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1. The multipass rheometer concept and instrument
development
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Fig. 1. Schematic diagram of original “online” rheometer concept for the multipass rheometer (MPR).

technologies were being evaluated. There was a perceived need
to characterise polymer process behaviour near to the polymeri-
sation reactor and there was an increasing awareness that online
linear viscoelastic measurements were an important way forward
in relation to polymer characterisation and quality control. At
the time, the emphasis was on polyethylene and polystyrene but
polypropylene was also emerging as an important commodity poly-
mer. Working in conjunction with BP Chemicals, (see for example
[1,2]) at both Barry (Wales) and then Grangemouth (Scotland) the
idea of a double piston pressurised device to measure online vis-
coelastic properties emerged. The basic concept for the on line
multipass rheometer (MPR) is shown in Fig. 1. The idea was to have
a pressurised rheometer that could sample polymer melt from a
melt extruder downstream from the reactor and then be isolated
from the extruder and be capable of measuring both shear thinning
and viscoelastic properties of the polymer. This could be achieved
by synchronously moving the two pistons of the MPR at a constant
velocity to obtain shear thinning data or by oscillating the pistons
together to measure linear viscoelastic properties. When a mea-
surement was complete a further sample could be received from
the extruder.

Pressurised capillary rheometers had been used before for
steady shear data of certain polymers. Westover [3] used a double
piston arrangement to measure the pressure dependence of viscos-
ity for polyethylene melts and Kadijk and Van den Brule [4] reported

on a two-piston machine which they used to obtain the pressure
dependence of the flow curves of a range of polymer melts. An
alternative, single-piston device capable of imposing high hydro-
static pressures on the fluid was presented by Galvin et al. [5] to
measure the pressure dependence of the viscosity of lubricating
oils. In terms of capillary viscoelastic measurements, the “Vilastic”
rheometer, based on an instrument developed by Thurston [6,7]
and commercialised by Bohlin, employed a vibrating diaphragm
in order to oscillate a fluid within a capillary [Bohlin Instruments
(1994)].

In 1992 an application to the UK funding body, EPSRC for the
funding of a prototype MPR instrument was made, but this was
rejected as the referees of the application believed it was not pos-
sible to obtain adequate precision using servo hydraulic piston
movement. Fortunately, in the early 1990s, Sir Sam Edwards of the
Cavendish Laboratory secured, at very short notice, a significant
sum of money to fund a DTI sponsored “Polymer Colloids initiative”
at Cambridge. The Polymer Fluids Group within the Department of
Chemical Engineering was a beneficiary of this and sufficient funds
were assigned to build a prototype MPR1.

Initial discussions were held with Dr Robert Addleman of Rosand
Instruments in relation to building a prototype MPR. At the time
Rosand themselves had pioneered a twin piston capillary rheome-
ter [8], but this apparatus used an electric motor with a mechanical
screw drive to move the pistons and the Company was reluctant
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2¢) MPR3

Fig. 2. Examples of MPRs. (a) Schematic of prototype MPR1. (b) Photo of MPR2. (c) Photo of MPR3 with Xray facility. (d) Photo of MPR4 with optic facility.

to use servo hydraulics for the MPR. Subsequently Peter Watcham
of Eland Test Plant, a division of Eland Engineering Co. Ltd., was
persuaded to design and build the first machine. The background
to Eland was the manufacture of servo hydraulic actuators and
also the development of fatigue test rigs for mechanical structures
such as pipes and aircraft wings. Eland’s skill base was very well
suited to the MPR development and Peter Watcham in particular
made very significant contributions to the development of both
the prototype and subsequent MPRs. Unfortunately Eland Engi-
neering went into liquidation in December 2008. At the point of
writing this review Strata Engineering have obtained the design
rights to the MPR and in conjunction with Omega Engineering are
manufacturing upgraded MPRs to their software and engineering
specification.

A schematic diagram of the prototype MPR is shown in Fig. 2 Fig.
(2a) and subsequent images of machines are given in Fig. 2(b-d).

The original design was a combined contribution from Malcolm
Mackley the Group leader of the Polymer Fluids Group, Robert Mar-
shall, the then Technical Officer of the Group, Bas Smeulders, a
postdoctoral researcher working on the DTI Polymer Colloid Tech-

2d) MPR4

nology grant and Peter Watcham and Graham Marley from Eland.
Key design considerations were the rheological, mechanical, ther-
mal and servo parts of the apparatus.

1.1. Rheological test section

The MPR was designed with three sections. A top and bottom
barrel and a centre test section. The centre test section was designed
to be flexible and initially able to accommodate capillaries of differ-
ent length and diameter. Subsequently, optical test sections were
introduced. The bottom and top barrels both contained pressure
transducers thereby enabling pressure difference measurements to
be made across the test section. In its initial configuration the MPR
was simply a double piston capillary rheometer. Knowledge of pis-
ton speed provided a precise measure of the volumetric flowrate
and from capillary dimensions and measured pressure differences
it was straightforward to calculate an apparent viscosity for the test
fluid. Fig. 3 gives an indication of the pressure and viscosity range
that the MPR can operate for different capillary sections.
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Fig. 3. Diagram showing the pressure range for different fluid viscosities and capil-

lary diameter The pressure will also depend on piston speed and capillary length.

1.2. Mechanical design

The servo hydraulic pistons move linearly and they were
mounted on triangular axial mechanical supports, providing the
apparatus a high level of stability. Mechanical loads were essen-
tially axial and the design provided an excellent stiff platform for
operation. Initially in MPR1 and MPR2 the centre section of the

Displacement transducer

Moog servo valve

rheometer was fixed to the top and bottom barrels using clamps.
Subsequently a moving head arrangement was introduced that
enabled all sections to be clamped together using a servo hydraulic
clamping action (see Fig. 2b MPR2 and Fig. 3 MPR4). The apparatus
was designed to withstand internal pressure in excess of 20 MPa
for barrel diameters of 12 mm.

The choice of barrel diameter was important and initially 12 mm
was used, but this was subsequently reduced to 10 mm in order to
reduce the test fluid quantity to of order 12 g (see Fig. 2d MPR4). The
sealing of the pistons within the barrel was again an important issue
and after some considerable experimentation PTFE filled seals were
found to be effective for most of the fluids tested when used with
hardened stainless steel barrels. Various pressure transducers were
tested and currently those used are Omega transducers in the range
0-30MPa. A schematic diagram of the main features for MPR4 is
shown in Fig. 4 and several machines have now been manufactured
to this basic concept.

1.3. Thermal design

0Oil circulation was used to control the temperature of both the
barrels and centre section. The apparatus was initially designed
for a 200°C maximum operating temperature but this has now
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Fig. 4. Schematic diagram of MPR4 configuration. (not to scale).
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Table 1
Eland manufactured MPRs.
MPR number Location Mechanical aspects Controller Application
MPR 1 Cambridge Prototype, now dismantled Kelsey Mostly liquids
MPR 2 Cambridge Clamped sections Kelsey Liquids and melts
Nova 1 Canada Three stage special Kelsey Polymerisation control
MPR 3 Cambridge In situ Xray capacity TTS Xray
MPR 4 Cambridge Small sample TTS Rheo and optical
BASF 1 Germany Similar to MPR4 TTS Rheo and optical
Unilever 1 Uk Special design TTS Special application
MPR5 Dow 1 Belgium Similar to MPR4 Moog digital Rheo and optical
MPRS5 Brisbane 1 Australia Similar to MPR4 Moog digital Rheo and optical
MPR5 Huelva 1 Spain Similar to MPR 4 Moog digital Rheo and optical
MPRS5 India 1 India Similar to MPR 4 Moog digital Rheo and optical
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Fig. 5. MPR1 multipass steady experiments on silicone oil at 30 °C, capillary diam-
eter 1.0mm, length 40 mm, piston displacement 10 mm, piston speed 20 mm/s,
350 bar pressure transducer, no prior pressurization. piston position and differential
pressure.

Reprinted with permission from [9]. Copyright 1995, The Society of Rheology.

been extended to 250°C on later models. Electrical heating was an
option, but this was not utilised mainly for safety factors and the
belief oil circulation would give more temperature uniformity. The
top and bottom cylindrical barrels together with the centre sec-
tion were designed with thermal jackets containing oil channels
incorporated into each unit and an external single oil heater/chiller
unit was used to control temperature. The relatively large ther-
mal mass of the barrels means that rapid temperature changes are
not possible and typically the device might take 30 min to reach
its operating temperature from an ambient temperature starting
point. Currently average cooling rates of order 1 °C/min are achiev-
able using this design.
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Fig. 6. Pressure dependence of viscosity. MPR1 multipass steady experiments on
silicone oil at 30°C, capillary diameter 1.0 mm, length 40 mm, piston displacement
6 mm, piston speed 10 mmy/s, 350 bar pressure transducer. Apparent viscosity vs set
pressure.

Reprinted with permission from [9]. Copyright 1995, The Society of Rheology.

Reprinted with permission from [9]. Copyright 1995, The Society of Rheology.

1.4. Servo hydraulic piston control

The key design element to the MPR was the use of servo
hydraulics to move the pistons. An important advantage of servo
hydraulics is that high piston loads can be achieved at different
piston speeds. The prototype apparatus was designed to operate
up to 20 MPa although 50 MPa could have been achieved with a
pump upgrade. The control of piston position is vital and this was
achieved using a pair of Moog servo valves controlled by appropri-
ate controllers. Servo hydraulic control equipment was developing
at a rapid rate in the 1990s and initially analogue controllers man-
ufactured from “Kelsey” were used. In later models a “TTS” control
unit and then digital Moog control units were adopted.
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Fig. 8. MPR1 oscillatory experiments on 20% PIB in Decalin at 25 °C, capillary diam-
eter 8.0 mm, length 40 mm, no prior pressurization, 15 bar pressure transducer. G’
(triangles) and G” (circles) as function of frequency on two separate days (filled/open
symbols), between 0.02 and 30 Hz. Inserted the results as measured with the Rheo-
metrics RDS-II rheometer (G': X,G": +).

Reprinted with permission from [9]. Copyright 1995, The Society of Rheology.
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Fig. 9. Multi-pass MPRII capillary rheometry on LLDPE at 190 °C. Typical profile of
MPR steady-mode (two passes): v, =10 mm/s, amplitude =6 mm, idle time=3s[11].

A crucial element of the servo hydraulic system was the mea-
surement of the piston position and this was achieved using two
linear displacement transducers. With this system it was then pos-
sible to send the same signal to each of the piston servos and the
two pistons would move together. Single piston movement was
also possible and this was used for example in loading and also pre
pressurising the MPR. An overall schematic of the MPR is shown in
Fig. 4 where each of the base components are identified.

Piston position resolution and movement were key require-
ments and this required careful setting of the gain for each piston.
For MPR1 the piston spatial resolution was of order 40 pm and
in later machines this increased to 10 pm. The maximum velocity
of piston movement was of order 500 mmy/s for a piston stroke of
20 cm. Pressure generation was obtained from a specially designed
power pack and here the main difficulty was ensuring noise gener-
ation from the pump was kept to a minimum.

Several versions of Software have been developed using Lab-
view which has enabled flexible operation of the MPR. Three main
operation modes were initially developed. The Single Pass Mode,
involved the single constant velocity movement, either up or down,
of both pistons and the acquisition of pressure difference data over
a set period. Both the piston velocity and the piston stroke could be
selected from the available range and pressure build up and relax-
ation after the pistons had stopped could be monitored. From the
steady state pressure difference measurements software calcula-
tions enable the apparent viscosity of the test fluid to be determined
over a range of apparent shear rates corresponding to different pis-
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Fig. 10. Apparent viscosity (solid symbols) as a function of shear rate and com-
plex viscosity as a function of frequency (open symbols) for a LLDPE at 180 °C. RDS
triangles, MPR circles. Reprinted with permission from [10].
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Fig. 11. Multi-pass MPRII capillary rheometry on LLDPE at 190 °C. Typical profiles of
MPR oscillatory-mode (one cycle): amplitude, xmax = 2.5 mm, frequency =1Hz [11].
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Fig. 12. Multi-pass oscillatory measurements on LLDPE at 180°C. RDS G’ (+) and G”
(x) as a function of angular frequency. MPR values at 50 bar (solid symbols) and at
1bar (open symbols), G” triangles and G’ circles.

Reprinted with permission from [10].
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Fig. 13. Master flow curves of the hard sphere suspensions in ice cream model
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medium and high shear stresses using the parallel plate rheometer and the multi-
pass rheometer [20].

Fig. 14. Rheology of water in alykd resin emulsions with the volume fractions of
water given in the caption. Data to 1000 Pa from concentric cylinder rheometer.
Data above 1000 Pa from multipass capillary rheometer.
Reprinted with permission from [21]. Copyright 2001, The Society of Rheology.
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Fig. 15. (a) Schematic diagram of the apparatus used for MPR scattering experiments. (b) Selected results at wall stresses given in the captions. The images are in the
flow-vorticity plane with the flow from top to bottom. Coarser emulsions were used than for the rheology experiments with droplets up to 10 wm in diameter.
Reprinted with permission from [21]. Copyright 2001, The Society of Rheology.
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Fig. 20. Schematic of optical train used for the MPR. Reprinted with permission from [26].

ton velocities. Typically wall strain rate within capillaries of order
1 x 106 s~1 could be achieved. Alternatively a MultiPass Mode could
be selected where the pistons moved up and down in a periodic
manner for a set number of strokes. Piston velocity, piston stroke
and the delay time between each upward and downward move-
ment could be selected. Finally an Oscillatory Mode could be selected
where the two pistons moved in a matched harmonic oscillation of
set frequency and amplitude. Frequencies in the range of 0.1-50 Hz
could be usefully accessed, although not at all test amplitudes. Soft-
ware was developed that enabled the determination of the Complex
viscosity 1, the storage G’ and Loss G” modulus of the test fluid.

For all modes of operation it was possible to preset the mean
pressure within the MPR by moving one or both pistons. Pressuri-
sation and depressurisation can be achieved within time scales of
milliseconds and this has made the MPR well suited to the study of
the foaming process (see Section 8 of this review for further details).
A potential difficulty of the MPR has been the loading process. If the
test fluid has a sufficiently low viscosity the fluid can be syringed
into the apparatus. In the case of high viscosity polymer the nor-
mal loading procedure has been to manually fill each section with
polymer pellets, allow them to melt and then pressurise with pis-
ton movement. This can be a laborious procedure and currently
incorporation of a micro twin screw extruder is being considered
for fast and efficient loading. Cleaning an apparatus can be of equal
importance to loading and the modular form of the MPR makes this
task reasonably straightforward; but on some occasion it was nec-
essary to clean using a high temperature oven for barrels, pistons
and centre section.

1.5. Further developments

The original objective for using the MPR as an online rheometer
has not yet been tested but the MPR has found useful application
in a range of areas that will be described in the following sections.
The apparatus has been steadily developed since the introduction
of the prototype and in particular optical test sections together
with Xray (see Fig. 2c MPR3) and cross slot devices have been
introduced. Table 1 gives a list of the Eland MPRs that have been
manufactured so far together with remarks on additional design
features.

2. The MPR as a rheometer

Initial proof of concept experiments using the MPR as a capillary
rheometer were carried out using Newtonian fluids and polymer
solutions [9]. These first experiments were performed using MPR
1 and Fig. 5 shows the type of experimental data that could be
achieved in the MultiPass Mode of operation. The figure shows

piston displacement as a function of time for one of the pistons.
This involves an upward pass at a set velocity, a delay time where
the pistons are stationary and a downward pass. The process is
repeated three times in the figure although the data was obtained
from a sequence when there were many passes before and after the
measurements were taken.

Both the matching absolute and differential pressures are plot-
ted and the data shows the period repeating feature of the MPR.
During each period of piston movement a near steady state pres-
sure difference is reached and the magnitudes of the upward and
downward pressure differences are essentially equal. On piston
cessation the differential pressure returns to zero. The data presen-
tation enables the operator to gain confidence in the measurements
as the same experiment can be carried out many times on the same
fluid. From a knowledge of the capillary dimensions an apparent
viscosity can be determined for any give piston speed. The Labview
software can also carry out a Rabinowitch apparent shear rate cor-
rection to the data. If entry effects to the test section capillary are
significiant a series of experiments using different L/D ratio cap-
illary need to be used. The mean pressure of the fluid contained
within the test section can be controlled and viscosity measure-
ments made as a function of mean pressure. Data of this kind are
shown in Fig. 6 where the pressure dependence of a Newtonian
fluid is shown [9].

The early experiments also demonstrated the ability to make
Oscillatory mode viscoelastic measurements and Fig. 7 shows data
obtained from MPR 1 and in Fig. 8 these are compared with rheo-
metrics parallel plate data. The figure also shows matching data
taken using the MPR on different days indicating the reproducibil-
ity of the data. In general it has been found that the rheological data
obtained from the MPR has been highly reproducible and the abil-
ity to make repeat measurements for any sample loading provides
great reassurance in the data acquisition.

Rheological measurements on polymer melts at elevated tem-
perature were first reported by Mackley and Spittler [10]. Fig. 9
shows a typical MultiPass Steady response for a polymer melt [11].
For this case two MPR strokes are shown and in each case the pres-
sure difference reaches a steady state. The time dependence of both
pressure build up and relaxation can also be seen and this can pro-
vide additional processing and rheological information. The steady
state data of the type shown in Fig. 9 can be used to obtain appar-
ent viscosity data and an example of this is shown in Fig. 10. Here
the data are matched with lower shear rate results obtained using
a rheometrics parallel plate apparatus and other data showing the
characteristic shear thinning behaviour of a polymer melt over a
wide range of shear rates. The pressure difference and shear rates
measured in Fig. 9 are quite high, 10 MPa and 20s~! respectively,
and care must be taken during the interpretation of the results. Both
pressure effects on viscosity and viscous heating at high shear rates
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Fig. 21. Double-cavity flow birefringence patterns of a linear low density polyethy-
lene m-LLDPE at a temperature, 190°C and flow rate 33.9mm?3 s-!, (apparent wall
shear rate in the slit ~44 s~1). Flow is from top to bottom. Comparison of the over-
all experimental flow birefringence pattern with the simulated PSD (the right hand
figure). As seen, the Wagner model simulations captured the fringe pattern at cavity
1 (mushroom shape) and cavity 2 (butterfly shape).

Reprinted with permission from [27].

cannot be ignored, and these details have been dealt with in detail
elsewhere by Luan et al. [12-14].

In the same way as viscoelastic solution data was obtained, the
MPR can be used to obtain oscillatory viscoelastic data and Fig. 11
gives the base response for a polyethylene melt sample. The har-
monic displacement with time is shown together with the pressure
difference response which is out of phase with the displacement.
Using an algorithm described in Mackley et al. [9] oscillatory stor-
age G’ and Loss G” modulus data can be obtained and an example of
this is shown in Fig. 12 together with comparison of the data using
a Rheometrics parallel plate apparatus. While it has been demon-
strated [15,16] that the pressure variations observed in melt flows
depend more on compressibility and viscosity than on viscoelastic-

ity, the MPR oscillatory data are consistent with the conventional
Rheometrics rheometer indicating that compressibility effects are
not significant when oscillating about a set mean pressure. The pre-
cision of the oscillatory MPR data does not necessarily match that
of a parallel plate rheometer, but the MPR does enable viscolelastic
measurements to be made both at high shear rates and at elevated
pressure. In addition the MPR does not suffer from “edge and other
effects that can occur at high shear in a parallel or cone and plate
rheometer. Because the MPR is fully enclosed volatile fluids includ-
ing solutions can be tested at elevated temperature and pressure
and a successful example of this was a rheological study of highly
volatile cellulose acetate solutions [17].

3. Suspension studies

The MPR is well suited to the study of multiphase fluids and
a number of systems have been investigated. The fluid system
can contain solid particles, liquid drops, gas bubbles or combina-
tions of each. Processing measurements can be carried out in some
cases together with optical measurements. In all cases, in principle
temperature, pressure and flow conditions can be systematically
varied.

An example of MPR processing measurements for a non-
Newtonian solution with different volume fraction of hard spheres
is shown in Fig. 13. The data shows the systematic effect of hard
sphere volumetric concentration on both the low and high shear
rheology. The low shear data was obtained from a constant stress
rheometer and the high shear data from MPR3. The base fluid is
shear thinning and was formulated as a “model” ice cream mix.
The apparent viscosity curve follows a classic Cross equation model
with limiting viscosities at both high and low shear rates. The addi-
tion of hard sphere suspensions increases the apparent viscosity in
both the high and low shear rate regimes, although the increase in
the low shear region is higher than that of the high shear regime.

Fig. 14 shows an initially unexpected behaviour for aqueous
drops in an alkyd resin matrix [18,19]. Again low shear data was
obtained from a constant stress rheometer and the high shear
data was obtained from MPR2. The base alkyd resin was weakly
shear thinning and the low shear rate data showed the antici-
pated increase in viscosity expected for the inclusion of spherical
liquid drops. The high shear rate data however showed an unex-
pected trend, where the inclusion of the aqueous drops resulted in
a decrease of the apparent viscosity below that of the base alkyd
resin.

Theoretical analysis [19] showed that this result was possible if
the low viscosity drops deformed to form elongated regions within
the simple shear flow. The MPR was modified to enable laser light
scattering to be observed within the test section during flow and
the apparatus design and results are shown in Fig. 15. The light scat-
tering data supported the model that at low shear the drops were
undeformed, but when the capillary number of the flow exceeded of
order one, droplet deformation occurred and there was a decrease
in the overall apparent viscosity due to the elongation of low viscos-
ity regions of flow within the higher viscosity matrix suspension.
Further experiments by Odic [20] showed that a foam suspension
also exhibited a similar effect of a high shear decrease in viscosity
below that of the base fluid as shown in Fig. 16.

In terms of multiphase complex fluids, further suspension stud-
ies on detergent formulations have been carried out in the MPR by
McKeown et al. [21] and Law et al. [22]. Cooke studied the rheology
and processing of drilling fluids [23] and Garcia-Morales et al. [24]
followed the effect of process history on the rheology of EVA/LDPE
modified bitumens.

The ability of the MPR to probe the effect of process history on
complex fluids was demonstrated clearly in a series of experiments
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Fig. 22. Transient flow induced birefringence images for a LDPE, DOW150R at a flowrate of 39.3 mm?s~!, apparent wall shear rate of ~12s~!. The development of the stress
fangs is highlighted by circles along with (e) the formation of small secondary fangs close to the slit wall and more complex slit PSD profile. Flow is from top to bottom. As a

representation of scale, the CE slit length is 1.5 mm.
Reprinted with permission from [40], similar to those seen in [27] and [11].

by Chen et al. [25]. Certain red paint formulations are sensitive to
the way they are coated onto a surface and this can result in dif-
ferent final colours of the painted surface. The MPR was used to
provide a systematic and controlled process history and the centre
section of the MPR was modified in order to accommodate a fibre
optic probe that could follow colour changes. A schematic of the
optical set up is shown in Fig. 17 and a series of results given in
Fig. 18. The results show the time changes of colour parameters L*,
a* and b* for different applied multipass wall shear rates. The data
shows that certain colour values are reached and that after shear
there is a time dependant colour change. The effect is reversible
and was partially explained in relation to the way shear affects the
state of particle aggregation within the red paint.

4. Precision flow birefringence processing
The MPR has been used to provide precise processing conditions

for small samples of polymer melts. The well defined boundary
conditions of the device provide exact knowledge of volumetric

flowrates and this makes MPR experiments well suited to test and
validate matching numerical simulation. For many precise pro-
cessing experiments valuable additional information was obtained
using flow birefringence techniques (see for example [26,27]).
When flow birefringence studies were carried out, an optical centre
section of the form shown in Fig. 19 was used where simultaneous
pressure and optical measurements could be made. The optical test
section resembles a cube with holes in all six faces, the vertical faces
accepted a pair of stainless steel die inserts in one direction, and a
pair of variable depth stress-free quartz windows in the other. Poly-
mer enters or leaves through either the top and bottom of the test
section.

Rheo-optical data has been obtained using the flow-induced
birefringence technique (see for instance, [28]) to observe the
stresses within the melt. A widely used technique (see for instance,
[29-33]), this uses monochromatic polarised light and a sequence
of lenses, to obtain the principal stress difference (PSD) within a
transparent polymer melt. The optical arrangement is shown in
Fig. 20.
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(b)

(d)

Fig. 23. Transient flow induced birefringence images for a LDPE, DOW150R at a flowrate of 39.3 mm? s~', apparent wall shear rate of ~12s~! (a and b) sharp edged CE-slit
and (c and d) rounded CE-slit. Flow is from top to bottom. As a representation of scale, the CE slit length is 1.5 mm.

In order to simulate a viscoelastic flow of the type generated
by the MPR a number of issues need to be addressed. Firstly the
choice of constitutive equation is important and both Wagner type
integral equations [34] and reptation based differential equations
[35] have been explored. In addition to the constitutive equation
it is necessary to derive both experimental linear and non-linear
viscoelastic data. The linear data fit is generally done through fit-
ting oscillatory viscoelastic data with a multimode Maxwell type
model using methods of the type described by Mackley et al. [36].
Deriving and fitting the non-linear rheological response to experi-
mental data remains challenging and different methods have been
followed with transient extensional flow proving currently to be
most popular. Finally a numerical solver has to be developed that
is capable of solving the constitutive equation for the appropriate
geometric and flow boundary conditions. This still remains a very
challenging task, but following the pioneering work of Crochet et al.
[37], a number of commercial and individual codes now exist that
can handle the complexity of the problem.

Early MPR  work investigated a number of
contraction-expansion geometries to compare the behaviour
of different materials with numerical simulation predictions. One
such comparison is given in Fig. 21, and shows a double cavity
flow and the corresponding predictions using the constitutive

equation proposed by Wagner [34] based on the K-BKZ equation
[38] implemented in Polyflow [37].

Each fringe relates to a region of equivalent PSD, and the fringe
pattern represents a contour plot of stress throughout the geom-
etry. Stress levels and optical birefringence are linked through the
so-called “Stress optical law” (see for example [28]). At the first
inlet, the pattern takes on a “mushroom shape” as the material is
subjected to deformation as it accelerates towards the contraction.
The first fringe is furthest from the entrance and as the entrance is
approached stresses and fringes correspondingly increase. Close to
the walls within the slit the fringes develop parallel to the wall, indi-
cating a constant shear stress associated with the constant shear
rate present in this region. Along the centre line, once the material
has entered the slit it is no longer subjected to extensional flow, and
therefore relaxes over time as it passes at constant velocity along
the centre line region. This results in the reduction in stress and
hence the reduction in fringe number along this line. The material
at the expansion is subjected to deformation in an axis perpendicu-
lar to that present at the inlet, and the fringe number moves through
zero and then becomes negative, indicating compression stresses
rather than tensile. The strain history of the material resultant from
flow through the first contraction-results in a different “butterfly
shape” at the inlet to the second contraction. This is a result of the
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Fig. 24. Comparison of experimental birefringence with principal stress difference contour prediction made by polyflow using the Wagner model for polystyrenes at 200°C;
(a) monodisperse Dow PS1569, apparent wall shear rate of ~12s~'; (b) monodisperse Dow PS1571, apparent wall shear rate of ~6s~'; (c) Durham 90%/10% 485k/66k PS
blend, piston speed apparent wall shear rate of ~12s~1; (d) polydisperse Dow PS680E, apparent wall shear rate of ~116 s~ Flow is from top to bottom.

stresses present in the material close to the entrance caused by the
deformation at the previous expansion. The stress then develops in
a similar manner through the slit as seen in the first one.

The MPR also captures the transient build up of stress, and this
ability allowed the capture of previously unobserved transient phe-
nomena. One such example is the “stress fangs” seen first by Karen
Lee and others [39] shown in Fig. 22. Stress fangs were found to
be a result of the high levels of branching within the material, and
these structures were not observed for non-branched materials.
The stress gradients within these fangs are very high, represented
by closely packed fringes, and this causes problems when compar-
ing results with numerical predictions (see for instance, [39,40]).
One solution is to “open out” the features by increasing the round-
ing on the contraction-expansion slit, with the additional benefit of
removing the singularity at the slit corner. The effectiveness of this
technique is shown in Fig. 23, where the development of a “stress
fang” is captured at a specific time within its development for both
a sharp edged CE-slit (Fig. 23(a and b)) and a completely rounded

CE-slit (Fig. 23(c and d)). This improved detail and clarity opens up
the possibility for improved comparisons between experimental
results and computational predictions.

Subsequent work took advantage of the small amounts of poly-
mer required using the MPR to probe the response of highly
tailored materials during flow. Both monodisperse polystyrenes
and comb blends have been evaluated [41,42] and comparisons
made with prediction. One example is given in Fig. 24, which
again highlights the ability of the Wagner model to accurately pre-
dict the behaviour of a number of different molecular architecture
polystyrenes.

Pressure drop data was captured simultaneously with the bire-
fringence, and this can also be used to validate the models. Fig. 25
shows one such comparison with two different models, the pre-
viously highlighted Wagner model and the tube based POM-POM
model [35,43] implemented in flowSolve [44,45]. Similar to other
studies [46,47] this allows a thorough evaluation of the models with
a range of experimental data.
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Fig. 25. Comparison of experimental pressure difference with predicted values for
polystyrene PS680E at 200 °C. Conversion from piston speed to apparent wall shear
rate is ~1:58.

Reprinted with permission from [41].

While Fig. 25 illustrates a comparison with steady state pressure
data, transient pressure profiles can also be compared to evaluate
in detail a models ability to capture the flow behaviour. Fig. 26
shows the time dependant characteristics of the pressure, from
pressure build up at flow start up, to its development to steady
state value and subsequent stress relaxation upon flow cessation
[48]. Comparison is made with a ROLIE-POLY model [49] incorpo-
rating compressibility and implemented in a finite element code
based on the MEF++ software (see for instance, [50]).

While most studies have used birefringence, the optical access
allows other techniques to be employed. The velocity can be cap-
tured using laser Doppler velocimetry (LDV) (see for instance
[51]). This technique has been employed along with the capture
of stress relaxation to observe effects which normally occur at high
flowrates where stress resolution during flow is not possible. Cur-
rently termed “inlet stress islands”, this effect is shown in Fig. 27
and velocity measurements have shown that these lead to a change
in the flow profile into the contraction.

Flow birefringence is a powerful visual technique for comparing
experimental processing behaviour with that of numerical predic-
tion and the ability of a simulation to match simultaneously both
flow birefringence and pressure difference measurements is an
exacting test for any constitutive equation and numerical solver.
Examples of precise processing experimental flow birefringence
flows can be found on a web site [52] and these can be used to
validate future modelling studies. The way in which flow bire-
fringence studies can be quantitatively matched with numerical
simulation represents an interesting problem in parameter optimi-
sation and has been addressed by Agassant et al. [31]. Knowledge
of the stress optical coefficient for a particular material is necessary
and the optical technique is generally limited to optically transpar-
ent polymer melts at isothermal conditions. Light scattering and
refraction effects in blends and filled material normally make flow
birefringence techniques of little value.

5. The cross slot geometry

Modification of the optical cell used for precision processing
has enabled “Cross Slot Flow” to be achieved within the MPR, and
the geometry used is shown in Fig. 28. During operation the two
MPR pistons are moved towards one another at a controlled rate,
pushing material through the top and bottom channels and out
through two horizontal side channels. Pressurised slave pistons in

these horizontal channels maintain the material within the MPR
and the subsequent retraction of the pistons to their original posi-
tion allows pressurised nitrogen to force the material back through
the cross-slot and into the top and bottom reservoirs [53,54].

Cross slot flow is a stagnation point flow where the flow near
the stagnation point is essentially 2D pure extension, and a key fea-
ture of the flow is that for a given flowrate, different strain histories
can be explored by the examination of different distances from the
exit streamline [55]. These advantages have meant that cross slot
flows have been used in numerous studies of both polymer solu-
tions [56-58] and polymer melts [59,60] to probe their response in
purely extensional flow.

Using optical birefringence, the stress development from flow
start up for a range of polymer materials can be probed. One such
example is shown in Fig. 29, and this shows the transient develop-
ment over time for a high density polyethylene (HDPE). The MPR
elegantly captures the stress development from an initially sym-
metric Newtonian profile to increasing levels of asymmetry. As the
flow commences, stresses build up both in the central extensional
flow region of the cross slot and also near the wall of the geome-
try. The extensional stresses originate from the central stagnation
point and initially the principal stress difference (PSD) fringes are
symmetric around the stagnation point. As the strain history of
the material starts to play a role the stress along the horizon-
tal exit streams become greater than the stress along the inlet
vertical axis and the fringes take an elliptical shape. Cusping of
the fringes along the outlet centre line are observed at longer
times, as also reported by [59], and this captures the increasing
influence of the materials past deformation on its current level of
stress.

The material’s relaxation on cessation of flow can also be cap-
tured, in a similar way to that reported for slit flow (see for instance,
[48]). Fig. 30 shows the stress relaxation for another HDPE. As the
material relaxes, the PSD pattern collapses leaving stress only in
regions close to the wall and along the outlet centreline which
have previously experienced the highest levels of strain rate and
strain.

The effect of polydispersity in polymers and its affect on the
stress in extensional flow has also been captured and is shown
in Fig. 31. Fig. 31(a) is a polydisperse polystyrene and Fig. 31(b)
a monodisperse polystyrene of near matching molecular weight
[61]. The polydisperse polystyrene has a similar behaviour to the
HDPE shown in Figs. 29 and 30. The monodisperse polystyrene
in Fig. 31(b) shows less cusping and in regions of predominantly
shear flow upstream of the cross-slot, the monodisperse material
exhibits greater levels of stress. In the central region of the cross-
slot close to the stagnation point the more localised fringes and
cusping observed for the polydisperse material highlights the sen-
sitivity of extensional flow to the high molecular weight tail present
in the materials polydisperse distribution.

The effect of increasing material viscoelasticity was found to
create a strong development in the stress at steady state from New-
tonian to increasing asymmetry between the inlet and outlet [40],
and this effect is demonstrated in the photographic sequence for PE
shown in Fig. 32. In Fig. 32 for matching flow conditions, (a) a low
molecular weight polymer shows an essentially Newtonian fringe
pattern. A higher molecular weight polymer shown in Fig. 32 (b)
shows the development of cusping which is further increased in
Fig. 32 (c) for the highest molecular weight variant.

The formation of so-called “W cusp” has been observed for some
branched materials using both the MPR [62] and another instru-
ment [60]. This effect is shown in a series of photographs in Fig. 33.
The photos show the development of fringe pattern as a function
of time for a long chain branched polyethylene. Initially the flow
is symmetric, then elliptic and then with cusps; but at the later
times small W cusps are seen in the region of the exit streamline
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Fig. 26. Time dependent pressure difference profile for MPR4, Linear low density polyethylene LLDPE at 185 °C at a piston speed of 5 mm/s, complete curve (top) and details
of start-up (bottom left) and relaxation (bottom right) flow. Experimental data (error bar I), compressible Carreau (- - -), incompressible Rolie Poly (—) and compressible

Rolie Poly (—). Conversion from piston speed to apparent wall shear rate is ~1:26.
Reprinted with permission from [48].

and where the maximum fringe count is not along the exit sym-
metry axis but a short way above and below. The exact mechanism
for the occurrence of this unexpected effect has not yet been fully
established.

Experiments have been used for comparisons against predic-
tions using Wagner, POM-POM and ROLIE-POLY models (see for
instance [53,63]). A comparison shown in Fig. 34 shows the rel-
atively good agreement for the transient stress build up and that
predicted using the POM-POM model [40]. The agreement is not
perfect, but the key geometrical features of the developing fringe
pattern are captured by the 2D simulation.

A similar analysis can be performed using velocities, and an
example of matching simulation with laser Doppler velocity mea-
surements is shown in Fig. 35. In general it has been found that
the centre line velocity profile is very much less sensitive to the
polymer type when compared with the stress related flow birefrin-

gence. It is however reassuring that both velocity and stress fields
can be matched.

Depth is always an issue when comparing experiments with 2-
D simulations, and the effect of optical depth within the MPR has
recently been explored using the cross slot geometry. A series of
photographs for different depths are shown in Fig. 36. As the depth
of slot is decreased the 3D effect of the glass walls become more
apparent and the flow can no longer be considered 2D. The 7 and
10 mm depth photographs show relatively little difference indicat-
ing that the 2D approximation has been approached. These results
concur with those of Clemuer et al. [64], who demonstrated numer-
ically that for a simple slit a 10 mm depth slit of width 1 mm would
give a good approximation to 2D flow.

The cross slot geometry has extended the range of the MPR and
it provides useful flow birefringence data for extensional flows over
a wide strain and strain rate range. Cross slot pressure drop mea-
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Fig. 28. Schematics of MPR cross slot geometry.
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Fig. 29. Time dependant start-up flow for a high density polyethylene HDPE at a maximum extension rate of 1.55s~! and 155 °C. The images show the flow at (a) 0.53ss, (b)
0.97s,(c) 1.50s, (d) 2.22s and (e) 6.6 s after start-up [53].

(b) (d)

Fig. 30. Transient flow induced birefringence images for a long chain branched polyethylene at 155 °C at flow cessation, with previous flow conditions of ~138 mm3 s~ per
inlet, maximum central extension rate of ~7.6s~, illustrating the stress relaxation over time. As a representation of scale, the cross-slot channel width is 1.5 mm.

= .

(a) (b)

Fig. 31. Flow induced birefringence images for two polystyrenes within the cross-slot at a flowrate of ~3.46 mm? s~! per inlet, maximum central extension rate of ~0.38 s~1.
Materials are (a) polydisperse polystyrene at 180°C and (b) monodisperse polystyrene at 180 °C, with molecular weights and polydispersity given in the image. Material
flows into the cross-slot through the vertical channels and out through the horizontal ones. As a representation of scale, the cross-slot channel width is both 1.5 mm.
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Fig. 32. Flow induced birefringence images for the three materials within the cross-slot at a flowrate of ~34.56 mm? s~ per inlet, maximum central extension rate of ~1.9s~.
Materials are (a) an almost linear polyethylene at 175°C, (b) long chain branched polyethylene at 155°C and (c) LDPE at 160 °C. Materials flows into the cross-slot through
the vertical channels and out through the horizontal ones. As a representation of scale, the cross-slot channel width is 1.5 mm.

Fig. 33. Principal stress difference results for a long chain branched high density polyethylene HDPE (HDB6) at 155 °C within the cross-slot at a flowrate of ~34.56 mm? s~
per inlet, maximum central extension rate of ~1.9 s~1. Time after start of flow is (a) 0's (no flow), (b) ~1.55s, (c) ~3s, (d) ~3.25s, (e) ~5 s and (f) ~11 s. Materials flows into the
cross-slot through the vertical channels and out through the horizontal ones. As a representation of scale, the CE slit length and cross-slot channel width are both 1.5 mm.
Reprinted with permission from [62].
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Fig. 34. Transient flow induced birefringence images for a long chain branched polyethylene at 155 °C at a flowrate of ~138 mm?3 s~ per inlet, maximum central extension
rate of ~7.6 s, highlighting the principal stress difference profile development from initially Newtonian to increasing asymmetry. (a-c) Experimental results and (d-f) the
corresponding simulation predictions. Direction of the flow is into the cross-slot through the vertical channels and out through the horizontal ones. As a representation of
scale, the cross-slot channel width is 1.5 mm.

Reprinted with permission from [40].
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