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The research is of interest to the microfluidics, fluid mechanics, rheology, and broader engineering
_and physics communities and has resulted in 9 papers published in international peer-reviewed
journals. The research findings improve our understanding of viscoelastic flow instabilities.

Viscoelastic fluids have intermediate properties between viscous fluids and
elastic solids. These fluids interact with slender objects in many biological and industrial
systems, and the interactions can be modelled as flow past a cylinder in a microchannel. At small
enough length scales fluid elasticity dominates the flow, leading to purely elastic flow
instabilities. The aim of this project was to characterize the interaction between viscoelastic
fluids and slender objects. As a result, novel elastic flow instabilities were discovered and

characterized in several systems. This work establishes a foundation for future fundamental research
in viscoelastic flows.
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Viscoelastic fluids have intermediate properties between viscous fluids and elastic solids.
These fluids interact with slender objects in many biological and industrial systems, and the
interactions can be modelled as flow past a cylinder in a microchannel. At small enough
length scales fluid elasticity dominates the flow, leading to purely elastic flow instabilities.
The aim of this project was to characterize the interaction between viscoelastic fluids and
slender objects. As a result, novel elastic flow instabilities were discovered and characterized
in several systems. This work establishes a foundation for future fundamental research in
viscoelastic flows.

The purpose of this project:

1. To study the interaction between slender microscopic objects such as cilia or fibers
and viscoelastic fluids under flow conditions where the fluid elasticity dominates the
flow behaviour.

2. Broaden our understanding of purely elastic flow instabilities in microfluidic
channels containing microcylinders

The research method for this project involved:

1. Fabrication of microfluidic channels containing a microcylinder using selective
laser-induced etching of glass.

2. Preparation of viscoelastic fluids containing wormlike micelles from a salt-
surfactant solution, and the characterization of their rheological properties
(viscosity, relaxation time, viscoelastic moduli, etc.)

3. Flow of the viscoelastic fluids through the microfluidic channels over a range
of imposed flow rates and the measurement of their flow behaviour using high-
speed particle image velocimetry (P1V)

4. The analysis and characterization of the results over a wide range of imposed
flow rates and microchannel geometry.

This project has resulted in 9 papers published in international peer-reviewed journals
and 3 contributed talks at international conferences (which were limited by the impacts
of the COVID-19 pandemic).

The research is of interest to the microfluidics, fluid mechanics, rheology, and
broader engineering and physics communities. In particular, the discovered viscoelastic
flow instabilities around a cylinder may impact non-Newtonian flows in various
industrial and biological systems and provide a foundation for future work on
theoretical and computational fluid dynamics.



This project initially aimed to investigate the interaction between a viscoelastic
fluid and a slender, flexible cylinder, which served as a model for biological cilia.
The research built upon prior studies on flow past a single rigid cylinder [1,2] and
two flexible cylinders [3]. However, the project took a new direction when two novel
viscoelastic flow instabilities were discovered. In order to gain a deeper
understanding of the underlying fluid dynamics before introducing the complexity of a
flexible cylinder, the flow instabilities were examined in the context of rigid
cylinders. All experiments described in this study were conducted using a viscoelastic
wormlike micellar solution in microchannels with length-scales small enough that
inertia in the flows was negligible, hence the flow behavior was entirely governed by
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Figure 1 - Evolution of velocity fields with Wi for viscoelastic flow past two side-by-
side cylinders with varying gap parameter. ¢ = 0.500 (a)-(c) and ¢ = 0.603 (d) - (f).
Panels (cl) and (c2) indicate the two possible states for G = 0.500 and Wi > Wi,. (Q)

Flow stability diagram in Wi-G state space. The dashed lines and colored shades delineate

between flow states. From Ref. [4].

The first discovery pertains to the flow past two side-by-side cylinders in a
microchannel [4], as illustrated in Figure 1. The observed flow behaviors exhibit stark
differences depending on the dimensionless gap G =L,/(L, + L,) between the cylinders,
where L, represents the intercylinder distance and L, represents the distance between
the cylinders and side walls. With an increasing Weissenberg number Wi = AU/R, where
A 1s the fluid relaxation time, U is the average flow velocity, and R is the cylinder
radius, a series of flow bifurcations occur depending on G. The Weissenberg number
guantifies the relative strength of elasticity to viscosity in the flow. When G is
sufficiently small, for instance, G =05 as depicted in Figure 1 (a-c), the flow
remains steady and symmetric (Figure 1 (a)) for Wi values below a critical Weissenberg
number Wi, . Within the range of Wi, <Wi<Wi,, the flow bifurcates and passes
symmetrically around the two cylinders, a state referred to as the Diverging (D) flow
state. As Wi exceeds the second critical Weissenberg number Wi,, two distinct states
emerge: the Asymmetric Diverging (AD) flow states (Figure 1 (cl) and (c2)). In these
states, the fluid randomly chooses either the top or bottom gap as a preferential
pathway for flow. Both possibilities remain stable over time, leading to a bi-stable
flow state.

IT the dimensionless gap G is sufficiently large, for example G = 0.603 as depicted
in Figure 1 (d-f), different flow behaviour is observed. When Wi > Wi,, the flow
predominantly passes through the intercylinder gap while avoiding the space bhetween
the cylinders and side walls. This behaviour is referred to as the Converging (C) flow
state. Increasing Wi further intensifies the flow between the cylinders without
causing any additional qualitative changes in the flow behaviour over the range of Wi
investigated. The transitions from the steady and symmetric state to the D or C state,
as well as the transition from D to AD state, are characterized as imperfect forward
(supercritical) pitchfork bifurcations [4].

Within a range of intermediate G values, for Wi, < Wi <Wi,, either the Diverging or



Converging flow state can be observed in a given experiment within the same channel,
forming the D or C (D V() triangular region in the Wi— G flow-phase diagram shown
in Figure 1 (g)- Both flow states are stable, indicating the presence of a region of
bi-stability. For Wi > Wi,, three possible states can be observed: the two Asymmetric
Diverging flow states, or the Converging flow state, as indicated by the region labelled
ADV C in Figure 1 (g)- Therefore, this region demonstrates tri-stability. This
represents the first reported observation of multistability in viscoelastic flows and
provides fundamental insights into how viscoelastic fluids select preferred paths when
flowing through ordered and disordered porous arrays [4,5].

The second novel instability discovered in this project involves the observation of
upstream wall-attached vortices in the flow past a single rigid cylinder within a
microchannel [6,7]. The time-steady and time-dependent behaviour of this instability
was extensively examined for a cylinder-channel geometry with a blockage ratio B, =
2R/W =05, where W 1is the width of the channel [6]. Consequently, a more
comprehensive analysis of the flow past a cylinder was conducted across a range of By
and Wi, with the findings presented in Ref. [7] and summarized in this section.

Figure 2 (a) presents a Wi — B, flow state diagram, accompanied by velocity fields and
turbulence intensity fields that illustrate the diverse flow behaviour observed in the
flow past a cylinder system. Different symbols in the diagram correspond to the various
steady and time-dependent flow states depicted in Figure 2 (b-i). The dashed lines
denoted by the critical Weissenberg numbers Wi, and Wi, indicate the stability
boundaries between these flow states.
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Figure 2 - (a) Flow state diagram in Wi-By state space. Colored symbols represent
different steady and time-dependent flow states depicted to the right, as indicated by
corresponding symbols: (b) low-Wi ' symmetric’ state (B = 02, Wi = 95); (¢)
 laterally asymmetric’ state (B = 02, Wi= 43); (d) *‘ upstream bending
streamlines’ (Bp = 048, Wi = 53); (e) ‘' upstream wall vortices’ (B = 048, Wi =
82); (f) * time-dependent laterally asymmetric’ state (Brp = 0.1, Wi = 257); (9)
 asymmetric jetting' (Bgp = 02, Wi = 384); (h) ‘ time-dependent upstream wall
vortices' (Bgp = 044, Wi = 160); (i) ‘ upstream cylinder vortex’ (Bp = 048, Wi =

481). From Ref. [6]

For * low blockage ratios, B < 0.33, when Wi <Wi,, the flow remains steady and
symmetric, as shown in Figure 2 (b). As Wi exceeds Wi, , a symmetry-breaking
bifurcation occurs, resulting in laterally asymmetric flow where one side of the
cylinder becomes preferential for flow, as depicted in Figure 2 (c). With further
increase in Wi beyond Wi.,, the flow state transitions into a time-dependent laterally



asymmetric state, as presented in Figure 2 (f). In this state, periodic pulsations
occur in the flow, causing the region of slow-moving fluid on the lower side of the
cylinder to expand and contract. The turbulence intensity field in the right panel of
Figure 2 (f) shows the highest intensity near the boundary between the fast-moving and
slow-moving fluid, illustrating that the time-dependent changes in the flow field are
concentrated in that region. As Wi continues to increase, a previously unreported
flow state labelled * asymmetric jetting’ emerges, as shown in Figure 2 (g). This
state is characterized by asymmetric flow past the cylinder combined with time-
dependent pulsations in the downstream wake of the cylinder. Finally, further
increasing Wi leads to the formation of time-dependent wall vortices upstream of the
cylinder, which vary in position and size over time, as depicted in Figure 2 (h).

For * high’ blockage ratio B >0.44, the laterally asymmetric flow state does not
occur. Instead, as Wi increases beyond Wi, , there is a transition from steady and
symmetric flow to a state characterized by bending streamlines upstream of the cylinder,
as shown in Figure 2 (d). Further increase in Wi, but prior to the onset of time
dependence at Wi = Wi, leads to the formation of time-steady wall-attached vortices
upstream of the cylinder, as illustrated in Figure 2 (e). These wall vortices
subsequently become time-dependent as Wi exceeds Wi.,. Additionally, with further
increase in Wi, another vortex forms at the upstream pole of the cylinder, as depicted
in Figure 2 (i). In this state, the cylinder-attached vortex competes with the wall-
attached vortices for space and time within the channel, resulting in highly chaotic
and time-dependent flow.

For * intermediate’ values of By, the evolution of flow states with increasing Wi is
less well-defined compared to the low- or high-B; regimes. This lack of clear
definition is likely due to the competing influences of instabilities arising from the
stagnation points at the upstream and downstream poles of the cylinder.

The findings of this study demonstrate that viscoelastic flow in a simple geometry,
consisting of a single obstacle within a channel, exhibits a wide range of time-steady
and time-dependent flow behaviors. These results provide a foundation for future
investigations on viscoelastic flow past obstacles in microchannels and can be valuable
in the design of microfluidic systems, such as biomedical lab-on-a-chip devices, that
involves the use of viscoelastic fluids.
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