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We study Taylor-Couette flow of a glycerol-water mixture containing a wide range of
concentration (0 — 2000 ppm) of xanthan gum, which induces both shear-thinning and
viscoelasticity, in order to assess the effect of the changes in rheology on various flow
instabilities. For each suspension, the Reynolds number (the ratio of inertial to viscous
forces) is slowly increased to a peak value of around 1000, and the flow is monitored
continuously using flow visualisation. Shear-thinning is found to suppress many elasticity-
controlled instabilities that have been observed in previous studies of viscoelastic Taylor-
Couette flow, such as diwhirls and disordered oscillations. The addition of polymers
is found to reduce the critical Reynolds number for the formation of Taylor vortices,
but delay the onset of wavy flow. However, in the viscoelastic regime (> 1000 ppm
concentration), the flow becomes highly unsteady soon after the formation of Taylor
vortices, with substantial changes in the waviness with Reynolds number, which are
shown to be highly repeatable. Vortices are found to suddenly merge as Reynolds number
increases, with the number of mergers increasing with polymer concentration. These
abrupt changes in wavelength are highly hysteretic and can occur in both steady and
wavy regimes. Finally, the vortices in moderate and dense polymer solutions are shown
to undergo a gradual drift in both their size and position, which appears to be closely
linked to the splitting and merger of vortices.

1. Introduction

Taylor-Couette flow occurs between two concentric cylinders, one or both of which is
rotating, and has been of interest to the fluids community, rheologists, process engineers
and mathematicians over the past century (Taylor 1923; Donnelly 1991). This is in part
motivated by the fact that, in spite of its simple configuration, Taylor-Couette flow of
Newtonian fluids can yield a vast array of complex dynamics, including a wide variety of
steady and unsteady flow states (Andereck et al. 1986; Coles 1965), mode competition
(Dutcher & Muller 2009), chaos (Akonur & Lueptow 2003) and transition to turbulence
(Grossmann et al. 2016; Gul et al. 2018). In the relatively simple case in which the outer
cylinder is fixed, the system can be characterised using only the Reynolds number

r;d
Re = 211¢, (1.1)
I
where p and p are the fluid density and dynamic viscosity, respectively, w is the rotation

speed, r; are the radius of the inner cylinder, and d is the gap between the inner and
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outer cylinder radii (d = 7, — r;). Likewise, the system geometry can be expressed
using two non-dimensional groups; the radius ratio, n = r;/r,, and the aspect ratio,
I' = L/d, where L is the cylinder length. When the Reynolds number is low, the flow
is characterised by uniform shear (Circular Couette Flow, CCF), and at a critical point,
Re., the flow becomes unstable and a series of toroidal vortices form along the fluid
annulus (Taylor Vortex Flow, TVF). Further increases in Re cause this state in turn to
become unstable and undergo oscillations (Wavy Vortex Flow, WVF). If the Reynolds
number is increased further, additional frequencies appear, inducing a more complicated
unsteady flow (Coughlin & Marcus 1992; Imomoh et al. 2010), until the flow ultimately
becomes turbulent. Because of this rich set of dynamic states, Taylor-Couette flow has
been widely used as a means to study flow transitions and instabilities (Fardin et al.
2014).

This has also served as a motivation to study Taylor-Couette flow of non-Newtonian
fluids, as it allows the effects of various rheological parameters on the flow stability to
be examined (Muller 2008). One of the most common features of non-Newtonian fluids
is shear-thinning, which is observed in many polymer solutions (Larson & Desai 2015),
cell cultures (Cagney et al. 2017) and particle suspensions (Mueller et al. 2010), and is
characterised by a viscosity that scales with strain rate, i ~ 4™~ !, where ¥ is strain rate
and n is the flow index (with n = 1 for Newtonian fluids). This can lead to spatial and
temporal variations in viscosity, requiring the use of a reference viscosity to calculate the
Reynolds number; in Taylor-Couette flow, it is common to define Re with respect to the
viscosity found at the ‘nominal’ strain rate, wr;/d.

Several researchers have addressed the effect of shear-thinning on the critical Reynolds
number for the formation of Taylor vortices, predicting a decrease in Re. with increased
shear-thinning for large values of n (i.e. when curvature effects are small) (Coronado-
Matutti et al. 2004; Caton 2006; Ashrafi 2011), which has been supported by various
numerical and experimental studies (Lockett et al. 1992; Khali et al. 2013; Cagney &
Balabani 2019b). Bahrani et al. (2015) found that for a very large gap, n = 0.4, shear-
thinning led to an increase in the wavelength of Taylor Vortex Flow (i.e. a decrease in
the number of vortices), in agreement with their predictions from linear stability theory.
Escudier et al. (1995) also observed an increase in wavelength associated with shear-
thinning, and using laser-Doppler velocimetry showed that the non-Newtonian rheology
affected the structure of individual vortices, noting an increase in the asymmetry between
the strength of the inward and outward jets between vortices. They also found that for
the two shear-thinning fluids they examined (aqueous suspensions of xanthan gum and
a Laponite/CMC blend, the latter of which was also thixotropic), the vortices exhibited
a slow axial drift, which they assumed to be a steady-state process.

Recent work by the current authors (Cagney & Balabani 2019a,b), using Particle-
Image Velocimetry and flow visualisation to study Taylor-Couette flow of xanthan gum
solutions, showed that shear-thinning also altered the wavy state, inducing significant
variability in the amplitude of the waves along the axis, despite the relatively small
aspect ratio, I' = 12.97. With increased shear-thinning, the spacing of vortices became
increasingly irregular as Re increased, similar to the drift noted by Escudier et al. (1995),
suggesting that as well as increasing the global wavelength of the flow, shear-thinning
caused the wavelength to become more variable along the cylinder axis. The wavelength
was also found to change as Re was slowly increased, via the sudden creation and
destruction of vortices (Cagney & Balabani 2019a). Such transitions have been noted
in previous studies of Taylor-Couette flow of Newtonian fluids and are associated with
the wavy instability, which leads to an expansion of vortices near the centre of the flow
cell and a squeezing of vortices near the ends, until the squeezed vortices are ultimately
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destroyed via merger with their neighbours (Park & Crawford 1982; Crawford et al.
1985). Beavers & Joseph (1974) also reported the merger of vortices in a solution of
polyacrlyamide (PAA) in glycerol-water as the Reynolds number was increased, which
they found to be strongly hysteretic, but they did not present information on the rheology
of their fluid.

While several researchers have commented on the lack of experimental data on Taylor-
Couette flow of shear-thinning fluids (Ashrafi 2011; Coronado-Matutti et al. 2004; Al-
ibenyahia et al. 2012; Escudier et al. 1995), by comparison there has been extensive work
in recent decades examining Taylor-Couette flow of viscoelastic fluids. In this case, as well
as inertial and viscous forces, the fluids are affected by elastic forces, typically due to
dispersed polymers. This requires an additional non-dimensional group, the Deborah
number, De = \.4 (which in this context is equivalent to the Weissenberg number
(Schéfer et al. 2018)), where A, is the relaxation time of the fluid. The relative importance
of viscoelasticity in Taylor-Couette flow is often expressed using the ratio of the Deborah
and Reynolds number, De/Re (Groisman & Steinberg 1998; Latrache et al. 2016), referred
to as the elasticity number.

Early studies showed that the addition of a small amount of polymers led to an increase
in the critical Reynolds number (Rubin & Elata 1966; Denn & Roisman 1969), but as
Muller (2008) notes, the relevance of many early studies is limited due to incomplete
rheological characterisation of the fluids. Several more recent studies have examined the
dynamics of viscoelastic fluids with negligible shear-thinning (Boger fluids). For dilute
suspensions with very weak elasticity, De/Re < 0.023, the elasticity has a non-monotonic
effect on the critical Reynolds numbers for various flow regimes, but these do not differ
significantly from those seen in the Newtonian case (Dutcher & Muller 2011). At slightly
higher elasticity, De/Re 2 0.1, the flow transitions from Circular Couette Flow to an
unsteady state, characterised by standing waves (Groisman & Steinberg 1996; Baumert
& Muller 1999; Dutcher & Muller 2013), ‘disordered oscillations’ (Groisman & Steinberg
1996, 1997), elastic turbulence Liu & Khomami (2013) or ‘spiral’ or ‘ribbon’ states
(Thomas et al. 2006; Latrache et al. 2016). At higher values of De/Re, a purely elastic
instability occurs, which is independent of Reynolds number (Groisman & Steinberg
1998) and is characterised by isolated vortex pairs called ‘diwhirls’ (Lange & Eckhardt
2001; Kumar & Graham 2000; Groisman & Steinberg 1997).

Most polymer solutions that are not very dilute or have a highly viscous suspending
medium will exhibit both shear-thinning and viscoelasticity (Larson 1992). Larson (1989)
modelled Taylor-Couette flow of a Doi-Edwards fluid (viscoelastic and strongly shear-
thinning) and found that while the viscoelasticity has a non-monotonic effect on the
critical Reynolds number, shear-thinning was always destabilising. This observation was
supported by the experimental studies of Yi & Kim (1997), who examined the stability
of ultra-dilute solutions of PAA, polyacrylic acid and xanthan gum, and Crumeyrolle &
Mutabazi (2002), who measured the stability of aqueous solutions of polyethyleneoxide
(PEO). Crumeyrolle and Mutabazi found that for dilute concentrations, ¢ < 500 ppm,
the flow exhibited the same progression of states as a Newtonian fluid (CCF — TVF —
WVF), but for ¢ > 500 ppm, they found that the flow transitioned to a standing wave,
which was attributed to an increase in elasticity. However, it should be noted that the
relaxation time was inferred from the flow curves, rather than being estimated directly
from dynamic rheological tests, and therefore the elasticity values may not be reliable.

It is clear that there is a lack of experimental data on Taylor-Couette flow of fluids
that are both shear-thinning and viscoelastic. Specifically, it remains unclear how the flow
states change as Re is increased for shear-thinning, viscoelastic fluids, what rheological
factors control these transitions, how vortex drift and sudden changes in the wavelength
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are affected by the fluid rheology and how repeatable and deterministic these processes
are. In order to address these questions, we present flow visualisation measurements of
Taylor-Couette flow for a series of solutions of xanthan gum in a glycerol-water solvent,
spanning the inelastic (De <« 1), weakly-viscoelastic (De/Re < 1) and viscoelastic
(De/Re > 0.1) regimes. The remainder of the paper is structured as follows; details
of our experimental system and the rheological characterisation of the polymer solutions
are presented in §2; the results are discussed in §3, with specific emphasis on the wavy
instability, the splitting and merger of vortices, and the axial drift; additional data is
presented in §4 to confirm that the novel phenomena observed are independent of the
acceleration rate of the cylinder; and finally some concluding remarks are made in §5.

2. Experimental Details

The experiments were performed in a specially designed Taylor-Couette flow cell, which
was comprised of a thin acrylic pipe as the outer cylinder, mounted vertically between
two acrylic plates, and a nylon inner cylinder, which was spray-painted black to reduce
reflections. The inner and outer radii of the flow cell were 21.66 mm and 27.92 mm,
respectively, and it had an axial length of L = 155 mm, yielding a radius ratio of n = 0.77
and an aspect ratio of I' = 21.56. The top acrylic plate was sealed to ensure that a no-
slip condition existed at both the top and bottom of the flow cell, i.e. there was no free
surface.

The flow cell was surrounded by a rectangular chamber in which water was recirculated
via a temperature bath to ensure that the temperature remained constant at 20°C
throughout experiments. The temperature within the flow cell was measured immediately
before and after each experiment, and it was found to vary by less than 0.2°C, with a
variation of less than 0.1°C (i.e. the resolution of the temperature sensor) for the vast
majority of cases.

The inner cylinder was connected to the drive shaft of a stepper motor (Smart Drive
Ltd.), the rotation of which was monitored using an optical encoder with a resolution
of 2000 pulses per revolution, such that the cylinder speed could be controlled to a high
degree of precision.

Experiments were performed using a mixture of three parts deionised water and one
part glycerol, with various quantities of xanthan gum (Sigma Aldrich) ranging from 0 to
2000 ppm, as listed in table 1. Gel permeation chromatography was used to characterise
the xanthan molecules, which were found to have a mean molecular weight of M,, = 1.76 x
10% g/mol and a polydispersity of 1.1. A rotary mixer (Silverson) was used to ensure that
the polymer was uniformly dispersed throughout the fluid. The shear rheology of each
fluid was measured three times using a rotational rheometer (ARES, TA Instruments)
and a cup and bob geometry. The flow curves for each fluid are presented in figure 1.
The shear-rheology could be well described using the Carreau model,

n—1
1) = Hoo + (110 — fioo) (1 + (&1)2)( ) : (2.1)
where po, and o are the viscosity values at infinite and zero shear, respectively, A. is
the characteristic time-scale and n is the flow index. The estimated Carreau parameters
for each fluid are listed in table 1.

In order to characterise the viscoelastic properties of each fluid, the storage and loss
moduli (G’ and G”, respectively) were measured using oscillatory shear tests, with a
peak strain of 5%, which prior tests indicated was well within the linear viscoelastic
regime. Figure 2 summarises the variations in the storage and loss moduli with oscillation
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FIGURE 1. Variation in the measured viscosity with strain rate for each of the eight fluids
examined, with varying concentrations of xanthan gum. The lines represent the best fit to the
Carreau model, with the various Carreau parameters listed in table 1. Data points where the
measured stress was less than 0.02 Pa were neglected.

frequency, for each polymer suspension. Elasticity can be said to dominate the rheology
when the storage modulus exceeds the loss modulus, i.e. when G’ > G”. The oscillation
frequency at which this crossover occurs, w,., can be used to define the relaxation time of
the fluid, A, = 27 /w,. These values are found using figure 2 and are listed in table 1. For
dilute concentrations, ¢ < 100 ppm, G’ does not exceed G” over the range of oscillation
frequencies accessible in the rheometer (up to 100 rad/s), which implies a relaxation time
of A\, < 0.063 s.

Polymer suspensions can be broadly divided into three regimes based on concentration:
dilute suspensions, in which individual polymers do not interact; semi-dilute suspensions,
in which polymer molecules have limited interactions with each other; and concentrated
suspensions, in which the polymers form a network. Wyatt & Liberatore (2009) studied
the rheology of suspensions of xanthan gum in pure water, and found that the zero shear
viscosity increased in a power law fashion with concentration, with an greater slope in
the concentrated regime and a kink (a sudden increase followed by a slight plateau)
at the boundary between the dilute and semi-dilute regimes. Similarly, they found the
relaxation time increased in a power law fashion with ¢ in the dilute and concentrated
regimes (with the sharpest growth in the concentrated regime), and remained roughly
constant in the semi-dilute regime (with a slight decrease at the onset of the semi-dilute
regime).

As the solvent has a significant effect on the rheology of polymer suspensions, the
boundaries between the regimes in our case will not be the same as those identified by
Wyatt & Liberatore (2009). However, figure 3 indicates that our suspensions of xanthan in
glycerol-water mixtures exhibit very similar behaviour; the zero shear viscosity increases
with polymer concentration, has a kink at relatively low concentration (¢ ~ 100 ppm) and
increases very sharply at high values (¢ = 500 ppm). Likewise, both the relaxation time
and the Carreau time-scale remain roughly constant in the region ¢ =~ 100 — 500 ppm,
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FIGURE 2. Variation in the storage (G') and loss (G'") moduli with oscillations frequency for each
of the eight polymer solutions. The open symbols denote the loss moduli, and the closed symbols
denote the storage moduli. The relaxation time is defined based on the oscillation frequency at
which the magnitude of the G’ exceeds that of G, which only occurs for ¢ > 100 ppm, (c) and

(d). The tests were performed using a maximum applied strain of 5%.

FIGURE 3. Variation in the zero shear viscosity (a) and the relaxation and Carreau time-scales
(b) as a function of polymer concentration. The dashed grey lines indicate the approxiamte
boundaries between the dilute (D), semi-dilute (SD) and concentrated (C) regimes, based on
qualitative comparison with the rheological measurements of Wyatt & Liberatore (2009) for

xanthan gum in pure water.
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