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INTRODUCTION

While material functions in shear flow are
fairly easy to obtain experimentally, mate-
rial functions in extensional flow are some-
what harder to come about. This has led
to the development of a new instrument for
measuring the transient elongational viscos-
ity of polymeric solutions (Sridhar et.al.[1]).
The instrument is called a Filament Stretch-
ing Rheometer, and has appeared in dif-
ferent modifications around the world. In
this work a modified Filament Stretching
Rheometer currently in use at the Danish
Polymer Centre is investigated.

The instrument used in this work was con-
structed by the workshop in the Department
of Chemical Engineering based on a design
by S. F. Christensen of NKT A/S.

IDEAL ELONGATIONAL FLOW

To define start-up of ideal elongational
flow, we consider a fluid held between two
circular discs. The fluid is kept in a way
that it forms an ideal cylinder with length
Ly and radius Ry. At time t>0 the plates
separate such that length L(t) and radius
R(t) are given by

L(t) = Loe®, R(t) = Roe™ % (1)
where E is the imposed strain rate. If we
now assume the cylinder to keep its shape
and only change its aspect ratio A=L/R, we
get ideal elongation flow:

(2)

where the elongation rate é equals the im-
posed strain rate E. In this flow, we can

Uy = —561”, vg = 0,v, = éz

define the transient elongation viscosity:

Tzz — Trr

T(ét) =— (3)
We also define the Hencky strain e:
= édt' = ét
€e=/_¢ € (4)
and finally the Trouton ratio
-*_ -
Tr = i3\ (C’t) (5)
To
where 7 is the zero shear viscosity.
APPARATUS

A diagram of the rheometer is shown in
figure 1.

Figure 1: Schematic diagram of the Filament
streching rheometer.
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The sample (a) undergoing investigation

is placed between two parallel discs (b). The

+ experiment begins by separating the discs

in the axial direction with an exponentially

increasing velocity. This is done by a motor

(c) that pulls a sled (d) on which the disc is
mounted.

Figure 2: Measurement of filament diameter by a
laser micrometer.

During the stretching of the material, the
axial force on the bottom plate is measured
by a load cell (e). At the same time, the
diameter at the middle of the filament is
recorded by a laser micrometer (f) (see fig-
ure 2). The laser micrometer is kept mid
between the two discs by a second sled (g)
which moves at half the speed of the upper
sled (d). The ratio of speed between the two
sleds is governed by the two timing belts (h)
driving them. As the mid sled is moving
with half the velocity of the upper sled, the
sled will always be in the middle of the up-
per and lower discs. Finally a CCD camera
can be put on the mid sled, enabling visual
inspection of filament break up, evolution of
radius etc.

Because of the no-slip condition at the
end discs, the flow in the sample will not
be ideal uniaxial elongation throughout the
entire filament. Still, mid between the two
discs the filament is considered to deform
as an ideally deforming cylinder (Kolte et.
al. [3]). Thus, by monitoring the area
of the cross-section throughout the experi-
ment, the strain rate ég in the mid-area can

be determined. By neglecting surface ten-
sion, gravity and inertia, the force acting in
the axial direction is considered constant,
and by measuring the force in the bottom of
the sample, the force in the mid section in
axial direction is known. Knowing the evo-
lution in midsection area, and the force act-
ing in the axial direction, the normal stress
and elongation rate can be determined and
the transient elongation viscosity 7y can be
calculated. ~ Because of the geometry, the
second viscosity function is zero at all times,
7 =0.

FORCE BALANCE

The transient elongational viscosity is cal-
culated by combining the force balances in
axial and radial directions. Neglecting iner-
tia, a force balance in axial direction for the
lower half of the filament can be written as
(Spiegelberg et. al. [2]):

Fg+ (12, — p)nR? + 2 Ro + p,mR?
= 3p9Lom R} (6)
with nomenclature as in figure 3. In the
same way, a balance can be written in the
radial direction at the center of the filament:

& (7)

Combining these equation and neglecting
gravitation and surface tension, we obtain
an expression for the normal stress differ-
ence in the middle of the filament, and we
can find the elongational viscosity 7:

TZZ

=t _ — Trr _ FB

M=% T Honke ®)
Analyzing the effect of neglecting gravita-
tion and surface tension, the dimensionless
numbers of interest are the Bond number
Bo = pgR2 /o rating gravity to surface ten-
sion and the capillary number 74é(¢) Ry /0,
balancing viscous forces and surface tension.
As the rheometer is designed for very vis-
cous fluids, the capillary number will usu-
ally be larger than 100, the bond number
will usually be in the range of 1-5. Thus, the
effect of gravity and surface tension seems
negligible.

p= + Do + Trr
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The effect of neglecting inertia has been
examined by different authors and can
" shortly be presented by:

péL?
87

<1 (9)
where L is the distance between the two
plates. As L is growing at an exponential
rate, the criterion will not be met at some
point in the experiment. On the other hand,
as the sample is stretched, some fluids will
exhibit strain hardening, delaying the onset
of effects from inertia. Hence, inertia can
usually be neglected, but the effect has to
be checked in each experiment.

L:u

Figure 3: Uni-axial elongation in a cylindrical co-
ordinate system.

TESTING THE RHEOMETER

Using the Trouton ratio between shear
viscosity and elongational viscosity, the
rheometer could be tested using a simple
Newtonian fluid. When stretching Newto-
nian fluids, forces in the axial (stretching)
direction, will originate solely from flow in
the filament. Therefore, measurements on
Newtonian fluids would be a good test of
the rheometer. If the apparatus could catch
the small forces acting in the axial direction
during stretching of a Newtonian fluid, the
larger forces during stretching of viscoelas-
tic fluids would be much easier to measure.

A polybutene (HYVIS 150) was used
for the measurements, shear measurements

showed that the fluid did not behave new-
tonian at very high shear rates. Thus, at
higher strain, the Trouton ratio was ex-
pected to grow. The zero shear viscosity
was 1y=578 Pa s.

Because of the no slip condition at the end
plates, forces are a little elevated, predicting
a too large Trouton ratio. This overshoot
in predicted Trouton ratio is a function of
Hencky strain and initial aspect ratio Ay =
Lo/ Ry (Spiegelberg et. al.[1]):

_F_
uém R?

TTeatc = = 3+-1—\1—[;ea:p (—%e) (10)
In figure 4 measured Trouton ratios are
shown along with the prediction defined in
equation 10. The two series is measured for
Ay=0.40 and 0.66.

Good agreement is found between mea-
sured and theoretical values. Small dis-
agreement is found at the beginning of the
experiment, where the upper plate has to be
accelerated from 0 velocity to a final veloc-
ity in the time between 0 and 0. Also at
the end of the experiments, the calculated
Trouton ratio rises because of strain hard-
ening in the filament.

Trouton ratio

0 1 2 3 4 5 6
Hencky strain, €

Figure 4: Measured and theoretical Trouton ratios
for two initial aspect ratios, both experiments per-
formed with strain rates of 25!

CONCLUSIONS

The validation of the rheometer was com-
pared to other groups measurements of
Trouton ratios, and our rheometer seems to
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be at the same level as these other rheome-
ters, both in terms of precision and reprod-
ucability.

The apparatus is now being modified,
so that measurements at elevated temper-
atures will be possible. The goal is to mea-
sure viscosities of polymeric melts at high
temperature, and thereby have an alter-
native to the Meissner rheometer (Meiss-
ner et. al.[4]), currently being the best
source of elongational viscosities at high
temperatures. The advantage of the fila-
ment stretching rheometer over the Meiss-
ner rheometer is the possibility of measur-
ing at strain rates up to 10s~!, whereas the

Meissner rheometer can measure until 1s7.
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