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The extensional rheology of complex fluids impacts many industrial and biological processes
including fiber spinnning, inkjet printing, film formation, and blood flow. This project has
contributed to improving the understanding and measurement of the extensional properties of complex
fluids.

Simple fluids like water have a constant viscosity, but complex fluids like
polymer solutions have a viscosity that can vary in response to flow. In a * stretching’ flow the
viscosity of a polymer solution can increase dramatically, but this increase is hard to measure
properly. In this project we produced highly precise microscopic glass channels to drive fluids in
three-dimensions and to generate a flow field that stretches a polymer solution either along an axis

or over a plane. These kinds of flows occur in processes such as fiber-spinning and film formation,
where it is important to understand the properties and behavior of the complex fluids that are
used. We showed for the first time that when stretching is along an axis the viscosity increase of a
Eolymer solution is twice as large as when stretching is over a plane. On the other hand, we also
showed that the flow is highly stable for planar stretching, but easily becomes unstable for axial
stretching.
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Extensional viscosity of viscoelastic fluids is a material function of fundamental
importance in widespread fluid handling and processing operations. The extensional
viscosity depends strongly on the applied fluid strain and strain-rate, and likely also on
the mode of deformation: uniaxial, planar or biaxial, however this has never previously
been tested and confirmed quantitatively. In this project, the applicant employed the
state-of-the-art 3D microfabrication method of selective laser-induced etching (SLE) to
produce geometries specifically designed to measure the extensional viscosity of
viscoelastic fluids in different deformation regimes. The project has led to several
advancements in the measurement of the extensional flow properties of viscoelastic
fluids and to a deeper understanding of how the extensional viscosity is affected by the
imposed mode of extension. Furthermore the applicant has studied a novel 3D
viscoelastic flow instability that was observed in experiments using one of the
microfluidic devices.

The purpose of the project was:

(1) Explore the use of SLE as a fabrication method for complex 3D microfluidic
extensional flow devices

(2) Push microfluidic extensional rheometry into a new paradigm from planar to uniaxial
and biaxial

(3) Gain new insights into the behavior of viscoelastic fluids in strong extensional flows

(4) Compare the extensional rheology of polymer solutions under different modes of
extension

The research method involved:

(1) Fabrication of 3D microfluidic devices by SLE

(2) Formulation of viscoelastic polymer solutions and their rheological
characterization (i.e., measurement of the viscosity 1, relaxation time A, etc)

(3) Flowing the viscoelastic fluids through the microfluidic devices over a range
of imposed flow rates and measuring the flow behavior (using techniques of
particle image velocimetry, PIV, and pressure drop)

(4) Using the measured flow parameters to compute the extensional viscosity as a
function of the imposed strain rate

(5) Analyzing the data in terms of appropriate fluid models in order to better
understand differences (or similarities) observed between the extensional
viscosity measured experimentally by each device.

The project has resulted in 25 published papers in international peer-reviewed journals
(plus several more still currently in press and under review). In the project period,
despite the covid 19 pandemic, 5 invited seminars have been presented, plus 41
contributed talks at international conferences, one of which took place in Osaka, Japan
in 2023, where 2 talks and 1 poster were presented.

The research has proven to be of interest to the microfluidics, fluid mechanics,
rheological, and broader engineering and physics communities. Of particular interest
we found agreement between the extensional rheology in uniaxial and planar flows, but



a discrepancy for biaxial flows. While this agrees with some constitutive models, it
does not agree with others, so poses new challenges to computational rheology.

At the start of the project numerical optimization of a “ six-arm cross-slot” device
were perfomed, yielding several three-dimensional shapes of fluidic channels that
impose close approximations to an ideal uniaxial (biaxial) stagnation point extensional
flow under the constraints of having four inlets and two outlets (two inlets and four
outlets) and for Newtonian creeping flow. One of the numerically designed geometries
was considered the most suitable for fabrication at the microscale, and numerical
simulations with the Oldroyd-B and Phan-Thien and Tanner models in that geometry
confirmed that the optimal flow fields are observed in the geometry for both constant
viscosity and shear thinning viscoelastic fluids. The geometry, named the optimized
uniaxial and biaxial extensional rheometer (OUBER [1]), was microfabricated with high
precision by selective laser-induced etching of a fused-silica substrate. Employing a
refractive index-matched viscous Newtonian fluid, microtomographic-particle image
velocimetry enabled the measurement of the flow field in a substantial volume around
the stagnation point. The flow velocimetry, performed at low Reynolds number (<0.1),
confirmed the accurate imposition of the desired and predicted flow fields, with a
pure extensional flow at an essentially uniform deformation rate being applied over a
wide region around the stagnation point
(see Fig. 1).

FIG 1: In the first paper [1] resulting
from the project, we describe the
numerical optimization of a six-armed
cross-slot geometry in order to generate
homogeneous uniaxial and biaxial

representation of the resulting ‘ OUBER
geometry (left), color contours are
normalized flow velocity magnitude and
colored lines are streamlines.

Subsequently, pressure drop measurements in the OUBER geometry were used to assess the
uniaxial and biaxial extensional rheometry of dilute polymeric solutions, in comparison
to measurements made in planar extension using an optimized-shape cross-slot
extensional rheometer [2]. In each case, micro-particle image velocimetry was used to
measure the extension rate as a function of the imposed flow conditions, and excess
pressure drop measurements enabled estimation of the tensile stress difference
generated in the fluid via a new analysis that we developed based on the macroscopic
power balance for flow through each device. Based on this analysis, for the most dilute
polymer sample tested, which is “ ultradilute” , the extensional viscosity is well
described by Peterlin’ s finitely extensible nonlinear elastic dumbbell model. In this
limit, the biaxial extensional viscosity at high Weissenberg numbers (Wi) is half that
of the uniaxial and planar extensional viscosities ([3], see Fig. 2). At higher polymer
concentrations, although the fluids remained dilute, the experimental measurements
deviate from the model predictions, which was attributed to the onset of intermolecular
interactions as the polymer chains unravel in the extensional flows. Of practical
significance (and fundamental interest), we observed that elastic instability occurs
at a significantly lower Wi in uniaxial extensional flow than in either biaxial or
planar extensional flow, thereby limiting the utility of this flow type for extensional
viscosity measurement.

extensional flow fields. In the schematic
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FIG. 2: extensional viscosity flow curves obtained for polyacrylamide (PAA) aqueous
solutions under (a) uniaxial, (b) planar, and (c) biaxial extensional flow

Intrigued by this previously uninvestigated elastic flow instability, we proceeded to
investigate it using the OUBER device, which is sensitive to the alignment of the
extensional flow. The three-dimensional symmetry-breaking instability occurring for
flow of a dilute polymer solution in the OUBER geometry was studied experimentally by
leveraging tomographic particle image velocimetry. We found that above a critical
Weissenberg number, flow in uniaxial extension undergoes a supercritical pitchfork
bifurcation to a multi-stable state. However, for biaxial extension (which is simply
the kinematic inverse of uniaxial extension) the instability is strongly suppressed.
In uniaxial extension, the multiple stable states align in an apparently random
orientation as flow joining from the four neighbouring planar inlet channels passes to
one of the two opposing outlets; thus forming a mirrored asymmetry about the stagnation
point (see Fig. 3). We related the suppression of the instability in biaxial extension
to the kinematic history of flow under the context of breaking the time-reversibility
assumption [4].

FIG 3: alignment of the separatrix
dividing the incoming flows in the
OUBER device for a dilute polymer
solution at different values of
the Weissenberg number, Wi. (a)
symmetric flow at a low Wi = 0.6,
and (b-d) asymmetric flows at
Wi = 3.6, Wi = 4.0, and Wi = 16.4,
respectively.
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