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Fig. 36. The effect of depth. Flow induced birefringence images for a polydisperse polystyrene (PS2 158k at 180 ◦ C) within cross-slot geometries of aspect ratio (a) ∼1:1, (b)
5:1 and (c) 7:1. The average velocity in the inlet channels is the same in all three cases with an approximate maximum central extension rate of ∼1.9 s−1 (assuming 2D ﬂow).
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.

surements are possible but not considered to be of great value, as
most of the pressure difference is generated by the slit section, not
the central cross slot region. If a good ﬂow birefringence simulation
match can be achieved for both slit and Cross slot ﬂow over a range
of piston speeds then it can be assumed with some conﬁdence that
the constitutive equation, rheological parameters and simulation
itself are effective.
6. Instabilities
Normally it is hoped that both processing and MPR responses
for polymer ﬂuids are smooth, but there are certain conditions in
polymer processing when a range of different ﬂow instabilities can
develop. The form and mechanisms for these instabilities has been
studied over many years as they often represent the limiting speed
for any processing operation and they represent the limit of stable
solutions to a viscoelastic processing ﬂow. There are a number of
reviews on viscoelastic instabilities [65–71], some of which highlight that certain extrusion instabilities originate upstream of a
die exit while others, such as sharkskin, originate at the die exit.
Because, in normal operation the MPR is a closed system it is not
designed to explore die exit effects, but the MPR has provided
some information on certain instabilities that can occur within a
die.
Initial work using the MPR by Ranganathon et al. [72] focused
on the application of MPR capillary rheometry to probe the “stickspurt instability”, which can lead to large amplitude periodic
pressure variations in extrudate ﬂow [3,73–77]. certain high density polyethylenes (HDPE) have a discontinuity in their ﬂow curve
and Fig. 37 shows the MPR derived ﬂow curve of pressure against
shear rate obtained for a particular HDPE which exhibits stick spurt
instabilities. The curve shows two stable branches separated by the
so-called stick-slip instability area. For ﬂow in this region the pressure oscillates between these two curves as a result of material
compressibility in the reservoir and stick-slip at the walls [74].
Ranganathon et al. [72] successfully modelled these pressure
ﬂuctuations due to stick-slip in a capillary extending a model initially developed by Molenaar and Koopmanse [74] which included
melt compressibility. The results of the model are presented in
Fig. 38 and show the excellent agreement between the experimental data and model prediction.
Subsequent rheo-optical experiments have focused on the
behaviour of both mono-disperse [41,42,78,79] and polydisperse materials [79]. The observation of an instability in a
contraction–expansion (CE) slit ﬂow was ﬁrst reported by Collis and

Mackley, and was termed “viscoelastic disturbance”. Later work
[79] identiﬁed in detail the form and behaviour of this instability
for a range of mono-disperse polystrenes.
An example is shown in Fig. 39, and represents a time series
of images for a mono-disperse polystyrene. The instability is seen
to ﬁrst occur immediately downstream of the slit outlet, and takes
the form of an asymmetric time periodic disturbance in region 1.
The instability is most clearly seen in this region, where the disturbance is of an order half the width of the slit, where it moves
periodically towards the areas of high stress near the slit outlet corners. Over time it propagates upstream and leads to time periodic
disturbances being observed upstream of the slit inlet. Upstream
instabilities have been reported by a number of authors (see for
instance, [80]). Schematically summarised in Fig. 40, it has been
recently compared to predictions using linear stability analysis of
the ROLIE-POLY model [78].
The instability can also be seen in bright ﬁeld at higher ﬂow
rates [41], where birefringence cannot resolve individual fringes.

Fig. 37. Steady state ﬂow curve of high density polyethylene HDPE. 180 ◦ C with a
capillary geometry of L = 10 mm, D = 1 mm, entry angle = 45◦ .
Reprinted with permission from [72]. Copyright [1999], The Society of Rheology.
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Fig. 38. Comparison of the predictions of the model with experimental data for HDPE in the Periodic Oscillations regime at 180 ◦ C for a capillary of L = 10 mm, D = 1 mm and
entry angle = 45◦ .
Reprinted with permission from [72]. Copyright [1999], The Society of Rheology.

Fig. 39. FIB images of monodisperse polystyrene DOW1571 at 180 ◦ C ﬂowing through CE2, illustrating the nature of the observed instability for (c and d) the whole ﬁeld and
(a and b) a zoomed in area downstream of the slit. A schematic (right) outlines the two local regions in which the instabilities are observed. The slit width is ∼1.4 mm and
apparent wall shear rate ∼3.6 s−1 , WeR = 1.61, Wed = 73.

This is shown in Fig. 41. Substantial dark areas, the result of either
localised shear heating or inhomogeneities in the melt, were seen
as well as ﬂuctuating dark regions upstream converging on the slit
entry corners. Downstream of the slit there were persistent dark
lines, curved in an arc approximately centred on the slit exit and
being alternately shed from either side of the slit.
The onset of processing instabilities are extremely sensitive to
the polymer type, the processing geometry and the processing conditions. The MPR has proved to be useful in identifying certain
instabilities; but the fact that the MPR does not normally extrude
into air means that it will not be able to capture the full spectrum
of unstable extrusion ﬂow.

7. Flow induced crystallisation (FIC)
In polymer processing ﬂow, molecular orientation, and molecular stretch affects the crystallisation process, and inﬂuences the
orientation, morphology and mechanical properties of the ﬁnal
solid product. In the past there have been extensive studies of
ﬂow induced crystallisation (FIC) from a number of research groups
throughout the world (see for example [81–97].
Flow can effect the way crystallisation can occur and the MPR
has proved to be a useful apparatus to systematically explore ﬂow
induced crystallisation of polymers under isothermal conditions.
Commercially ﬂow induced crystallisation (FIC) usually occurs dur-
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Fig. 40. Schematic outlining the form and development of the ﬂow instability observed in [78,79].
Reprinted with permission from [79].

Fig. 41. Bright ﬁeld observations of monodisperse polystyrene Dow PS1571 PS at 180 ◦ C; piston speed 1.0 mm/s; time interval between frames (a)–(d) 0.2 s.
Reprinted with permission from [41].
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Fig. 42. Localised FIC. Direct optical observations of FIC in the MPR. vp = 1 mm s−1 , ˙ app,w ∼47 s−1 (a) start of ﬂow (t = 0), (b) 2 s, (c) 4 s, (d) 6 s, (e) 8 s and (f) 10 s (ﬂow is stopped)
[100].

ing the injection moulding process where hot melt ﬂows into a cold
mould and conditions are far from isothermal. Some extrusion lines
where ﬂow induced crystallisation occurs operate at near isothermal conditions and in order to obtain a scientiﬁc understanding
of ﬂow induced crystallisation isothermal processes need to be
initially understood. Both polyethylene and polypropylene crystallisation are particularly sensitive to ﬂow although ﬂow affects
different polymers in a different way. The ﬁrst FIC experiments
carried out using an MPR were made by Saquet [98] using MPR3
which was specially designed to incorporate in situ X-ray measurements [98,99]. In situ optical observations of FIC for polyethylene
were also carried out by Mackley et al. [98] and subsequently by
Hernandez de Muller [100], Scelsi [101] and Hassell and Mackley
[102].
Fig. 42 shows a series of optical photographs taken by Hernandez de Muller during and after ﬂow for FIC of HDPE within a slit
geometry. A level of supercooling was chosen so that without ﬂow,
crystallisation did not occur, but with ﬂow it did. The optical observations clearly show the development of ﬁbrous crystals during
ﬂow that accumulate at the walls of the slit. As these ﬁbres build
up the pressure difference across the slit region also builds up and
this too can be followed using the MPR. Fig. 43 shows the low temperature build up of pressure during ﬂow and also shows that as the
temperature is increased the pressure no longer steadily increases
because the supercooling is too low for FIC to occur. The onset of
FIC during polyethylene processing at different supercooling has
been reported by a number of authors in the past (see for instance,
[83,103,104]). The MPR observations in Figs. 42 and 43 provide
direct conﬁrmation of the mechanism for pressure increases.
The Xray facility for MPR 3 is shown schematically in Fig. 44
where the use of a beryllium capillary allowed transmission of
Xrays through the capillary section [98]. This enabled in situ Xray
measurements to be made during processing. A monochromatic
Xray beam was passed through the sample and the signal detected
using a 2D “Gadd” detector. Results of the type shown in Fig. 45

were obtained and these required a data acquisition time of order
60 s. The data shows that at 145 ◦ C no crystallisation peaks occurred
during ﬂow. If however the temperature was decreased to 135 ◦ C
crystalline peaks occurred at low ﬂow rates and the orientation of
the peaks indicated oriented ﬁbrous crystallisation. Surprisingly at
higher ﬂow rates, Xray FIC was not seen and this effect has not as
yet been fully explored or understood.
Different semi-crystalline polymers have different FIC
behaviour. Polyethylene tends to crystallise during ﬂow as
shown in Fig. 42. On the cessation of ﬂow, no further growth
normally occurs. Polypropylene behaves in a different way where
often most of the FIC occurs after the cessation of ﬂow. This effect
is illustrated in Fig. 46 [105] where the time evolution of FIC within
a shallow slit is shown and FIC continues after the cessation of
ﬂow. It should be noted that in a shallow slit, FIC can occur at both
the side and front facing glass walls of the geometry.

Fig. 43. FIC pressure enhancement. Comparison of pressure difference for different
processing temperatures of a HDPE (apparent wall shear rate 47 s−1 ) [100].
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Fig. 44. Schematic diagram of MPR showing two piston rheometer and Xray conﬁguration.
Reprinted with permission from [98].

The localisation of polyethylene FIC to the near wall region of a
slit geometry can be associated with this being the region of highest
shear rate within the ﬂow. Recently Scelsi [106] using MPR experimental data and numerical simulation has developed concepts of
Janeschitz-Kriegl et al. [92] and Mykhaylyk et al. [107] to identify
FIC nucleation regions as areas where the “Speciﬁc work” of the
system reaches a critical value.
Localisation of FIC can be elegantly demonstrated using extensional ﬂows that contain a stagnation point. Mackley and Keller
[108] reported localised FIC for polyethylene solutions within a
double jet extensional ﬂow and Mackley and Keller [103] reported
localisation for polymer melts. The MPR Cross slot geometry provides an excellent extensional ﬂow for the study of FIC and Fig. 47
shows a series of photographs [102] where FIC has occurred predominantly along the exit symmetry axis streamline of the ﬂow,
which originates from the central stagnation point. After ﬂow cessation and ﬂow reversal it can be seen that the FIC advects back
with the ﬂow indicating the stability and integrity of the FIC after
formation. The localisation is a consequence of the fact that the outﬂow centre line streamline is the region of high extension rate and
of the highest applied strain as explained in Crowley et al. [55].
The MPR can provide precision optical experiments of FIC
in closely controlled architecture polymers to provide a robust
test of software tools aimed at predicting polymer crystallisation
behaviour. The MPR3 coupled with an in situ Xray facility continues to offer considerable potential in relation to the ﬁeld of FIC.

The current system uses a relatively low source of Xray intensity
which limits application. The coupling of the MPR facility to a synchrotron source would create real beneﬁt and enable near real time
Xray resolution of ﬂowing polymer systems.
8. Foaming
The MPR has been used to follow the foaming behaviour of both
polystyrene [109] and Starch [110]. The optical cell centre section
shown in Fig. 48 proved to be particularly useful because in both
cases the material was brought into a full molten state at elevated
temperature and pressure and then the sample was depressurised
within the MPR and it was possible to follow nucleation and the
evolution of bubble growth as a function of time.
In the ﬁrst series of foaming experiments carried out by Tuladhar, pentane loaded expanded polystyrene beads were introduced
into the MPR following a particular protocol [109]. The pentane
laden polystyrene was held at elevated pressure and temperature
and then the pressure released by piston movement, in order to initiate nucleation of gas bubbles within the melt. The observed time
evolution of bubbles is shown optically in Fig. 49, and from data
such as this experimental data on bubble nucleation and growth
was obtained.
The MPR was also used to determine the viscosity both before
and after foaming had occurred. Used in a conventional capillary
mode, it can determine the effect the pentane gas has on the viscos-
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Fig. 45. Xray characterisation of HDPE at 145 ◦ C and 135 ◦ C during ﬂow (capillary D = 2 mm L = 10 mm) apparent wall shear rate = 225/s and 2250/s.
Reprinted with permission from [98].

ity of the polymer when it is in the pressurised melt state and ﬂow
curves for pure polymer and pentane loaded polymer are shown in
Fig. 50. From this it can be seen that the pentane loading greatly
reduces the overall viscosity when dissolved in the polymer.
The bubble growth and rheological data was then used to validate a simple single bubble growth model of the process. In Fig. 51
both experimental data and matching modelling are presented for

a set of bubble growth kinetic data. The model [109] is very sensitive to a number of parameters including the viscosity of the melt
and also the diffusion coefﬁcient of pentane within the melt. In general it was found that modelling of the observed growth kinetic was
possible, but a correct method to model and predict nucleation was
not clear. The MPR offered the ability to release the initial pressure
at different rates and the data shown in Fig. 52 illustrates that the
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Fig. 46. Polypropylene (PP) in a shallow slit; T = 134 ◦ C; 0.02 mm/s piston speed; ˙ app,w ≈ 20 s−1 (We = 20). The ﬁbrous nuclei appear during ﬂow [(a)–(c)] and continue to
grow after the ﬂow (indicated by the white arrow) has stopped, alongside with enhanced spherulitical crystallisation [(d)–(f)].
Reprinted with permission from [105]

pressure release rate does inﬂuence the growth kinetic. This feature was not included or predicted by the model and indicates that
the initial boundary conditions for the growth process do depend
on variables such as pressure release rate and other factors.
A similar set of experiments was carried out by Nowjee using
potato starch that contained low levels of moisture. Again speciﬁc loading protocols had to be followed [110] and one involved
using a screw extruder to load the molten starch into the MPR.
The experimental conﬁguration is shown schematically in Fig. 55
of the food processing section for this review. As shown in Fig. 53,
Nowjee also observed a pressure release dependence on the growth
rate of starch bubbles and he was also able, as shown in Fig. 54, to
match growth kinetic data for potato starch with the model original
developed by Tuladhar et al. [109].
Foamed structures can be delicate both in terms of nucleation
and growth and they are also sensitive to subsequent shear deformation. The MPR has the potential to examine all of these features
and further work is necessary in this area to establish a higher level
understanding of the process.

9. Food processing
A limited number of studies have been carried out using the
MPR for the study of food rheology and processing. There is considerable potential for the MPR in this area as many food and
cooking processes involve ﬂow, temperature and pressure. Increasingly extrusion is used for both the cooking process as well as
texture development and so controlled MPR studies have relevance
to a broad range of food processing.
Fig. 55 is a schematic diagram showing the way a small
extruder was linked to MPR2. Nowjee carried out experiments
using this conﬁguration and other ways of introducing starch
into the MPR [110]. An example of the type of rheological date
obtained for molten potato starch is shown in Fig. 56 where
capillary rheometry of the starch yielded the shear thinning
apparent viscosity response for molten starch with different
water contents. The apparent viscosity is sensitive to both
water content and shear rate and the negative slope of nearly
minus one indicates that the material is behaving essentially
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Fig. 47. Bright ﬁeld crystallisation during ﬂow within the cross-slot geometry at 125 ◦ C for a HDPE, wall shear rate ∼9.2 s−1 , maximum extension rate ∼3.8 s−1 . tf represents
the time after the beginning of ﬂow. tr represents the time after the beginning of ﬂow in the reverse direction. (a) tf = 0 s, no crystallisation present (b) tf = 11.6 s, crystallisation
appears on the outlet centre line, where the strain is highest and crystals travel downstream with the ﬂow on the outlet centre line (c) tf = 26.3 s, no visible increase in
crystallisation is seen ∼15 s after cessation of ﬂow (d) tf = 40.7 s, tr = 14.4 s, ﬂow is reversed and the crystal ﬁbre is transported upstream in one direction with the ﬂow,
although no further extensional crystallisation occurs due to the reduced ﬂow rate and associated extension rate and strain. The crystal ﬁbre retains its integrity for the
reversal of ﬂow.
Reprinted with permission from [102].

Fig. 48. Schematic diagram and photograph of MPR conﬁguration for foam optical studies.
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Fig. 49. Nucleation and bubble formation from a EPS single phase melt with a rapid release of pressure from 190 bar to 1 bar in an isothermal condition of 140 ◦ C within the
MPR. Decompressed at a piston speed of 1 mm/s with a 7.7 mm total displacement of the top and bottom pistons corresponding to 21% increase in the sample volume.
Reprinted with permission from [109].

as a perfect plastic; having a yield stress with little further
strain rate dependence. Fig. 57 is a unique set of data showing
the oscillatory viscoelastic response of molten starch at 150 ◦ C.
These experiments must be done under pressure otherwise at
this temperature and atmospheric pressure, foaming will occur.
The data shows that the oscillatory rheology is dominated by

the elastic response of the material, again indicating elasticity within the melt followed by yield like behaviour for the
material.
It is possible to use the MPR for any molten foodstuff and data
in Fig. 58 shows the apparent viscosity behaviour for molten cocoa
butter [111]. Both standard rheometer data together with high

Author's personal copy
M.R. Mackley, D.G. Hassell / J. Non-Newtonian Fluid Mech. 166 (2011) 421–456
400

10000

1000

PS

100
EPS single phase

10

1
1

10

100

1000

10000

100000

Shear rate (s-1)

Equivalent bubble radius, R eq (μ m)

Apparent viscosity, ηapp, (Pa.s)

100000

449

350
300
250
200
150

2.70 bar/s
5.48 bar/s

100

40.58 bar/s

50
0

Fig. 50. Apparent viscosity as a function of apparent shear rate for PS and EPS single
phase melt (containing 6 wt% pentane) at 190 ◦ C. Capillary: diameter 2 mm, length
12 mm, barrel diameter = 12 mm.
Reprinted with permission from [109].
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Fig. 53. Bubble growth proﬁles for an average-sized bubble within potato starch
melt containing 30 wt% water held at 150 ◦ C and an initial pressure of 70 bar and
depressurised at three different rates of 2.70, 5.48 and 40.58 bar/s [110].
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Fig. 51. Matching of model to experimental data of with different viscosity  values.
Reprinted with permission from [109].

shear rate MPR data indicates that molten cocoa butter is essentially
Newtonian over a wide range of shear rate.
The discovery of chocolate cold extrusion [112] resulted in a
series of experiments using the MPR in a ﬂow regime where semi
solid processing was carried out [113,114]. Fig. 59 is an example of
a pressure proﬁle for a single pass of chocolate at a temperature of
20 ◦ C.
The ﬁgure shows that with the onset of piston movement,
the extrusion pressure reaches a maximum yield point and then
decreases to a steady value during extrusion. On the cessation of

extrusion there is some time dependant pressure relaxation to a
limiting ﬁnite value. If the extrusion process is repeated a number
of times, without time delay between strokes a progressive extrusion softening of the chocolate occurs as shown in Fig. 60 by the
successive reduction in pressure drop with time. This extrusion
softening with each pass is more clearly seen in Fig. 61 and acts
as a good example where process history can progressively change
the properties of a material.
As discussed in Section 3 of this review for suspension studies,
the MPR has been used to study the rheology of model ice cream
formulations [115]. There is no doubt however that the MPR could
be exploited further to follow change in properties during the cooking process; but up to now, this area of food science has not been
investigated using the MPR.
10. Filament stretching
In a separate MPR development, the controlled movement of
the two MPR pistons has been utilised in a series of experiments
to explore the way in which ﬁlament stretching of different ﬂuids occurs. Bazilevsky et al. [116] developed a device for stretching
ﬂuids and following the subsequent capillary thinning of the viscous thread that had formed between the separated surfaces. Liang
and Mackley [117] subsequently used one of their devices to char-
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Fig. 52. The effect of initial pressure release rate on subsequent bubble growth.
Initial condition: T = 150 ◦ C, c0 = 6 wt%, loading pressure = 150 bar.
Reprinted with permission from [109].

Fig. 54. Matching of the single-bubble growth model with experimental data for
water vapour bubbles in potato starch melt contain 30 wt% water at 150 ◦ C depressurised to a ﬁnal pressure of 4.0 bar at a rate of 2.70 bar/s for 3 different inﬂuence
cell radius of 40, 50 and 60 m. The other parameters used in the model are:
Ro = 0.1 m, o = 1 × 104 Pa s, D = 8 × 10−16 m2 s−1 ,  = 1500 kg m−3 ,  = 0.05 N m−1
and KH = 1 × 10−8 Pa−1 [110].
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Fig. 55. Schematic diagram showing the way a small 12 mm dia extruder was linked to the MPR for direct loading of molten product into the MPR.

acterise the thinning behaviour of relatively high viscosity and
viscoelastic threads. Extracting reliable extensional viscosity data
from the experiment is not without its difﬁculties, and McKinley
[118] reviews the way this can be done with accuracy and precision. The Bazilevsky device and subsequent commercial variants
(Thermo Haake Caber 2008) work on the principal of one piston
moving away from another and following the subsequent change
in centre line thickness variation of the resulting thread using a
laser line detector.
The capillary thinning action of a ﬁlament stretching experiment
has similarities to the way liquid drops break up in an ink jet printer
and as such, the ﬁlament stretch experiment is of relevance to ink
jet formulation [119]. Ink jet ﬂuids often contain polymer components to control the break up process, but printing inks usually
have shear viscosities below about 20 MPas and the time scale for
events is of the order milli seconds. The controlled opposing motion
of the MPR pistons offered scope for using the MPR as a ﬁlament
stretching device, with the advantage that the opposing motion of
the pistons provided a symmetrical experiment. The centre of the
thread remained in the same position with respect to the laboratory coordinate frame, allowing easier interrogation of the area of
interest.
Fig. 62 is a schematic diagram of the operation of the MPR ﬁlament stretching conﬁguration. The barrels and test section of a

Fig. 56. Apparent viscosity of potato starch measured using capillary MPR at 150 ◦ C
for different water content loadings.

Fig. 57. Viscoelastic storage G’, loss G” and complex viscosity * MPR data plotted
as a function o piston oscillation frequency for molten starch with 33 wt% water
content at 150 ◦ C for disc-loaded starch.

Fig. 58. The relationship between viscosity and shear rate of liquid cocoa butter at
25, 30 and 40 ◦ C. obtained from the rheological measurements using the RDS II and
the MPR III. Reprinted with permission from [111].
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Fig. 61. Evolution of differential pressures for milk chocolate and cocoa butter in a
multi-pass experiment. Each point corresponds to the minimum steady ﬂow extrusion pressure during one extrusion pass.
Reprinted with permission from [113].

standard MPR are removed and the two piston movement is the
element that is retained. At present the apparatus only operates at
room temperature. A very important part of the apparatus function is the high speed smooth movement of the opposing pistons
for a prescribed distance followed by the cessation of movement
without overshot or oscillation. No forces are measured and a
high speed camera was utilised to follow the proﬁle evolution
and breakup of the thread formed between the pistons. Fig. 63
shows a series of photographs for different ﬂuids [119]. In this
series, the piston speed was 0.2 m/s for a 1 mm displacement. The
way in which the ﬁlament forms and breaks up is sensitive to the
rheology of the ﬂuid. A Newtonian ﬂuid will generally break by
forming a central satellite drop, whereas a ﬂuid containing polymer
can form a thin thread that subsequently breaks up without drop
formation.
By following the way the ﬁlament behaves in the early part of
thinning it is possible to extract an extensional viscosity for the ﬂuid
[118] and Fig. 64 shows data for the transient extensional viscosity
of a range of test ﬂuids. Both the extensional rheology and defor-

Fig. 62. Schematic diagram of MPR ﬁlament stretching and thinning experiment.
Reprinted with permission from [119].
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Fig. 59. Example of the development of barrel pressure during a ram extrusion of
chocolate, measured in the multipass rheometer just upstream of extrusion die.
Solid line: barrel pressure. Broken line: piston position.
Reprinted with permission from [113].
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Fig. 63. Sequence of high speed video images showing ﬁlament stretching, thinning and break up of di-ethyl phthalate solvent and polystyrene solutions, (the piston diameter
in all sequence is 1.2 mm). Initial sample height of approximately 0.35 mm ﬂuid is stretched to 1.35 mm by moving each piston 0.5 mm apart at a constant velocity of 200 mm/s.
Reprinted with permission from [119].

Fig. 64. The transient extensional rheology of DEP and PS solution by incorporating
non-local effect correction term, X.
Reprinted with permission from [119].

mation are complex and a single parameter description is probably
inadequate to characterise the process. In the same way as ﬂow
birefringence matching with simulation was the most powerful
way to compare experiment with model, the MPR ﬁlament stretching and breakup is best compared using a full numerical solution
comparison.
High speed ﬁlament stretching of viscoelastic ﬂuids is a very delicate and sensitive experiment and Fig. 65 is an example of the way
different carbon nanotube formulations can inﬂuence the whole
process [120]. Fig. 66 is an example of the quantitative centre capillary thinning kinetic that can be obtained from the photographic
images of the type shown in Fig. 65.
The MPR action has proved to be very useful in achieving the precise displacements necessary to capture ﬁlament
stretch and breakup data, but for future ink jet work, velocities of greater than the current limit of 0.2 m/s will need to be
achieved.
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Fig. 65. (a–c) The ﬁlament proﬁle before breakage for epoxy, 0.02% untreated CNT and 0.3% treated CNT. (d–e) Corresponding optical micrographs captured using the
Cambridge Shear System (CSS450, Linkam Scientiﬁc Instruments) with an optical depth of 130 m).
Reprinted with permission from [120].

Fig. 66. Time evolution of the minimum ﬁlament diameter (Dmin ) for a stretching rate of 100 mm/s and endplate displacements of 3 mm from starting positions. The inset
ﬁgure shows the normalised ﬁlament diameter [Dmin (t)/Dmin (ts )] as a function of (t − ts ), where ts is the time at which the endplates stopped. [In the case of epoxy and treated
CNT suspensions, Dmin occurred at the mid-point of the ﬁlament (i.e. Dmin = Dmid ), and this is not necessarily true for the untreated CNT suspension where the ﬁlament is
asymmetric.
Reprinted with permission from [120].

11. Conclusions
The MPR was originally perceived as an on line rheometer, but it
has evolved to a precise processing device that can measure shear
thinning, viscoelastic and other rheological properties under realistic processing conditions. The apparatus has niche application
areas and provides an excellent platform for precise rheo optical
processing experiments that can be used to benchmark numerical
simulation of processing ﬂows. Its many advantages include the
ability to have independent control of pressure as a separate vari-

able and to fully contain a sample within well deﬁned boundary
conditions.
The ﬂexibility of the apparatus is both an advantage and a disadvantage. A wide range of different MPR experiments have already
been reported including studies on foaming, crystallisation, cross
slot ﬂows and ﬁlament stretching. For these studies the MPR provided useful ﬂexibility to modify the apparatus to carry out new
experiments. The ﬂexibility means that the apparatus is not as user
friendly as most standard rheometers, and it is not envisaged to
supersede even a simple single shot capillary rheometer. There are
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also outstanding issues, most notably the difﬁculty with loading
and future development needs to focus on the incorporation of a
micro twin screw extruder.
The MPR was initially designed as a polymer melt machine
which resulted in the successful application of servo hydraulic control. In some areas of rheology and processing there is an increasing
trend towards lower viscosity ﬂuids, and it may therefore be appropriate in the future to consider using electric motor drives for more
delicate ﬂuid systems.
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