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Recent developments of rheometers at Cambridge.
By

Bart Hallmark, Malcolm Mackley, and Tri Tuladhar

Within the Department of Chemical Engineering and Biotechnology (CEB), the Polymer Fluids Group
(PFG) at Cambridge (UK!) came to an end when Malcolm Mackley retired in 2011. However; the spirit
of rheological innovation continued in Cambridge led by an ex-PFG post-doctoral researcher, Dr Tri
Tuladhar. He formed a company, Trilet Ltd. (https://trijet.co.uk/) and since then has actively
developed two precision apparatus that the PFG had been using. Tri’s apparatus have already found
application within the industrial ink jet community and in academia, and there is now increasing
interest in applying the devices to a wider range of fluids including biopolymers. This short article
briefly describes both the TriPAV high frequency squeeze-flow rheometer and the TriMaster
extensional rheometer.

TriPAV

The piezo axial vibrator (PAV) was invented by the late Professor Pechold working with his research
group at the University of UIm¥2. The device, shown schematically in Figure 1, works as follows:

i.  asmall fluid sample is held within a gap, the thickness of which is set by a steel spacer shim,

between a static top plate and a piezoelectrically-actuated bottom plate;

ii.  asinusoidally-varying voltage is applied to the piezoelectric actuator, which results in a bottom
plate deformation of order 10 nm;

iii.  the nanoscale movement of the bottom plate causes deformation of the fluid sample with a
phase lag — the magnitude of this phase lag depends on the viscoelastic nature of the liquid;

iv.  the shear stress caused by the fluid deformation is sensed by a passive piezoelectric sensor;

v.  comparison of the actuating and measured signals allows calculation of the rheological moduli
of the fluid.
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Figure 1. Schematic diagram of the original PAV device, invented by Professor Pechhold (adapted from
Kirschenmann?)

The TriPAV is a refined version of the Pechold device. It is capable of quantifying the linear viscoelastic
response of fluids with an apparent zero shear rate viscosity range between 1 mPa s and hundreds of
pascal seconds. The device can operate over a temperature range spanning 5 °C to 80 °C, can acquire
data over a frequency range spanning 1 Hz to 10 kHz and can measure the elastic modulus, G’, the
viscous modulus, G", and the complex viscosity, n*, over that entire frequency range. This frequency
range far exceeds any other type of rheometer, and the requirement for only tiny quantities of fluid —
typically between 50 ul and 160 ul — means that it is able give rheological insight into fluids that could
not be characterised by conventional means.

The heart of the apparatus lies in the precision-manufactured piezoelectric device along with a lock-in
amplifier and allied software that analyses the signal response. A full ‘plug and play’ unit, complete
with integrated lock-in amplifier and signal generation hardware, is currently under development.

In addition to its frequency sweep capability, the TriPAV can also operate in a rapid step-strain mode.
The response of fluids having low apparent viscosity to this mode of deformation is rich in dynamic
short timescale behaviour, which can give yet further valuable insight into the rheology of the fluid.

The current apparatus consists of the TriPAV rheometer, a Stanford Instruments SR860 lock-in
amplifier, a GMH 3700 series precision thermometer and a Lauda Loop thermostatically controlled
circulator. These units are shown in Figure 2.

Figure 2. The TriPAV rheometer (top centre) with thermostatically-controlled circulator (top left), precision
thermometer (top right, yellow) and lock-in amplifier (bottom).

Two examples of the performance of the TriPAV are given below. The first example, shown in Figure
3, is a Newtonian fluid — pure water. As expected, water does not exhibit any viscoelastic properties
over the whole frequency range tested and this is a powerful example of the base performance for the
device.

The second example, shown in Figure 4, is a specific ink jet formulation where the emergence elasticity,
evidenced by the appearance of a non-zero elastic modulus, G’, is detected at high frequencies.
Conventional rotational rheometers would be unable to detect this high frequency response.
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Figure 3. Plot of elastic modulus (solid red circles), viscous modulus (open red circles) and complex viscosity
(open blue diamonds) as a function of frequency for de-ionised water at 25 °C, showing a purely Newtonian
response at all frequencies.
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Figure 4. Plot of elastic modulus (solid red circles), viscous modulus (open red circles) and complex viscosity
(open blue diamonds) as a function of frequency for an inkjet fluid, showing emergence of elastic behaviour
of the fluid under test only above frequencies of 3 kHz.



The TriMaster

In the early 1990s, a paper by Bazilevsky and co-workers® described a “simple” single-piston Russian
“Rheotester” where the device used a spring-loaded piston to form a filament of fluid from a sample
placed within the apparatus. A built-in optical system followed the subsequent thinning of the fluid
filament under the action of surface tension. The acquisition of a Rheotester saw the start of the PFG
at CEB in Cambridge studying filament thinning, however an order for the instrument was placed in
very unusual circumstances that certainly would not be possible today. A sum of money had to be paid
into a Canadian bank account and the Rheotester then collected (wrapped in newspaper) by the
group’s Technical Officer from someone in a London pub! Results using this apparatus were first
published by Liang and Mackley* in 1994,

Motivated by the initial experiments using Professor Bazilevsky’s apparatus?, a twin-piston, opposed-
motion filament stretching device® was developed using another Cambridge PFG innovation, the
MultiPass rheometer (MPR)®. The opposed motion of the MPR, where the pistons responsible for
filament elongation move away from each other in a synchronous manner, results in symmetric
stretching with the strategic advantage that the centre point of the deformation remains in the same
place. A high-speed camera records the subsequent motion and break-up of the liquid filament, with
image processing techniques being able to extract quantitative data.

Once proof-of-concept had been achieved using the MPR-based device, a new apparatus — the
TriMaster” — was constructed that retained all the salient operating features of the MPR whilst being
smaller, lighter and cheaper! The TriMaster is able to provide high-speed imagery of filament breakup,
which is the fundamental droplet formation mechanism in inkjet printing.

The current TriMaster specification covers individual piston velocities of 0.05 mm/s to 250 mm/s with
a maximum displacement of 40 mm for each piston: a photograph of the apparatus is shown in Figure
5. A sequence of images showing the filament break-up of an inkjet fluid is given in Figure 6 and a plot
of normalised mid-filament diameter as a function of time in Figure 7.

Figure 5. The TriMaster Mk2+ extensional rheometer (high-speed camera and light source not shown).
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Figure 6. Sequence of images showing the initial filament stretching followed by the capillary thinning of a
viscoelastic inkjet fluid using a 1 mm piston diameter. The positive time labels on each image indicate the
time in milliseconds after capillary thinning has started.
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Figure 7. Plot of mid-filament diameter as a function of time for an inkjet fluid after initial stretching. Data
acquired using the TriMaster with a high-speed camera operating at a frame rate of 30000 frames/s

Both the TriPAV and the TriMaster have gone through several development stages and a position has
now been reached where both apparatus can be used in a simple and straightforward way. The
TriPAV’s ability to explore “frequencies that other devices cannot reach” opens up a new exciting
period where the linear viscoelastic properties of small quantities of “delicate fluids” can be fully
characterised.
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