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The results from this work have fundamental and industrial applications not only to elastic
turbulence in general, but to viscoelastic porous media flow in particular, and to the use of
microtomographic PIV for microfluidic research. This has yielded several publications in
international journals.

Elastic turbulence (ET) is a nascent area of research in fluid mechanics,
first classified only 20 years ago. ET is a chaotic flow state driven by nonlinear microstructure
(i.e., polymer chains) stresses reacting with the flow, which has industrial potential for mixing,
heat transport, enhanced oil recovery, and groundwater remediation as some examples. ET is
inherently three-dimensional (3D), but until now has only been characterized in 2D. In this study we

leverage state-of-the-art micro-scale 3D particle image velocimetry to fully measure the ET flow
state. We combine this approach with novel microfluidic devices constructed from selective
laser-induced etching (SLE) to probe the evolution of ET over broad spatial scales. Using flow

kinematics coupled to the fluid rheology we relate the propagation of ET as the feedback between
flow resistance and elastic stresses.
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Elastic turbulence (ET) is a nascent area of research in fluid mechanics, first classified only
20 years ago. ET is a chaotic flow state driven by nonlinear microstructure (i.e., polymer
chains) stresses reacting with the flow, which has industrial potential for mixing, heat
transport, enhanced oil recovery, and groundwater remediation as some examples. ET is
inherently three-dimensional (3D), but until now has only been characterized in 2D. In this
study we leverage state-of-the-art micro-scale 3D particle image velocimetry to fully measure
the ET flow state. We combine this approach with novel microfluidic devices constructed from
selective laser-induced etching (SLE) to probe the evolution of ET over broad spatial scales.
Using flow kinematics coupled to the fluid rheology we relate the propagation of ET as the
feedback between flow resistance and elastic stresses.

The purpose of the project was:
(1) Take the first volumetric flow measurements of elastic turbulence.
(2) Delineate the transition from laminar to elastic turbulence.
(3) Relate coherent structures in ET to the flow field and pressure fluctuations.
(4) Extend the use of microtomographic PIV for microfluidic research.

The research method involved:

(1) Preparation of refractive-index matched dilute polymer solutions with
viscoelastic properties quantified in sheer and extensional rheometers.

(2) Manufacturing of glass microfluidic devices by selective laser-induced
etching

(3) Impose flow through the device while imaging on a stereomicroscope for 3D
PIV. Monitor the pressure drop along the device using a pressure transducer
and data acquisition system.

(4) Analyze the time-resolved 3D flow fields for flow kinematics, the velocity
gradient tensor, and established elastic instability criteria.

The research has proven successful in providing the first 3D quantification of ET over
broad spatial scales, the results of which have driven several publications in
international peer-reviewed journals and international conferences. The insights gained
are relevant not only to non-Newtonian fluid mechanics, but to more general biological
and industrial applications as well.

Viscoelastic fluids exhibit dual viscous and elastic behaviours due to a
microstructural contribution, such as polymer chains, which respond elastically under
strain. Thus, viscous fluids can also sustain an elastic response. Viscoelastic
solutions relax with a characteristic relaxation time A , and if the local shear rate
is sufficiently strong an elastic flow instability may occur. This is described by the
Weissenberg number Wi = A U/L for a characteristic flow rate velocity U and length
scale L.

Microtomographic particle image velocimetry is an image-based flow quantification
measurement whereby synchronous imaging from different line of sight of a common volume
of interest can be related to reconstruct the flow of a particle-laden fluid over time.
To begin we considered a glass contraction-expansion section. This is a canonical
geometry for viscoelastic instability, but the current work is the first to capture



this flow in 3D at any length scale, let alone with the associated difficulties of
working at micro-scale.
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Figure 1: Computed x-ray tomographic surface of the glass microfluidic channel. (B) isosurfaces of
flow velocity demarcating the primary flow instability: separation of a polymer flow from the walls
upstream of the contraction. (C) isosurfaces of the rate-of-strain tensor at Wi = 87 to infer the

feedback of strain hardening on the circulation of the central jet. Reproduced from [1].

For a dilute (107 ppm) polyacrylamide solution flowing through the contraction, a
primary viscoelastic flow instability occurs above a critical Wi. whereby flow separates
from the walls upstream of the contraction, driving a corner eddy about the salient
corners of the contraction (figure 1 [1]). At higher Wi the flow becomes time-dependent
yet periodic, and near Wi = 80 develops a chaotic response. From a spectral analysis
we can infer that elastic turbulence (ET) has developed in this geometry (a steep decay
of -3.5 in the fluctuating velocity power spectrum), however a hurdle in applying this
description is that ET is typified by the dominance of the nonlinear interaction of a
few large-scale spatial modes. To wit, at the scale of the contraction. In order to

probe ET evolving in 3D we thus need to consider several vessel scales.

We manufactured a novel ordered porous medium also from glass with the SLE method as
a uniform grid of 70x5x5 spheres. In this system, imaging flow about a given elevation
will thus elucidate the history flow as it propagates through the array. We use a
similar PAA formulation as [1]. We compare the fluctuating pressure and velocity power
spectra to confirm the ET flow state at Wi > 2 with power law decays of -3 and -3.5,
respectively. Close to Wi = 2, an elastic instability manifests as streamline excursion
between neighboring pores in crossflow. We further quantified this state via an
established elastic instability criterion (Pakdel-McKinley criterion [3-4]). With this
metric we see that the unstable state can propagate upstream due to locally increased
flow resistance (decreased velocity U), and furthermore that the unstable state

precludes the possibility of flow instability in crossflow peers.



Figure 2: (A) The glass array of spheres. (B) Onset of elastic instability typified by extruding
streamlines (coloured by My [3-4])[. (C, D) Streamlines at Wi = 8.2 coloured by dimensionless velocity

magnitude u* and M. Reproduced from [2].

These findings mark a significant step towards the understanding of elastic
turbulence. As the first volumetric assessment of ET over broad spatial scales,
whether experimental or numerical, this research gives better understanding to the
nature of ET in general, and furthermore has implications for porous media flow and
for the use of microtomographic particle image velocimetry as a method for

microfluidic research [5]-
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