(1) Elongational deformation predominates in the
core; and (2) shearing dominates flow in the vicin-
ity of the die wall, with a high liklihood of wall
slippage occurring, particularly near the die exit.

For each of the two main regions, namely, elon-
gation in the core and the shear dominance near
the wall, the following analysis using conserva-
tion of momentum is carried out in different, ap- e (Z ) Å

0RA cos u

(1 / AZ )3/2

0RA sin u

(1 / AZ )3/2

1

(8)
propriate coordinate systems, both resulting from
the converging nature of the geometry. The two
coordinate systems are illustrated in Figure 2.
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1142 CLARKE AND PETERA

Figure 2 Two coordinate systems intrinsic to the converging geometry of the bell-
mouthed die corresponding to the two main flow regimes: (a) pure elongation in the
core; (b) shear dominating region near the die’s wall.

The metric tensor defined as gij Å e (i )re (j ) is given
Tij Å S gmm

gj j
D1/2

gimT (mj )

where
g Å

1
1 / AZ

0
0RA

2(1 / AZ )2

0
R2

1 / AZ
0

0RA
2(1 / AZ )2 0 1 / R2A2

4(1 / AZ )3

gimgmj Å d i
j (12)

One can observe that for the axial momentum
component,(9)

H 3
j kJ Å 0, gZu Å 0, gZZ Å 1with the determinant

g Å det[ g ] Å S R
1 / AZ D2

(10) And after taking into account that nothing
changes in the circumferential direction Ì/Ìu Å 0,
one can write down the momentum balance in the
axial direction, as follows:

The momentum balance in the coordinate system
defined above is formulated in terms of total Ì

ÌR Hg1/2FgZRT (RR ) / S gZZ

gRR
D1/2

T (Z R )GJstress tensor components, neglecting inertia, as
follows17:

/ Ì
ÌZ Hg1/2FS gRR

gZZ
D1/2

gZRT (RZ )/T (ZZ )GJÅ 0
Tij

, j Å
1

g1/2

Ì
Ìx j (g1/2Tij) / TjkH i

j kJ Å 0 (11)

(13)

On the basis of the first main assumption, thewhere the relationship between the contravariant
and the physical stress tensor components can be tangential stresses can be neglected in the core.

Using the following formulae based on eqs. (9)established in order to obtain practically useful
relationships, as follows: and (10),

8ED3 4609/ 8ED3$$4609 09-05-97 10:46:32 polaal W: Poly Applied



STEADY-STATE ELONGATIONAL VISCOSITY 1143

The Shear Correction FormulaÌ
ÌR

(g1/2gZR ) Å RA
(1 / AZ )2 ,

According to the second main assumption, that
shearing dominates flow in the vicinity of the dieÌ

ÌZ
(g1/2 ) Å 0 RA

(1 / AZ )2 (14) wall, the analysis of shear flow should be carried
out in a thin layer adjacent to the die wall. A good
approximation for the geometry of this thin layer

one obtains the final form of the differential mo- is provided by a coordinate system determined
mentum balance equation strictly by the wall geometry, as shown in Figure

2(b). The versors are defined again, this time in
an orthogonal system. It should be emphasizedÌT (ZZ )

ÌZ
Å A

1 / AZ
(T (ZZ ) 0 T (RR ) ) (15) that the S-coordinate (as well as its versor) is

orthogonal to the die wall and remains the same
across the shear layer.This can be integrated along the die axis. The

The versors arenormal stress difference in eq. (15) is responsible
for pure elongation. Due to the special geometry
of the bell-mouthed die, the elongation rate is con-

e (s ) Å
cos g cos u
cos g sin u

sin g
e (u ) Å

0r0 sin u
r0 cos u

0
stant. Thus, according to the general objectivity
requirement for any rheological constitutive equa-
tion, the normal stress difference determined en-
tirely by the elongation rate must be constant over
the whole die domain or at least over the predomi-
nant core part. Noting that the total normal axial e (Z ) Å

0 r0A cos u

1 / AZ

0 r0A sin u

1 / AZ

1

(19)
stresses at the inlet and the outlet are equal to
measured pressures, one obtains the desired rela-
tionship between the pressure drop in the die on
the one hand and the normal stress difference on
the other where

T (ZZ )2 0 T (ZZ )1 Å 0p2 0 (0p1) Å Dp
r0Å

R0√
1/AZ

, cos gÅ 1√
1/ R0A

4(1/AZ )3

,
Å [T (ZZ ) 0 T (RR ) ] ln(1 / AZ ) (16)

The elongational viscosity is defined as the ratio
sin g Å R0A

2(1 / AZ )3/2 cos g (20)of the normal stress difference to the rate of elon-
gation

They define the diagonal metric tensor

he Å
T (ZZ ) 0 T (RR )

1
h

(17)

Equation (16) can therefore be expressed as fol- g Å

1 0 0

0
R2

0

1 / AZ
0

0 0 1 / R2
0

4(1 / AZ )3

(21)
lows:

Dp Å he1h ln(1 / AL ) (18)

A similar derivation of the momentum balance
where L is the length of a bell-mouthed die having equation gives
the correct geometry. According to eq. (18), mea-
sured pressure drops due to elongation plotted
against values of ln(1 / AL ) for dies of different

√
1 / R2

0A2

4(1 / AZ )3

ÌT (ZS )
ÌS

/ ÌT (ZZ )
ÌZlengths should give a straight line of slope he1h .

Dividing this value by the elongational strain rate
would then give the elongational viscosity (he ) . 0 A

2(1 / AZ )3/2 (T (ZZ ) 0 T (SS ) ) Å 0 (22)
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1144 CLARKE AND PETERA

Dp (s )
corr Å ∑

i
F
√

1 / R2
0A2

4(1 / AZi )3 Dp (s )
i

/ ADli

2(1 / AZi )3/2 N1iG (24)

where summation takes place over the set of capil-
laries of lengths Dli and axial positions of each
middle point Zi and the first normal stress differ-
ence in shear is denoted by

N1i Å (T (ZZ ) 0 T (SS ) )i (25)

If the normal stress contribution is separated
from the rest of eq. (24), then it can be simplified
toFigure 3 Diagram relating parameters in eq. (26) to

the geometry of the bell-mouthed dies simplified for
shear correction.

Dp (s )
corr Å ∑

i
F
√

1 / R2
0A2

4(1 / AZi )3 Dp (s )
i G

The square root factor takes into account the
/ Dp (s )

norm (26)fact that the shear contribution is enhanced near
the entrance, as the die curvature extends the
effective length of the wall. For long dies, the fac- The last equation can be used in principle to eval-
tor tends to unity as the geometry approaches that uate the shear correction to the total flow in the
of a parallel sided pipe. A similar situation occurs die if the experimentally measured pressure
in the third term in eq. (22) corresponding to the drops in individual capillaries are substituted
first normal stress difference contribution due to for Dp (s )

i . A serious problem appears, however,
shear. The factor in the third term tends to zero when evaluating the normal stress contribution
for long dies because normal stresses do not proj- Dp (s )

norm. As it is well known, the normal stress
ect into the axial direction for parallel sided dies. difference in shear is very sensitive to the shear

The tangential stress gradient in the modified rate, which in the case of a converging die is de-
coordinate system can be calculated as for a long, pendent on complex phenomena near the wall,
parallel-sided channel, giving the following rela- including shear thinning and slippage at the wall.
tionship with the axial pressure gradient: For example, the following relationship can be ob-

tained for a pipe16:
ÌT (ZS )
ÌS

Å Ìp (s )

ÌZ
à 0 Dp (s )

i

Dli
(23)

g
h w Å F3n / 1

4n
0 a

4
(b / 3)Ggh a (27)

The shear contribution to the total pressure
drop in the die is evaluated on the basis of approx- where
imation of the die curvature by a discrete set of
parallel sided dies (see Figs. 3 and 4). The pres- g

h a Å
4v
R

a Å us

v
b Å d ln us

d ln g
h a

(28)
sure drop for each of them can be measured exper-
imentally, and then eq. (22) can be used to take

and v denotes the mean velocity; R , the pipe ra-into account the curvature of the corresponding
dius, and us , the effective slippage velocity. Forsegments of bell-mouthed die. The integration of
high slippage, the expression in the square brack-eq. (22) along the axial direction, observing that
ets tends to zero (as would happen in the case ofthe normal stress T (ZZ ) can be identified with
a lubricated die), but, generally, it is very difficultthe pressure at the inlet and the outlet and incor-
to evaluate. Thus, the shear correction can be onlyporating the discrete nature of the set of capillar-

ies, gives the pressure correction, which should obtained in practice by leaving out the Dp (s )
norm

term. Fortunately, as will be evident from the ex-be subtracted from the total pressure drop in the
real converging die, as follows: perimental results, the normal stress contribution
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1146 CLARKE AND PETERA

to shear pressure drop appears to be constant
with die length. Because elongational viscosity is
calculated using only the slope of the straight line
obtained by plotting corrected experimental pres-
sure drops against values of ln(1 / AZ ) , the con-
stant contribution of shear normal stress differ-
ence will not ifluence the values obtained.

EXPERIMENTAL

Figure 5 Diagram to show how pressure drops dueThe study was carried out using a very simple
to shear were determined using straight dies.compound containing only rubber [styrene–buta-

diene rubber (SBR) 1502] and 30 phr of carbon
black (N330). The compound was mixed in a

cess. The lower pressure drop values were re-Francis Shaw K1 Intermix using a circulating wa-
corded because these were most likely to corre-ter temperature of 307C. The rubber was masti-
spond to full slip of the rubber at the die wall.cated for 3 min at 15 rpm before the carbon black

Pressure drop due to shear in the bell-mouthedwas added, and mixing was continued at 30 rpm
dies was estimated by measuring pressure dropsfor 8 min further before discharge.
across parallel sided dies. For each of these mea-Elongational viscosity experiments were car-
surements, a straight-sided die was placed belowried out at 907C using a Davenport capillary rhe-
a bell-mouthed die, having an exit diameter asometer fitted with bell-mouthed dies of different
close as possible to that of the parallel-sided die,lengths, as shown in Figure 4. In addition,
as shown in Figure 5. The reason for placing thestraight sided dies were used to determine the
dies in series was to ensure that the flow of rubbercontribution of shear to pressure drop in the bell-
in the parallel sided die should be as similar asmouthed dies. Tests were carried out with and
possible to the flow at an equivalent position inwithout lubrication.
the bell-mouthed die. Straight-sided dies 2, 3, 4,In the unlubricated tests, rubber was placed in
and 6 mm in diameter were used, with two diesthe capillary barrel and compressed and pre-
of different lengths for each diameter.heated for 5 min before being extruded. A piston

Values of shear stress for the compound werespeed of 63 mm min01 was used in all the experi-
measured in a biconical rotor rheometer at 907Cments, which, according to eq. (6), corresponds to
and at strain rates between 1 and 100 s01 .an elongational strain rate of 10 s01 . Pressure

drops across the dies were measured using a pres-
sure transducer fitted flush with the barrel wall,

RESULTS AND DISCUSSIONjust above the die.
In the lubricated tests, rubber samples were

preformed into smooth and nonporous rods of According to eq. (18), elongational viscosity
should be equivalent to the slope of the line ob-compound using the following method. The com-

pound was compressed and heated in the barrel tained when pressure drop due to elongation is
plotted against values of ln(1 / AL ) for the bell-of the capillary rheometer, which was sealed at

the lower end. After 5 min, the plug was removed, mouthed dies. However, total pressure drops mea-
sured across the bell-mouthed dies include con-and the rubber extruded out of the open end. The

rods of compound were then spread with a layer tributions from both elongational and shear de-
formation. Therefore, it was first necessary toof silicone grease (Ambersil M490) about 2 mm

thick before being returned to the barrel and subtract pressure drop due to shear from the total
pressure drop in order to obtain pressure drop duetested in the same way as the unlubricated com-

pound. The preforming of the rubber was to en- to elongation.
Pressure drops due to shear were estimated bysure that lubrication occurred only at the inter-

face between rubber and metal and not within assuming simplified shapes for the bell-mouthed
dies comprising parallel sided segments as shownthe mass of rubber itself. Pressure drop values

recorded for the lubricated compound tended to in Figures 3 and 4. A theoretical estimation of
the pressure drop due to shear was obtained bybe rather noisy and variable, indicating that ex-

trusion was probably occurring by a slip-stick pro- applying well-established equations used to de-
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STEADY-STATE ELONGATIONAL VISCOSITY 1147

Table I Theoretical and Measured Values of contribution of shear to total pressure drop for each
Pressure Drop Due to Shear for the Bell- of the bell-mouthed dies, except that the normal
Mouthed Dies stress difference term (Dp (s )

norm) was not included
because it could not be quantified (Table I).

Pressure Drop Due to A major problem with the theoretical approach
Length of Bell- Shear, Dp (s)

corr (MPa) described above is that no account can be taken of
Mouthed Die

slippage of the rubber against the die wall, which(mm) Theoretical Measured
could lead to an overestimation of pressure drop
due to shear. For this reason, it was decided to1 0.3 0.3
carry out direct measurements of pressure drops2 0.7 0.8
across individual straight-sided dies having the3 1.2 1.3
same diameters as the simplified die segments,4.5 2.3 2.4

7 4.4 4.5 as described in the experimental section. As for
11 10.0 10.1 the theoretical calculation of pressure drop due to

shear, the simplified die shapes shown in Figures
3 and 4 were assumed. Values of Dp (s )

i needed to
solve eq. (26) were determined using parallelscribe the flow of non-Newtonian fluids through
sided dies, as follows. For each pair of straight-capillaries. The strain rate at the wall of each die
sided dies, values of pressure drop per mm lengthsegment was determined from eq. (29), as follows:
were calculated by subtracting the pressure drop
for the shorter die from that of the longer die and

g
h w Å

3n / 1
n

Q
pR3 (29) dividing the result by the difference in die lengths,

as indicated in Figure 5. Values of Dp (s )
i were then

determined by multiplying pressure drops perwhere Q is the volumetric flow rate through the die. mm length by lengths of the corresponding
The corresponding shear stress (t ) was calcu- straight-sided sections in the simplified dies

lated using the power law relationship given in shown in Figure 4. An example of the experimen-
eq. (30). tal values and dimensions used in the calculation

of Dp (s )
corr is shown in Table II, using data from a

t Å hagh
n (30) test carried out using the 11-mm-long bell-

mouthed die. Values of Ro and A used were 10
The non-Newtonian constant, n Å 0.2, and ap- and 9.54, respectively.

parent viscosity at 1 s01 , ha Å 0.181, were ob- Values of pressure drop due to shear deter-
tained from an independent experiment using a mined by this experimental method are compared
rotational rheometer. The pressure drop (Dp (s )

i ) with those determined theoretically in Table I. If
across each of the straight-sided segments was substantial slippage had occurred at the wall of
then calculated using eq. (31), as follows: the bell-mouthed die, then the experimentally

measured values of pressure drop due to shear
would have been lower than those determinedDp (s )

i Å tw2Dli

Ri
(31)

theoretically. However, the fact that the results
are so similar suggests that a negligible amount

Equation (26) was used to take into account the of slippage is occurring at the die wall for this
compound tested under the present conditions.curvature of the die wall and determine the overall

Table II Experimental Values and Dimensions Used in the Calculation of Shear Contribution to
Pressure Drop for the 11-mm-Long Bell-Mouthed Die (Unlubricated)

Pressure Drop
Ri per mm DIi Zi Dp (s)

i Dp (s)
corr

n (mm) Length (MPa) (mm) (mm) (MPa) (MPa)

1 3.0 0.3 1.0 1.0 0.30 0.5
2 2.0 0.5 1.5 1.75 0.75 1.3
3 1.5 0.7 3.5 4.25 2.45 3.8
4 1.0 1.4 4.5 8.25 6.30 10.1
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1148 CLARKE AND PETERA

Table III Pressure Drops Across Bell-Mouthed Dies Due to Elongation and Shear With and Without
Lubrication

Unlubricated Lubricated

Pressure Pressure Total Pressure Pressure
Drop Due Drop Due to Pressure Drop Due Drop Due to

Die Length Total Pressure to Shear Elongation Drop to Shear Elongation
(mm) Drop (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

1 3.6 0.3 3.3 1.9 0 1.9
2 5.3 1.0 4.3 3.6 0 3.6
3 6.5 1.5 5.0 4.2 0 4.2
4.5 8.2 2.6 5.6 5.2 0.3 4.9
7 11.6 4.7 6.9 6.7 1.2 5.5

11 15.9 10.3 5.6 9.2 5.0 4.2

Pressure drops across bell-mouthed dies due to line. The negative deviation from the line sug-
gests that more slippage is occurring in the bell-elongation and shear, with and without lubrica-

tion, are shown in Table III. The pressure drop mouthed die than in the corresponding straight
die used for shear correction. The error may bedue to elongation was determined by subtracting
due to the fact that there is an acceleration of flowthe pressure drop due to shear (Dp (s )

corr ) from the
through the bell-mouthed die, which could causetotal measured pressure drop.
greater slippage than the steady rate of flowFigure 6 shows both total and elongational
through the parallel sided die. For this die havingpressure drops across the bell-mouthed dies for
a long, narrow section, the shear contribution tothe unlubricated system. Increasing values of
total pressure drop is considerable, and any smallln(1 / AL ) correspond to increasing die length.
error in its determination will lead to a large errorThe total pressure drop values curve upwards
in the value of elongational pressure drop. Forwith increasing die length due to the increasing
this reason, it would be advisable to use relativelycontribution from shear, as would be expected
short bell-mouthed dies to measure elongationalwith the narrowing of the die. The values of pres-
viscosity and avoid those with long, narrow sec-sure drop due to elongation fall on a straight line

except for the longest die, which lies below the tions.

Figure 6 Total pressure drop and pressure drop due to elongation for unlubricated
bell-mouthed dies.
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Figure 7 Total pressure drop and pressure drop due to elongation for lubricated bell-
mouthed dies.

The fact that the calculated pressure drops due Figure 8 shows pressure drops due to elonga-
tion for the unlubricated and lubricated systems.to elongation fall on a straight line, as predicted

by eq. (18), tends to suggest that the shear correc- Lines drawn through both data sets have similar
slopes of 1.9 MPa, corresponding to an elonga-tion method is generally valid. However, the pres-

sure drop caused by the normal stress difference tional viscosity of 190 kPa s at 10 s01 . The fact
that the slopes are similar indicates that thedue to shear has not been subtracted from the

total pressure drop, and so it is not possible to shear correction method is a valid means of de-
termining the elongational contribution to pres-state with confidence that the slope of the straight

line directly corresponds to elongational viscosity. sure drop and suggests that the contribution of
normal stress difference due to shear is either in-To test the validity of the experimental shear

correction method, experiments were carried out significantly small or does not vary with die
length. The reason for the relative displacementwith and without lubrication. Lubrication would

remove or at least substantially reduce shear near of the two lines along the pressure drop axis is not
clear but may be due to normal stress difference inthe die wall and hence eliminate or minimize the

shear contribution to total pressure drop, including shear or may result from slippage of the rubber
at the barrel wall in the lubricated tests.that due to the normal stress difference. Therefore,

the method of shear correction would be validated
if elongational viscosity values were the same for
the lubricated and unlubricated tests. CONCLUSIONS

Figure 7 shows pressure drops for the lubri-
cated system. The uncorrected data shows a much The results indicate that for the compound used

in this study, a combination of bell-mouthed andsmaller upward curve of pressure drop values
with increasing die length than is the case for the straight-sided dies can be used in a conventional

capillary rheometer to determine steady-stateunlubricated system, indicating that substantial
slippage occurred. Table III shows that there is elongational viscosity. It is very likely that the

same method can be applied successfully to otherno shear contribution to total pressure drop for
the three shortest dies, suggesting that there is rubber compounds.

Using bell-mouthed dies of the correct geome-perfect slippage at the die walls. For longer dies,
there is an increasing shear contribution, al- try, steady-state elongational viscosity can be cal-

culated from a plot of pressure drop due to elonga-though this is much smaller than for the unlubri-
cated system. The corrected data lies on a good tion against ln(1 / LA ) , where A is a geometric

constant for the die and L is die length. To obtainstraight line except for the longest die, as was
observed for the unlubricated system. values of pressure drop due to elongation, it is
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Figure 8 Pressure drop due to elongation for unlubricated and lubricated bell-
mouthed dies.
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